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Synopsis

Oil and gas operations produce high volumes of wastewater in the form of finely
dispersed oil/ water (o/w) emulsions, which have detrimental effects on the
environment. The current most feasible method used to mitigate the environmental
impacts caused by the emulsion (produced water) from oil and gas operations is
polymer membrane technology. However, polymer membranes are susceptible to
fouling and concentration polarization, which leads to the necessity for frequent
membrane replacement, thus loss of operating time and high operation cost. This
motivates the need to investigate ways of modifying the polymer membrane in order
to make it more resistant to fouling and concentration polarization. This study is
concerned with circumventing the challenges experienced by polymer membrane
during crude oil/ water mixture ultra-filtration by infusing the polymer membrane with
nano particles. The aim of the research was to investigate the influence of addition of
CNTs on the modified membranes in treatment of waste water from petroleum

source.

The Wet Impregnation method was used for the preparation of the bimetallic catalyst
(Fe-Co catalyst supported on Zeolite), Chemical vapor deposition (CVD) method was
used to prepare the carbon nanotubes (CNTs) and Phase inversion (Pl) method was
used for the preparation of the polymer nanocomposite membrane. The bimetallic
catalyst was characterized using scanning electron microscope (SEM) and X-ray
diffraction (XRD). The CNTs were characterized using Raman spectroscopy, Fourier
transform infrared spectroscopy (FTIR) and Transmission electron microscopy
(TEM). The prepared polymer nanocomposite membranes were characterized using
SEM, FTIR, goniometer (for contact angles) and TAXT plus texture analyzer (for

tensile strength test).

Functionalized carbon nanotubes were used as membrane fillers or modifiers to
improve the filtration properties of the polymeric membrane, ultimately forming
nanocomposite polymer membranes. This increased hydrophilicity, chemical,
mechanical and physical properties of the polymer membrane, made them to

perform better during filtration than pristine polymer membranes.



The performance of the nanocomposite membranes were evaluated and it was
determined that the nanocomposite polymer membrane with a loading 0.4 wt.%
functionalized carbon nanotubes performed better than pristine membrane and other
CNTs loaded nanocomposite polymer membranes.

The pristine membrane (0 wt% CNTs) showed a higher contact angle (79°) which
crosses ponds to the inability to soak up water. The 0.4 wt% nanocomposite polymer
membrane showed the lowest contact angle of 72 °, this validated an improvement in
the properties of the membrane, in particular hydrophilicity. The 0.4 wt%
nanocomposite polymer membrane showed a superior mechanical strength, with a

breaking force at 4 N relative to the other membranes of the same thickness.

0.4 wt% nanocomposite polymer membrane showed the highest permeate flux of
120 L/m2h compared to the pristine membrane, which showed a permeate flux of
63 L/m%h. The permeate flux of 0.4 wt% nano-composite polymer membrane

increased with the operating pressure.
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Chapter 1

1. Introduction

1.1 Background and motivation

It is inevitable for processes deployed during crude oil production not to produce high
volumes of waste water in the form of water-in-oil (w/o) or / and oil-in-water (o/w)
emulsions (produced water). It is reported in literature that oil and gas industry
accounts for high production of oily wastewater (o/w emulsions) relatively compared
to several industries such as food processing, metallurgical, transportation,
petrochemical, pharmaceutical and etc. on a yearly basis (Maphutha, et al.,2013).
This can be attributed to fact that oil and gas reservoirs co-exist with water
(formation water, up to 50% volume) (Weideman, 1996; Khatib and Verbeek, 2003).

Although, crude oil production is essential for the survival of human kind, the oily
water emulsions may cause risk to the survival in the form of health, safety and
environment (Daminger, et al., 1995). The oil concentrations in oily wastewater
produced by crude oil production processes are reported to range from 50-1000
mg/L where else the acceptable discharge limit range is 10-15 mg/L (Maphutha, et
al., 2013). Therefore, delmulsification of these emulsions is critical to the process
associated with crude oil production in order to comply with the environmental

regulations and for economic reasons.

Delmulsification of the oil emulsions is commonly achieved by the use of
conventional separations processes such as floatation, skimming, electric field,
ultrasonic separation and coagulation / flocculation (Qin, et al., 2003; Yi, et al.,
2012).However, Chakraborty, et al., (2008) highlighted that these methods fail to
produce clean water with minimal oil content when dealing with low-concentration of

finely dispersed oil emulsions.



Over the years, cost-effective technologies have been developed and still in
development in order to extend water resources and mitigate water pollution.
Currently polymer membranes separation technology is the most widely used
membrane type for water treatment (Yin and Deng, 2015). It is also known (polymer
membranes) to have major technical and commercial advantages over inorganic
equivalents (Mori et al., 1994; Goto, et al., 1989).

However, the polymer membrane separation technology is not without significant
drawbacks. Two major problems experienced by polymer membrane are fouling and
concentration polarization (Maphutha, et al., 2013). These drawbacks can be offset
by modifying the polymer membrane in such a way that the membrane will have
controlled pore size, high permeate flux and have good anti-fouling properties (Yin
and Deng, 2015). The modification can be achieved by infusing the polymer
membrane with nano-materials in order to alter their structure and physiochemical
properties (hydrophilicity, porosity, thermal & mechanical strength and charge

density) thus making the membrane more effective (Yin and Deng, 2015).

Therefore, in order to study the effects of addition of nano-materials, in particular
carbon nanotubes to enhance polymer membranes properties for better performance
during the filtration of wastewater from oil sources, it becomes a vital necessity to be
able to synthesis carbon nanotubes and impregnate them onto the polymer

membrane.

Chemical vapour deposition (CVD) and phase inversion (Pl) are reported to be the
effective ways to synthesize carbon nanotubes and nano composite polymer

membrane respectively (lyuke, et al., 2013).



1.2 Research objectives

The aim of the research was to investigate the influence of addition of CNTs on the
modified membranes in treatment of waste water from petroleum source. The study

further investigated the physical and chemical properties of the modified membrane.
The objectives of the research were as follows:

e Synthesizes of Fe - Co catalysts supported on zeolite for the preparation of
carbon nanotubes using the chemical vapor deposition method

e Functionalize the produced CNTs

e Preparation of nanocomposite polymer membrane with varying CNTs loading

e Investigate the effect of CNTs loading on the mechanical properties and
hydrophilicity of the membrane

e Investigate the effect of CNTs loading on the performance of the membranes

during filtration.



Chapter 2

2. Literature Review

2.1 Crude oil, formation water and on and offshore operation process

Crude oil is well defined by Cadwallaer (1993) as a colloidal mixture of huge number
of hydrocarbon and non-hydrocarbon, the source material for nearly all petroleum
products (Diesel, Jet fuel, Gasoline (petrol) and etc.). Crude oil is formed from the
decomposition of plant and animal organic matter under elevated temperature and
pressure over millions of years and it is important as both fuel source and commodity
(Gay, et al., 2010).

Crude oil production or extraction sites are usually onshore or offshore sites where
the production proceeds via drilling (Humphries, 2014). The oil reservoir are usually
a multi-phasic reservoirs consisting of the crude oil, natural gas or associated gas
(usually methane) and water (also known as formation water) (Khatib and Verbeek,
2003).The oil is usually trapped in the reservoir with gas and water. The formation
water located at the bottom due to the fact that water is denser than oil and with
associated gas at the top because gas is less dense than oil as illustrated in figure
2.1.

anticline

water in —
reservoir rock

Figure 2.1. Typical Oil reservoir (adapted from Jukic, 2013)



The formation water may account up to 50% of the oil reservoir volume and as a
result water usually contains finely dispersed oil (Khatib and Verbeek, 2003).The
formation water and the associated gas usually complicate the process of extracting
crude oil (Kearns, et al., 2000).The gases are usually flared or injected into the well
to enhance the recovery of crude oil and small amount of formation water may also
be injected into the well to enhance oil production (Kearns, et al., 2000; Burnett,
2004). Since water is contaminated by oil with oil concentration in water ranging
from 50 -1000 mg/l. Purification process is needed before the water can be injected

into the well or discharged elsewhere.

2.2 Types of oil-water emulsions

Basically, essentially there are different kinds of oil existing in oily waste water
emulsions namely unstable, stable o/w emulsions and free - floating oil (Rheeet, et
al., 1983). Delmulsification of these emulsions differs greatly. Unstable o/w and free-
floating can be easily separated by conventional separations such as floatation,
skimming, electric field, ultrasonic separation and coagulation / flocculation (Qin, et
al., 2003 ; Yi, et al., 2012).

Luo, et al. (2015) stated that the stable emulsions containing small size droplets
(submicron) needs to be broken down before treatments and also mentioned that
conventional emulsification technigues such as chemical coagulation and thermal
treatment are ineffective, also Benito, et al., (2002) highlighted that although
conventional methods may be able to reduce the oil concentration in oil water
emulsion to about 1% of the total wastewater, they cannot efficiently remove oil
droplets below 10 um size and thus results in environmental pollution and resources

utilization problems.

2.3 The environments impacts of crude oil - water mixture (oily
wastewater, o/w emulsion)

Crude oil production is essential for the survival of human kind, but its water pollution
in the form of oily water emulsions, may cause risk to the survival in the form of
health, safety and environment (Daminger, et al., 1995). The extraction of crude olil is
a complicated process that has the potential for detrimental effects on the
environment (Gay, et al., 2010). Leaks, spills and other release mechanisms of

5



petroleum products such as gasoline, diesel, fuels and heating oil normally results in
the contamination of soil and water (Edema, 2012). In addition, Gay, et al. (2010)
conducted a study of health effects of oil contamination and found that oll
contamination can have significant effects on people living in close proximity to the

pollution.

Oil pollution basically occurs when oil is introduced into the environment directly or
indirectly resulting in unfavorable change in such as way the safety and welfare of
any living organisms is endangered (Edema, 2012). Most of the oil pollution occurs
during oil and gas exploration and production because of the complicated process
involved in extracting the hydrocarbons (Khatib and Verbeek, 2003). In addition to
the hydrocarbons, oil contains wide array of components such as Oxygen, Nitrogen,
Sulphur and some metals related porphyrin oxygen containing compounds such as
carboxylic acids, esters, ketones etc. (Odu, 1981). When oil is released into the

environment, these compounds may exacerbate the pollution.

When oil is introduced into water, the oil in water undergoes a variety of physical,
chemical and biological changes including evaporation of high volatile fractions,
dissolution of water-soluble fractions, photochemical oxidation, emulsification,
microbial degradation and sedimentation (Edema, 2012). Depending on the
concentration and the type of the hydrocarbons released into the water environment,
they may be toxic to organisms (Neff and Anderson, 1981).

It is clear that the effects of oil on water and environment are detrimental and it
remains a challenge to ensure that the concentration of the oil released into the
environment are reduced to acceptable levels in order to mitigate its environmental

impacts and comply with environmental regulations.
2.4 Membrane technology

The application of membranes for water treatment dates back several decades ago,
it emerged as a viable way of water purification in the 1960s alongside the
development of high performance synthetic membranes (Sagle and freeman, 2004).
Due the scarcity in fresh water sources, ways to produce fresh water from alternative
water resources such as ocean water were investigated using membranes.

Membranes proved successful in producing portable water from salty water and

6



membrane became viable alternative to evaporation - based technologies in water
treatment industry (Sagle and freeman, 2006). The use of membranes for water
treatment gained reputation because of the ability to perform efficiently and
effectively (Sagle and freeman, 2006).

Al-Alawy and Al-Musawi (2013) well defines a membrane as a synthetic barrier,
which prevents the transport of certain components based on various characteristics.
Membranes are different in the physical and chemical properties but have a common
purpose of separating matrix into desired components or mixtures. Essentially a
membrane is a filter, made up of a pores support layer and a dense layer that makes

up the actual part of the membrane.

The membrane may have an inherit properties such as chemical, physical or
biological properties that selectively aid in permitting certain particles or molecules
which are compatible with properties of those membrane to pass through (known as
permeate) while rejecting other molecules (known as Retentate) as illustrated in

figure 2.2.

)
oo
o
o ©-9© o © -9
' co o o O o
o -
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R — Q OO —p
Mambtrane
o
o © 0 o
s
O O -4 o
- o
0® o
2" 5
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Figure 2.2. lllustration of membrane process (adapted from Strathham, et al.,
2006).

The molecules are forced through the membrane (or filter) by use of driving forces
such as pressure, temperature, concentration, and basic properties of the membrane
such as membrane pore size, hydrophilicity, structure or morphology, electric

potential, membrane arrangement etc. ( Mulder, 2006).



2.4.1 Types of membranes and separation (filtration) process

Water treatment process employs different types of membranes depending on the
separation objective that needs to be achieved (Amjad, 1993). The membrane
includes ultra - filtration (UF), reverse osmosis (RO), nanofiltration (NF) and
Microfiltration (MF) (Perry and Green, 1997). These membrane differ in pore sizes,
ultimately effectively permitting molecules based on their sizes, figure 2.3, illustrate

range of nominal pore size.

Microfiliration

Ulirafiftration

Membrana

distillation

0.1nm inm 10nm 100nm Tpm 10pm

Figure 2.3. Range of nominal membrane pore size (adapted from Perry and
Green, 2013)

As evident from figure 2.3, Microfiltration membranes have the largest pore size and
usually reject large particles and various microorganisms (Sagler and Freeman,
2004). A filtration or separation process using this membrane can effectively remove

particles or biological entities in the 0.025 um to 10.0 um (Baker, 2004).

Ultrafiltration membranes (UF) have small pore size compared to those of MF,
implying that a filtration process using this membrane can reject bacteria and soluble
macromolecules such as proteins in addition to large particles and microorganisms

(Sagler and Freeman, 2004).

Reverse osmosis membranes are effectively non-porous, hence a filtration process
using this types of membranes can effectively remove or exclude particles and even

low mass species such as salt ions, organics ( Perry and Green, 1993). The



Nanofiltration membranes are quite recent and they are porous membrane and they

usually show performance between that of RO and UF membranes (Baker, 2004)

2.4.2 Membrane operating configuration or geometry during filtration

There are different configurations of operating a filtration process: Dead-end
filtration, cross-flow filtration,

2.4.2.1 Dead-end filtration

The most common form of filtration configuration is the dead-end filtration in which
the feed flow is forced through the membrane and the filtered matter accumulates on
the surface of the membrane, the drawback with this configuration is the decrease in
the efficiency of filtration due to blockage caused by the accumulated matter on the
membrane system which requires the accumulated matter to be removed resulting in
loss of operating time. Usually this configuration is ideal for concentrating
compounds (see figure 2.4 for configuration) (Iritani, et al., 1995).

Untrested water

|

)
o0 ©
o O O
FPermeste

Figure 2.4. Dead end filtration configuration



2.4.2.2 Cross flow filtration

The cross-filtration has a constant turbulent flow along the membrane surface which
ultimately prevents the accumulation on matter on the membrane surface (Baker,
2004). The feed flow passes the membrane tube at high pressures and high speed
in order to create turbulent conditions. It is praised as an excellent way to filter liquids

with high concentration of filterable matter. Figure 2.5 illustrate this configuration.

Fermmeate
Untreated water - - L O

—— SO 2o © < E—
o7 o5 Po® “o

Fermeate

Figure 2.5. Cross -flow configuration

Other uncommon configuration includes hybrid-flow filtration and submerged filtration
(Baker, 2004). During the submerged filtration process the membranes are
submerged in the liquid that has to be filtered and the filtration is performed from the

outside to the inside of the membrane operated in vacuum.

The hybrid-flow filtration process combines the dead-end and the cross-flow
technique (Munir, 2006). The filtration process has two phases: the production
phase; the tubes are closed both side and dead filtration is performed and the
flushing phase; the tube is open on both side and the fraction that does not pass
thought the membrane is removed in order to clean membrane as in cross-flow
(Munir, 2006).

Essentially, all these configurations work the same to same to separate matrix but

differs in the efficiency to do so.
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2.4.3 Membrane characteristic

According to Mulder (2006) membranes can be either natural (mainly biological) or
synthetic in the origin. The synthetic membranes are categorized as organic or
inorganic membranes depending on the constituents that make up the membranes.
Organic membranes are commonly made up from polymers such as Polyether
sulfone (PES), Polysulfone (PS) etc. and Inorganic membranes represent
membranes made up from materials such as ceramic, glass and metal etc. (Mulder,
2006). Synthetic membranes can be further classified as isotropic and anisotropic
(Sagle and Freeman, 2004).

Sagle and Freeman (2004), describes Isotropic membranes as membrane which are
uniform in composition and physical nature across the cross-section of the
membrane. Whilst anisotropic membranes are defined as non-uniform over the
membrane cross-section and consisting of layers which vary in structure and/or
chemical composition. Figure 2.6 depicts or illustrates the difference in cross-

sections of isotropic and anisotropic membranes.

Svimmetrical membranes

Izotropic microporous Monporous dense Electrically charged
membrate membrane membrane

Supported loguid
Anisaotropic membranes membrane

filled

pores

Loeb-sourtajan Thin-filrn composite
anisotropic membrane amsotropic membrane

ARy
mﬁ_ Liquid
Rl

¢

Polymer matrx

Figure 2.6. Cross section of Isotropic and anisotropic membranes (adapted
from Baker, 2014).
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The isotropic membrane can be further divided into certain subcategories such as
microporous membranes which are commonly prepared from rigid polymeric
materials with large voids that create interconnected pores e.g. Phase inversion
membrane, expanded-film membrane and track-etched membrane (Sagle and
Freeman, 2004; Baker, 2004). It should also be noted that isotropic membranes can
also be dense films which either lack pores or contain pores are so small as to

render the membrane effectively non-pores (Baker, 2004).

Sagle and Freeman (2004), reports two main types of anisotropic membranes
namely thin-film composite membrane and phase separation membranes Phase
separation membranes are homogeneous in chemical composition but different in
structure and they can be prepared via phase inversion techniques with the
exception that there is variance in pore size and porosity across the membrane
(Sagle and Freeman, 2004).

Baker (2004) describes the thin-film composite membranes as membranes that are
both chemically and structurally heterogeneous, consisting of a highly porous
substrate coated with a dense film of a different polymer prepared via several
methods such as interfacial polymerization, solution coating, surface treatment or

plasma polymerization.

Membranes that are of organic origin, those that are made up from polymers (such
as natural rubber, silicon rubber, polysulfones) are commonly used in water
treatment compared to those that are of inorganic origin. This is because of the fact
that polymer membranes have major technical and commercial advantages over

inorganic equivalents (Mori , et al., 1994).

2.4 .4 Polymer membranes

Polymers are defined as molecules that arranged orderly in repetition of small simple
chemical units (Ebil, 1999). The repetition may be liner or nonlinear to form a three
dimensional networks exhibiting rubbery or glassy states depending on the
temperature (Ebil, 1999). For an example polymer such as polysulfones (PS) tend to
exhibit a glassy state at room temperature, meaning they have glass like properties
with low permeability but with high selectivity (Ebil, 1999).
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Depending on the type of o/w emulsion different techniques (skimming, electric field,
ultrasonic separation and coagulation / flocculation) can be used to reduce the
concentration of oil in oily wastewater in order to mitigate the detrimental effects it
has on the environment (Qin, et al., 2003; Yi, et al., 2012). However conventional
methods cannot effectively reduce the concentration of oil in wastewater in an
economical viable way relatively compared to polymer membranes as highlighted by
Yin and Deng (2015).

Polymer membranes separation technology is reported to be the most widely used
membrane type for treatment water (Yin and Deng, 2015) and it is said to have major
technical and commercial advantages over inorganic equivalents (Mori, et al., 1994).
The technology to effectively treat the oil water emulsions according to Luo, et al.
(2014). The use of polymer membrane technology to treat oil wastewater is versatile
and is increasingly applied in industry (Syedet, et al., 2000).

Reverse osmosis (RO), microfiltration (MF), ultrafiltration (UF) and nano-filtration
(NF) are some of examples of pressure driven processes that use polymer
membrane technology (Syedet, et al., 2000). One of the advantages of polymer
membrane is that the quality of the treated water is uniform independent of influent
variations and there is no need to use extraneous chemicals (Cheryan and

Rajagopalan, 1998).

2.4.4.1 Polymer membrane preparation methods and fabrication geometry

There are a number of polymeric membrane preparation path ways reported in
literature (Apel, 2001; Sa-nguanruksa, et al., 2004; Baker, 2000; Mackenzie, 2000).
However there are five of them that are commonly used for the preparation of
polymeric membranes, these include phase inversion, interfacial polymerization,
stretching, track-etching and electrospinning (Lalia, et al., 2013). The choice of
polymer and the desired structure detects the selection of the preparation method
(Lalia, et al., 2013).

Phase inversion method

Phase inversion is practically a process whereby polymers are dissolved in suitable
solvents such as DMF (dimethyl formamide) to achieve a homogenous polymer

solution which is then converted in a controlled manner to a solid state from liquid
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state ( Driol and Giorno, 2009 ). Mulder (1996) outlines various ways of converting a

liquid polymer solution to a solid state, namely:

(1 Immersion precipitation. In the immersion precipitation, the polymer
solution is cast on a suitable support such as glass, then the polymer
solution is immersed in a non-coagulation bath (usually water), where an
exchange of solvent and non-solvent takes place and the membrane is
formed. (Driol and Giorno, 2009; Boussu, et al., 2006).

(i) Thermally induced phase separation. Lalia, et al. (2013), alludes that the
method is based on the fact that the quality of the solvent decreases with
decreasing temperature and the solvent is then removed by extraction,
evaporation or freeze drying after demixing

(i)  Vapour - induced phase separation. According to Lalia, et al. (2013), the
transformation or conversion of liquid polymer solution to solid state is
accomplished by exposing the polymer solution to an atmosphere
containing a non-solvent and demising or precipitation occurs as the
result of the absorption of the non-solvent

(iv)  Evaporation — induced phase separation method. The polymer solution is
made in a solvent or in a mixture of a volatile non-solvent, and the solvent
is allowed to evaporate, leading to precipitation or demixing/precipitation.
This technique it is also known as a solution casting method (Lalia, et al.,
2013; Baker, 2000).

Interfacial polymerization

Thin-film composite (TFC) RO and NF membranes are fabricated for this method
(Lalia, et al., 2013). Cadotte, et al. (1980) is credited for being the first to develop the
interfacially polymerized TFC membranes. The procedure for interfacial
polymerization (IP) involves immersing a micro porous polysulfones support in an
aqueous solution of a polymeric amine and then immersing the amine impregnated
membrane into a solution of a di-isocyanate in hexane and cross-linking the
membrane by heat-treatment at 110°C (Cadotte, et al.,1980 ; Lalia, et al., 2013).
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Track-etching

Lalia, et al. (2013), describes this technigque as whereby a nonporous polymeric film
is irradiated with energy heavy ions leading to the formation of linear damaged tracks
across the irradiated polymeric film. The technique is soundly known for great control
of the pore size distribution of the membrane and; pore density and pore size are
independent parameters and can be controlled in a wide range from a few

nanometres to tons of micrometres (Lalia, et al., 2013).

Stretching

Basically the procedure for preparation of membrane using this method involves,
extrusion followed by stretching technique. The membranes produced in this manner
are commonly used in MF, UF and MD (Membrane distillation) (Lalia, et al., 2013). It
is a method that does not need a solvent, in which the polymer is heated above its
melting point and extruded into thin sheet forms followed by stretching to make it
porous (Sadeghi, 2007; Zhu, et al., 1996; Trommer and Morgensten, 2010).

Electrospinning

This technique is quite recent for fabrication of porous membranes for a wide
number of applications including desalination and fabrication. It works by applying a
high potential between the polymer solution droplet and the grounded collector
(Lalia, et al., 2013). Upon the electrostatic potential becomes sufficiently high and
overcomes the surface tension of the droplet, a charge jet is formed (Lalian, et al.,
2013).

2.4.5 Factors affecting polymer membrane performance

Although polymer membrane emerged as the most promising method that can
effectively reduce the concentration of oil in oily wastewater to acceptable level
compared to its inorganic membrane equivalents, it is still restricted by several
challenges such as trade-off relationship between permeability and selectivity and
low resistance to fouling (Yin and Deng, 2015).

To offset these challenges the concept of polymer-matrix nanocomposite
membranes was developed, originally to overcome the Robeson upper boundary in

the field of gas separation in the 1990s (Robeson, 1991; Chung, et al., 2007), where
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highly selective zeolite were incorporated into polymers to improve both permeability
and selectivity (Duval, et al.,1993). Because of the ability of nano-composite
membranes to overcome the trade — off relationship between permeability and
selectivity as well as mitigating membrane fouling problem during water treatment
application, nano-composite membranes gained considerable attention and it is
considered as the cutting edge of creating the next generation of high performance

membranes (Yin and Deng, 2015).

As reported in literature, polymer membrane suffer concentration polarization (also
known as cake formation) and pore blocking (Baker, 2000), and these results in the
necessity for frequent cleaning and replacement of the membrane. Pore blocking
results in the need to increase trans - membrane pressure in other to achieve a
constant membrane performance (constant permeate), however increase trans-
membrane pressure may results in making the membrane less efficient (Maphutha,
et al., 2013).

Pore blocking and cake formation results in membrane fouling. The fouling decrease
the life spans of the membrane and as well its performance which leads to high utility
cost (Vrijenhoek, et al.,, 2001; Zularisam, et al.,, 2007). To circumvent these
challenges it is reported static turbulence promoters such as rods, differently shaped
inserts and static mixers can be utilized to minimize the fouling in polymer
membranes (Mulder, 1996).

However, the current effective trend is to increase the properties (hydrophilicity) of
polymer membrane in order to minimize fouling, charging the membrane is reported
to be another way of making an “anti-fouling” membrane (Zhao, et al., 2010; Mulder,
1996). To achieve this, inclusion of nano-sized inorganic materials such as CNTSs,
catalyst and other organic barrier layers are used. The incorporation of these
materials change the porosity and pore size of the polymer membrane and as a
results change the membrane permeability and solute rejection (Yin and Deng,
2015).

Another factor that is mentioned in literature that can help mitigate membrane fouling
is the membrane geometry, i.e. cross flow filtration or dead end filtration (Al-Alawy

and Al-Musawi, 2013). According to Al-Alawy and Al-Musawi (2013), cross flow
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separation is where only part of the feed stream is treated and the reminder of the
feed is passed through the membrane untreated, while the dead-end filtration all the

feed is treated.

The benefits of cross-flow filtration over dead end filtration lies in the fact that there is
a constant turbulent flow along the membrane surface preventing accumulation of
matter on the membrane surface and its ideal to filter liquids with high concentration
of filterable matter whilst dead end is ideal for less concentrate filtrate matter and
also to concentrate matter (Song and Elimelech, 1995).

2.4.6 Polymer membrane Modification

As evident from literature discussed, modification of polymer membrane is
imperative to ensure that membrane performance reasonably well and it remains
operational for longer periods. The modification of polymer membrane basically
means tuning or altering the structure and physiochemical properties (hydrophilic,
porosity, charge density, chemical, thermal and mechanical stability) of the
membrane (Luo, et al., 2015). The modification is achieved by addition of organic
materials, biomaterials, inorganic materials or hybrid materials depending on the
desired membrane type, insertion of these materials into the polymer membrane

results in fabrication of composite polymer membrane.

Modification of membranes has been reported to yield better results compared to the
respective unmodified membrane. For an example, in a study by Luo, et al.(2015),
oil/ water emulsion was separated via ultra-filtration by novel triangle-shape tri bore
hollow fiber membranes from polyphenylenesulfone (PPSU) and they observed that
the modified membrane always exhibited higher permeate fluxes and lower total

resistance than the pristine PPSU membranes.

In another study by Maphutha, et al. (2013) ,they fabricated and tested carbon
nanotubes (CNTs) — infused polymer composite membrane with PVA (polyvinyl
alcohol) as a barrier layer for treatment of oily wastewater and the membrane was
effective to achieve concentration below 10 mg/L and oil rejection of over 95%. In
addition to the satisfying results obtained by Maphutha, et al. (2013), the composite

polymer membrane showed an increase of 119% tensile strength, 77% in Young’s
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modulus and 258% in the toughness for ca.7.5% Concentration CNT in the polymer

composite.

Literature reports numerous materials that can be infused into the polymer
membrane to make it able to overcome the challenges of selectivity, permeability
and low resistance to fouling. For the purpose of this study only CNTs as nanofillers
CTNS will be discussed.

2.4.6.1 Carbon nanotubes

Carbon nanotubes were first brought to attention of the scientific arena by lijima in
1991. Carbon Nanotubes (CNTs) are allotropes of Carbon, a carbon nanotube is a
one-atom thick sheet of graphite rolled into a seamless cylinder with a diameter of
the order of a nanometer (Rafique and Igbal, 2011). According to Sears, et al.
(2010), they have exceptional properties such as high mechanical strength, high

aspect ratio and large specific surface area (see figure 2.7).

Essentially there two main types of CNTs namely; single walled CNTs (SWNTS)
which have outer diameters in the range of 1-3 nm with inner diameters of 0.4-2.4
nm (see figure 2.7 and table 2.1 ) and Multi-walled CNTs (MWNTSs) which can have
outer diameters ranging from ca. 2nm — 100nm (see table 2.1, for comparisons of
the two types) (Sears, et al., 2010).Because of exceptional properties, there have
been studies that concentrated on finding wider application of CNTs (Park, et al.,
2006).

Carbon nanotubes are widely used in water treatment, they are commonly infused to
polymer membrane in order to enhance the membrane properties (such as
mechanical strength, hydrophilicity, pore diameter and etc.) in order to make the
polymer membrane less susceptible to fouling thus increasing the membrane

performance during filtration (Yin and Deng, 2015).

18



Selected CNT Properties: ()

Outside diameter: ~1-100 nm

Inside diameter: ~1/3 outside diameter
Tube wall spacing: ~0.3 nm

Stiffness: ~5x steel

Strength: ~30x steel

Electrical & Thermal conductivity: ~10x

graphite

Figure 2.7. a) Schematic of a CNT, (b) TEM image of CNT showing concentric
graphitic walls and (c) a list of selected CNT properties (adapted from Sears, et

al., 2010)

Table 2.1. Comparison of SWNT and MWNT (adapted from Sears, et al., 2010).

SWNT

MWNT

Single layer graphene

Catalyst is required for synthesis

Multiple layer of graphene

Can be produced without catalyst

Bulk synthesis is difficult as it required proper Bulk synthesis easy

control over growth and atmospheric

conditions

Low purity
Less accumulation in the body
Characterisation and evaluation is easy

Easily twisted

High purity
More accumulation in the body
Complex structure

Cannot be easily twisted
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2.4.6.2 Production of Carbon nanotubes.

There are various methods of synthesizing CNTs and the oldest method of
synthesizing them is known to be the electric arc discharge (Szabo, et al., 2010).
Other methods include production by laser ablation, flame synthesis, high pressure
carbon monoxide (HiPco), electrolysis and pyrolysis and they are mainly classified
into physical, chemical and miscellaneous processes (Rafique and Igbal, 2011).

Physical Processes

According to Rafique, et al. (2011), physical processes make use of physical
principles of carbon conversion into nanotubes and example of this processes are
arch discharge and laser ablation. The major issues with physical processes that
limits their use are the fact that they are energy intensive, require solid carbon or
graphite which has to be evaporated to obtain nanotubes and the process produces

nanotubes of low purity (Rafique and Igbal, 2011).

Arc Discharge method

The arc discharge is known to be the oldest method for the production of carbon
nanotube(s). It is reported that the method was used in the early sixties to synthesise
carbon fibres called whiskers and in 1990, it was used to produce fullerenes in good
in yields (Szabo, et al., 2010). In 1991, lijima discovered the carbon nanotubes from
analysing samples produced by arc discharge in Helium (He) atmosphere. The
method was then later improved and applied in the synthesis of Multiwall (MWNT)
and single (SWNT) carbon nanotubes (Szabo, et al., 2010).

According to Szabo, et al. (2010), the arc discharge method concerns the use of two
high-purity graphite electrodes as depicted in figure 2.8. The anode can be pure
graphite or consisting of metals. In the case of the metals, Szabo, et al. (2010),
states that the metals are transitorily brought into contact in a manner and an arc is
struck. In a similar fashion, the electrodes are also brought into contact and an arc is

struck.

The production is conducted in a controlled environment composed of inert and/or
reactant gas at low pressure (30-130 torr or 500 torr) and the distance is reduced

until the current flow is between 50-150 A ( Szabo, et al.,2010). Carbon sublimes at
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the consumed positive electrode (anode) due to the high temperature in the inter-
electrode zone and the position of the anode can adjusted in order to maintain the

constant gap between the cathode and the anode ( Szabo, et al.,2010).

linear motion
feedthrough
electrode electrode
connection connechon

Figure 2.8. Schematic representation of the arc-discharge method (adapted
from Saito, et al., 1996)

The plasma formation take place between the electrodes and by controlling the
distance between the electrodes via voltage control (25-40 V), and the plasma can
be stabilized for longer reaction time (varies from 30-60 seconds to 2-10 minutes)
(Szabo, et al., 2010).

Szabo, et al. (2010), states that various kinds of products are formed within the
different sections of the reactor: large quantities of rubbery soot on the reactor walls,
web-like structures between the chamber walls and cathode, spongy collaret around

the cathodic deposit and grey hard deposit at the end of cathode.

When no catalyst is used, only the soot (contains fullerenes) and the deposit
(comprising of MWNTSs (ID: 1-2 nm, OD: 2-25 nm, length: less than / equal to 1 pm
and have closed tips) and graphite carbon nanoparticles) are formed (Szabo et al.,
2010). When metals catalyst are evaporated in parallel with the carbon in the arc
discharge, the core deposit contains MWNTs, metal filled MWNTs (FMWNTS),
graphitic carbon nanoparticles (GNP), metal filled graphite carbon nanoparticles
(FGNP) and metal nanoparticles (MNP), while the powder- like or spongy soot

21



contains MWNTs, FMWNTs and SWNTs (Szabo, et al., 2010). Szabo, et al. (2010),
reports that the formed SWNTs (1.14-1.4 nm ID and several microns long) have
closed tips, free of catalyst and are either isolated or in bundles and that the formed
collarette (formed in the presence of certain catalysts) mainly consists of SWNTs

(80%)), isolated or in bundles.

There several physical and chemical factors that influence the arc discharge
process, namely: carbon vapor concentration, the carbon vapor dispersion in inert
gas, the temperature in the reactor, the composition of catalyst, the addition of
promoters and the presence of hydrogen (Szabo, et al., 2010). Szabo, et al. (2010),
states that these factors affect the nucleation and growth of the nanotubes and the

physical characteristics.
Other types of discharge methods are reported to be but not limited to:

e Intermittent arc discharge process; the method permits several millisecond
pulse duration which is much longer than that of the pulsed arc method with
microsecond pulse duration (Szabo, et al., 2010). The product can be either
floating powder containing uniformly dispersed fine spherical particles or
sediment composed of straight MWNTs with length in the range 100-500nm
and aggregated onion-like nanoparticles (Imasaka, et al., 2006; Szabo, et al.,
2010).

e Plasma rotating arc discharge process, Lee, et al. (2002), used this method
to synthesis CNTs and observed that the nanotube vyield was directly
increased as per increase in the rotation speed of the anode and the collector

being closer to the plasma.

Laser ablation Method

This method was initially used for the first synthesis of fullerenes and over the years
it was enhanced to cater the production of single walled carbon nanotubes (Erik, et
al., 2001; Rinzler, et al., 1998; Thess, et al., 1996; Zhang and lijima, 1999). Szabo,
et al. (2010), states that the nanotubes produced via the utilization of this method
have higher purity (up to 90% pure) and the structure is better graphitized than those

produced in arc discharge method.
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It also stated that the disadvantage of this method is imbedded in the small carbon
deposit and that it only favors single walled nanotubes over multi walled carbon
nanotubes (MWNT produced under special reaction conditions) (Szabo, et al., 2010).

Figure 2.9.; represent a general set —up or arrangement of this method.

li.'l.'.l|':'|'|t'l

laser beam growing nanotubes
collector

furnace

HrgDn g graphite target

Figure 2.9 . Schematic illustration of the laser ablation method (adapted from
Collins and Avouris, 2000)

In this method, a laser is used to vaporize a graphite target held in a controlled
atmosphere oven at temperatures close to 1200 °C (Erik, et al., 2001). In a study by
Rinzler, et al. (1998), SWNT were produced by doping the graphite target with cobalt
and nickel catalyst and the condensed material was them collected on a water-

cooled target.

Erik, et al. (2001), highlights that the two methods ( arc-discharge and the laser
ablation methods or techniques) are constricted in the volume of sample they can
produce in relation to the size of the carbon source and the fact that there is a need
for subsequent purification steps in order to ensure that tubes are separated from

undesirable by-products.

Due to these limitations, gas-phase techniques such as chemical vapour
decomposition were developed in order to overcome the challenges, the short

23



comings experienced by arc-discharge and laser ablation techniques or methods
(Erik, et al., 2001).

Chemical Processes

The chemical process use chemical principles of carbon conversion to nanotubes
and example of these processes are chemical vapour deposition, high pressure
carbon monoxide reaction (HiPco) and CoMoCAT® process (Li, et al., 1996;
Nikolaev ,et al., 1999; Tang, et al., 2001). The chemical processes are reported to
have many advantages compared to physical processes and some of the
advantages include but no limited to: ease control and manipulation of reaction, easy
to produce CNTs directly to substrate and are cheap in terms of unit price (Rafique
and Igbal, 2011).

Chemical vapour deposition (CVD) method

This method was developed following the short comings (impure nanotubes)
experience by laser ablation and arc discharge methods. In this method nanotubes
are formed by the decomposition of a carbon containing gas (Erik, et al., 2001). This
method is known to offer the best chance to obtain a controllable process for the
selective production of nanotubes with predefined properties (Sinnot and Andrews,
2001).

The purity of the as-produced nanotubes obtained using this method can be high
thus minimizing the need for subsequent purification steps (Erik, et al., 2001). The
ability to synthesise aligned array of carbon nanotubes with controlled diameter and
length and the fact that this process can be acquiescent to a continues process since
the carbon source is continually replaced by the flowing gas makes this method
attractive for large scale production of nanotubes (Erik, et al.,, 2001; Seo, et al.,
2007). This method, the catalytic chemical vapour decomposition method is
considered as the only economically viable for large-scale CNT production and the

integration of CNTs into various devices (Seo, et al., 2007).

Chemical vapour deposition is well described by Szabo, et al. (2010 as a catalytic
decomposition of hydrocarbon or carbon monoxide (CO) feedstock with the aid of

supported metal catalyst generally in a flow furnace at atmospheric pressure. Figure
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2.10, illustrates CVD methods, vertical and horizontal configurations (the most

commonly used) (Szabo, et al., 2010).

In the application of the horizontal configuration, the catalyst is place in a ceramic or
guarts boat which is place into a quartz tube as demonstrated in figure 2.10, the
reaction mixture containing a source of hydrocarbon and an inert gas is passed over
the catalyst bed at temperatures ranging from 500 °C to 1100 °C and then the is

cooled down to room temperature.

(a) |_Furnace |

i Gas Substrates
flow ¥ with catalyst
erer—
(b] Catalyst and (C)
Carbon source
Supported
catalyst
Manofibers
or nanotubes '

Gas
flow

Figure 2.10. Schematic demonstration of CVD Method. (a) Horizontal furnace.
(b) Vertical furnace. (c) Fluidized bed reactor (adapted from Szabo, et al., 2010)

The vertical furnace configuration is commonly utilized for the continuous mass
production of carbon fibers or nanotubes, the catalyst and the carbon source is
injected at the top of the furnace as a result flaments grow during flight and are
collected at the bottom of the chamber (Szabo, et al., 2010).

According to Szabo, et al. (2010), fluidized bed reactor, is basically the variation of
the vertical furnace in which supported catalyst are placed in the centre of the
furnace and an upward flow of carbon feedstock gases is used. Teo, et al. (2003),
asserts that in this case the fluidization process involves the supported catalysts to

remain much longer in the furnace than in the vertical floating technique.
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Several structures forms of carbon are formed when using the chemical vapor
method, these includes amorphous carbon layers on the surface of the catalyst,
filaments of amorphous carbon, graphite layers covering metal particles, SWNTs and
MWNTs made from well-crystallized graphite layers (Szabo et al., 2010).

Other processes are those processes that are not commonly used and they include
helium arc discharge method, electrolysis and flame synthesis ((Rafique and Igbal,
2011; Wal, et al., 2001 & 2002).

Table 2.2, gives a comparison of three most widely used CNTs production methods
with respect to their potential to be scaled up as large scale methods for production
of carbon nanotubes (Rafique and Igbal, 2011). From table 2.2, it is very clear that
chemical vapor deposition method is the most technically and economically viable
method mainly because of the excellent advantages presented.

Table 2.2. Comparison of Carbon Nanotube Production Methods (adapted from
Rafique and Igbal, 2010)

Process /property

Arc-discharge

Laser ablation

Chemical vapour

deposition (CVD)

Raw Materials
availability
Energy requirement

Process control &

reactor design
Production rate
Unit per cost

Post treatment

requirements

Difficult

High

Difficult

Low
High

Require refining

Difficult

High

Difficult

Low
High

Require refining

Easy, abundantly
available
Moderate
Easily automated

&large scale process
High
low

Less refining required
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Carbon precursor

It is clear that chemical or gas phase production of carbon nanotubes is more
favourable than the physical process. In chemical processes, particularly Chemical
vapour decomposition, a number liquid and gaseous hydrocarbon feedstocks may
be used to produce nanotubes via thermal catalytic decomposition (Szabo, et al.,
2010). Sinnot and Andrews ,2001; Dai, et al.,1996 ; Maruyana, et al., 1992;Hernadi
et al., 2000 & Nikolaev, et al., 1999, have used different kinds of hydrocarbons as
source for production of nanotubes, it included light gases such as C,Hsand C,H; to

heavier aromatic liquids such as Xylene or benzene.

In the case where liquid carbon source(s) are used, a vaporisation stage is required
before the reaction chamber stage to turn the liquids carbon source into gas phase
(Szabo, et al., 2010).

Catalyst preparation pathways for preparations of CNTs

From aforementioned discussion, it is clear that catalysis plays an important role in
production of carbon nanotubes. A number catalysts have been investigated in effort
to improve the quality and yield of CNT production by various researches and the
results showed that quality and the yield of the CNT depended on the choice of
catalyst (Sinnot and Andrews, 2001; Su ,et al., 2000; Li, et al., 2001; Ciambelli ,et al.,
2005). In most cases, transition metal catalyst such nickel, iron, molybdenum and

cobalt are often used in CVD to synthesis carbon nanotubes (Moisala, et al., 2003).

However, not only does the choice of the catalyst affect the quality and yield of the
CNTs but also the size of the catalyst, and the preparation method are reported to
play an important role in the quality and yield of the carbon nanotubes (Dupuis,
2005).

With respect to the particle size, it was observed that when the catalyst are prepared
in holes or pores, the diameter of the former is subjected to the size of the latter and
as result yielding CNTs that have diameter almost equal to the diameter of the hole
or pore (Duesberg, et al., 2002; Terrones, et al., 1997). The direct connection
between the catalyst particle size and CNTs size was also quantified by Cheung et

al. (2002): iron nanoparticles with average mean diameter of 3 nm, 9 nm and 13 nm,
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yielded CNTs with wall diameter of 3, 7 and 12 nm respectively, similar trend was

observed.

However, it is also worth noting that the size of the catalyst particle size depends on
the catalyst preparation method, for instance precipitation methods usually lead to
wide particle size distribution which effectively implies that catalyst prepared using

this method will yield CNTs with varying size (Moisala, et al., 2003).

Other factors that may affect the yield and quality of the CNTs are catalyst support
and chemical composition of the catalyst. For instance, with regards to chemical
composition it was observed that the use of bimetallic catalysts resulted in an
increase in the yield of the catalyst (Alvarez, et al.,2001 ;Harutyunyan, et al., 2002
and Flahaut, et al.,1999).

It is clear that the effect of the catalyst particle size on the yield and quality of the
carbon nanotube cannot be ignored and that catalyst preparation method plays a key
role in controlling the catalyst particle size thus the quality and yield of the carbon

nanotubes.

An enumerate catalyst preparation methods have been developed over the past
years for the preparation of supported metal catalyst and of those developed
methods, the most common technique involves the introduction of a salt ion
containing the metal to the support ( Hicks, 2004;Ponec and bond, 1995). Typical
catalyst preparation methods include but not limited to reverse miscele (micro-

emulsion technique), sol-gel, impregnation, lon-exchange precipitation and etc.

Micro-emulsion technique

Micro-emulsion technique also known as reverse micelle technique has been used to
prepare catalyst (nanoparticles) with nano range size. Narrow particle size
distribution can be achieved and the support material does not have negative impact
on the formation of particles (Barber, 2005). Desired particle size and thus
membrane pore size can be achieved by using this method by varying water to

surfactant ratio (Eriksson, et al., 2004).

Micro-emulsion is defined by Danielsson and Lindman (1981) as a
thermodynamically stable, optically isotropic solution of water, hydrocarbon and at
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least one amphiphilic compound (surfactant).This technique basically involves
formulating water in oil micro emulsion from a ternary water/oil/ surfactant system
(Barber, 2005). The figure 2.11 depicts an example of a ternary phase diagram. The
preparation of metal nanoparticles from microemulsions can be achieved mixing a
microemulsion containing a metal precursor a microemulsion containing a
precipitating agent (see figure 2.12) (Eriksson, et al., 2004; Maboso, 2005, Fischer,
et al., 2011).

©0
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wi% n-hexane

Figure 2.11. Ternary phase diagram of PEGDE; n-hexane and water mixture
(adapted from Fischer, et al., 2011)
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Figure 2.12. Mechanism for the formation of metal particles using
microemulsion method (adapted from Capek, 2004)

The use of this method to prepare catalyst is important to this study for the
preparation of nanocomposite membrane. The method has been deemed to be
effective in synthesising nanopatrticles with a size of ca. 2 nm. For an example Lisieki
and Pileni (1993) synthesized cupper (Cu) nanoparticles on the range of 2-20 nm by
dissolving bis (2-ethylhexyl)-Sulfosuccinate (Cu (AOT),) in a mixture of cyclohexane,

Isooctane and sodium bis (2-ethyhexyl)-sulfosuccinate (NaAOT).

In another study, Chen, et al. (1995) were able to synthesize cobalt (Co)
nanoparticle in the range of 1.8 to 4.4 nm diameter via borohydride reduction of
COCl; in reverse micelle system of toluene and didodecyldimethyl ammonium
bromide (DDAB). These studies substantiate the fact that this method can yield

nanoparticles of a narrow size.
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However, according to Eriksson, et al. (2004), the drawbacks of this method are:

e Large volumes of solvents required
e Low yield of the catalyst from single micro emulsion

e Not commercial feasible

Impregnation method

Dupuis (2005), describes the method as the method that concern(s) or involves
dissolving a catalyst precursor (e.g, iron nitrate) firstly and then followed by addition
of support on the prepared solution. The precursor deposits onto or into the
substrate and then the solvent is then evaporated and the catalyst is dried. The last
step involves calcination, reduction or another appropriate method. The advantage of

this method is that is very simple method to use to prepare supported catalysts.
There are two types of impregnation methods:

I.  Dry impregnation: in dry impregnation or pore volume impregnation, the exact
amount of liquid required to fill the pore volume of the support is used (Srojas,
2013).

. Wet impregnation: the amount of liquid is only controlled by the solubility of

the metal precursor (Srojas, 2013).

In both types of impregnation method discussed, the electrostatic force controls the
adsorption mechanisms and uniform distribution of particles is achieved by using

weakly interacting precursors plus mild drying (Srojas, 2013).

Many more preparation methods are reported in literature for the preparation of
supported catalyst (Dupuis, 2005). The effectiveness of these methods depends
greatly on desired chemical and physical properties of the catalyst (type of the
catalyst prepared), metal support interactions, stability, selectivity, activity,
mechanical strength, time and cost (Kohler, 2006). These factors make it challenging
to select the most viable method as results certain improvisations are made which

indirectly might limit the quality of the research.
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2.4.6.3 The dispersion of CNTs

The application or usefulness of the CNTSs, particularly in the field of CNTs/polymer
nanocomposite is limited, due to the fact that their application depends more on the
dispersion of CNTs in the matrix and interfacial interactions between the polymer
(Ma, 2010).The full potential application of carbon nanotubes is limited because of
the difficulties associated with the dispersion of entangled CNTs during processing

and poor interfacial interaction between CNTs and polymer matrix (Ma, et al., 2010).

Ma, et al. (2010) alluded that the nature of dispersion problem for CNTs is relatively
different from other conventional fillers such as spherical particles and carbon fibers
due to the fact that CNTs are small of diameter in nanometer scale with high aspect
ratio and hence extremely large surface area. In a study conducted by Ma, et al.
(2010), the dimensions of commonly used fillers corresponding to uniform filler
volume fraction of 0.1% in a composite of 1.0mm?® cube, shed a light to why the
dispersion of CNTs in a polymer matrix is more difficult than other fillers. It was
observed that size effect of fillers and the physical nature of particles were somewhat

the controlling factors in the dispersion of CNTs in polymer matrix.

Nonetheless, there have been a lot of effort devoted to finding ways to modify the
surface of nanotubes in order to improve the interactions with foreign molecules, to
make them soluble in any solvent (Lin, et al.,2003; Valentini, et al.,2006).Some of the
method used to overcome the dispersion problems in order to facilitate the
dispersion of CNTs in polymer matrix includes but not limited to mechanical
dispersion (Ultrasonicaton, Calendering process, Ball milling, Stir & extrusion) and
Functionalisation of CNTs (Chemical and physical) (Ma, et al., 2010).

Ultra-sonication

According to Ma, et al. (2010), ultrasonication is the act of applying ultrasound
energy to unsettle particles in a solution for various applications and is known to be
the most used method for dispersion of nanoparticles. This method produces shock
waves and the production of the shock waves promotes the “shaving off” of the
individual nanopatrticles located at the outer part of the nanoparticles bundles and
thus results in the separation of individualized nanoparticles from bundles (Ma, et al,
2010).
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Although this method is the most frequent used and the most effective method (Ma,
et al., 2010), its limitation arises from the fact that the liquid in which the CNTs are
dispersed has to be of a low viscosity, this implies that this will not be effective in
dispersing the CNTs in some polymers solutions since most polymers are viscous,
thus using this method will require the solution to be diluted as to make it less

viscous before dispersing the CNTs (Ma, et al., 2010).

Ma, et al. (2010) also highlighted another limitation pertaining to this technique is that
the technique can generate substantial heat rapidly, therefore CNTs dispersed in
volatile solvents, such as acetone and ethanol requires to be kept cold and the
sonication to be conducted over short intervals. This complement the findings from
literature that the CNTs can be damaged with ease if the sonication treatment is too

aggressive and/or too long.

The findings were supported by Kim, et al. (2006), it was observed from the Raman
spectroscopy that the long period of CNTs ultra sonication resulted in a significant
increase in the intensity of D band, which implies generation of defects on the
surface of CNTs. Mukhopadyay, et al. (2002), found that in extreme cases, the
graphene layers of CNTs are destroyed completely and the CNTs are converted into
amorphous carbon nanofibers. As a results of the damage to the CNTs the electrical
and mechanical properties of the CNTs /polymer composites diminishes (Ma, et al,
2010).

Ball milling

Ball milling was suggested by Ma, et al. (2010) as one of the techniques that can be
used to facilitate the dispersion of CNTs in chemicals. Ball milling is essentially a
type of grinding method used to grind materials into fine method for use in paint,
ceramics and pyrotechnics (Ma, et a., 2010).During the process of milling high
pressure is generated locally due to the impact between tiny, rigid balls in a
concealed container, the internal cascading effect of balls reduces the material to
fine powder (Ma, et al., 2010).

An added advantage to this method is that it does not only enhance CNTs
dispersibility but also introduces some function groups onto the CNTs surface (Ma et
al., 2010). For an example in a study conducted by Ma, et al. (2008 & 2009), a
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chemo-mechanical method was used to achieve in-situ amino functionalization of
CNTs using ball milling and the results showed that the CNTs milled with ammonium
bicarbonate were more effectively disentangled and shortened than those the
chemical and the CNTs length was controlled by selecting the an appropriate milling
period. The drawback to this method is that high-quality ball mills can grind mixture
particles to as small as 100 nm (Ma, et al., 2010), it is a limitation in the sense that

the smallest size is limited to 100 nm.

Stir and extrusion

According to Ma, et al. (2010), Stir is a common technique to disperse particles in
liquid systems and it can be used also to disperse CNTs in a polymer matrix and
extrusion is a common or popular technique to disperse CNTs into solid polymers
like thermoplastics, where thermoplastics pellets mixed with CNTs are fed into the

extruder hopper.

In the case of Stir technique, size and shape of the propeller and the mixing speed
regulates the dispersion outcome (Ma, et al., 2010). Sandler, et al. (1999) highlighted
that when using the Stir technique, an intense stirring of CNTs in polymer matrix is
necessary to achieve relatively fine dispersion. Apart from the fact that MWCNTSs
tend to re-agglomerate as a results of frictional contacts and elastic interlocking
mechanisms, this method tend to favor the dispersion of MWCNTs over SWCNTSs (
Schmid, et al, 2000).

The extruder technique is reported to be useful to produce CNT/polymer

nanocomposites with higher filler content (Li, et al., 2007).

Calendering process

Calendaring process is a machine tool that uses the shear force created by rollers to
mix, disperse viscous materials (see figure 2.13) (Ma, et al., 2010). The common
configuration of a calendaring machine consists of three adjacent cylindrical rollers
each of which runs in different velocity (Gojny, et al., (2004) and Thostenson and
Chou (2006)). One of the advantages of this technique is that the easy control and
narrow size distribution of particles in viscous materials can be obtained by

mechanically or hydraulically adjusting and maintaining the gap between the rollers
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and also the desired level of particle dispersion can be achieved by gradually

decreasing the width of the gaps ( Ma, et al., 2010).

The application of calendaring process to disperse CNTs in a polymer matrix
emerged recently as a promising method to achieve relatively good CNT dispersion
as accord to some recent literature (Gojny, et al., (2004) and Thostenson and Chou,
2006). However, in order to be effective a high shear stress is required to be applied
to disentangle CNT bundles and distribute the dispersed CNT into polymer matrix
(Thostenson and Chou, 2006).

Although this seems to be a promising technique to disperse the CNT into polymer
matrix as according to recent reports (Gojny, et al., (2004) and Thostenson and
Chou, 2006), there are several drawbacks to using this technique for dispersion of
CNT. Ma, et al.,(2010) highlighted that the minimum gap between the rollers is about
1-5 um, which is larger than the diameter of a single CNTs suggesting that the
calendering can better disperse large agglomerated CNTs into small one sat sub-

micron level.
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Figure 2.13 . General configuration of calendering machine (adapted from Ma,
et al, 2010)
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It should be noted that the dispersion of CNTs onto polymer matrix are not limited to
those aforementioned. For an example, some literature reports the use of
combination of ultrasonic and microwave-assisted acid digestion and Ultrasonic-
assisted digestion to disperse the CNTs into polymer matrix (Tsai, et al., 2013).
Table 2.3, provides characteristics comparison of number CNT dispersion
techniques that may be used as a guideline for the selection of appropriate

dispersion technique to prepare CNT/polymer nanocomposites.

Table 2.3. Comparison of various techniques for CNT dispersion in polymer
composites (adapted from Ma, et al., 2010)

Technique Damage to Suitable Governing Availability
CNTs polymer matrix factors
Ultrasonication Yes Low viscous Power, Easy operation
polymer, sonication and clean after
soluble time and use, commonly
polymer mode of used in lab
sonicator
Calendering No, CNTs Liquid polymer Rotation Easy operation
may be or oligomer speed, and clean after
aligned in monomer distance use, commonly
matrix between used in lab

adjacent rolls

Ball milling Yes Powder Milling time, Easy operation
(polymer or rotation and clean after
monomer) speed, size use, commonly

of balls & used in lab
balls/ICNT
ratio

Shear Mixing  No Low viscous Size & shape Easy operation
polymer, of the and clean after
soluble propeller, use, commonly
polymer mixing rate used in lab

Extrusion No Thermoplastics Temperature, Easy operation

configuration and clean after
and rotation ~ use, commonly
speed of the used in lab
screw
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2.4.6.4 Functionalization of carbon nanotubes

Functionalization of carbon nanotubes is a process of adding the functional groups
such as alky, aryl groups, ester groups, carboxyl group and etc. onto carbon
nanotubes (single walled (SWCNTSs) or multi-walled carbon nanotubes (MWCNTS) in
order to make them susceptible to participate in many reactions (Ma, et al, 2010).
Functionalization of CNTs is necessary in order to enhance their properties to offer
CNTs a potential for wide applications in the field emission, conducting plastics,
thermal conductors, conductive adhesives, fibers, catalyst support, biological
application, water filtration and so on ( Dresselhaus, et al., 1995; Ajayan, et al.,
2003;, Coleman, et al., 2006; Ma, et al., 2010).

There are several methods to modify the surface properties of CNTs for various
applications (Ma, et al., 2010). Literature describe the chemistry of functionalized
CNTs and the reaction mechanisms between the CNTs and functional groups
(Hirsch, 2002 & 2006, Tasis, et al., 2006, Balasubramanian, 2005).The mechanisms
can be divided into chemical and physical functionalization methods based on the
interactions between the active molecules and carbon atoms on the CNTs (Ma, et
al.,2010).

Chemical Functionalization

The chemical functionalization of CNTs depends on the covalent bonding or linkage
of functional groups onto the CNTs (Ma, et al., 2010). It is well reported in literature
that chemically modified carbon nanotubes are more soluble than pristine nanotubes
and are more easily compatible with the polymer matrix (Zhu, et al., (2003), Mitchell,
et al.,, (2002) and Sen, et al., (2004)). Their findings emphasize the necessity to
modify the surface of the CNTs as to make them useful for various applications. The
chemical functionalization is to be performed at the termini of the tubes or at their
sidewalls (Ma et al., 2010). There are two ways to functionalize the carbon
nanotubes in chemical functionalization; there is direct covalent functionalization and
defect functionalization (Tchoul, et al., 2007& Ma, et al., 2010).
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Direct covalent functionalization

The direct covalent side wall functionalization can be attributed to the change in the
hybridization from sp?to sp* and a simultaneous loss of T-conjugation system on the
graphene layer. The process is carried out by reaction with some molecules of high
chemical reactivity, such as fluorine (Ma, et al., 2010). Kelly, et al., (1999),
demonstrated the effectiveness of this process, it was portrayed that the fluorination
of purified SWCNTs occurred at temperatures up to 325 °C and the process was
reversible. The fluorinated CNTs had C-F bonds that were weaker than those in alkyl
fluorides making them susceptible for additional functionalization via substation sites
(Touhara, et al., (2002).

Defect functionalization

Defect functionalization is another type of method of covalent functionalization of
CNTs and the process takes advantage of chemical transformation of defects of
sites on CNTs. The defects can be holes or/ and open end in the sidewalls,
pentagon or heptagon irregularities in the hexagon graphene framework (Ma, et al.,
2010). According to Esumi, et al. (1996), Oxidative process with strong acids such as
HNO3, H,SO4 or a mixture of both (Yu, et al.,, 1998), can be employed to create

defects on the sidewalls as well as on the open ends of CNTSs.

Other strong oxidants such as KMnO4, Ozone, and reactive plasma have been
reported as alternative oxidants to creating defects (Yu, et al., 1998, Sham and Kim,
2006, Wang, et al., 2009 &Avila-Orta, 2009). It is stated that the created defects can
be stabilized by bonding with carboxylic acid (-COOH) or hydroxyl (-OH) groups (Ma,
et al., 2010). Because of the fact that these functional groups have rich chemistry,
the CNTs with these functional groups can be used as precursors for further
chemical reactions such as polymer grafting, esterification, alkylation and etc. (Liu
(2010), Hamon, et al., 2002 and Liu, et al., 1998).

CNTs functionalized in this fashion are soluble in many organic solvents because of
the fact that the hydrophobic nature of CNTs is changed to hydrophilic nature due to
the attachment of polar groups (Ma, et al.,, 2010). Figure 2.14, shows some of
possible reactions that CNTs functionalized via covalent bonding fashion can

participate in.
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Figure 2.14. Strategies for covalent functionalization of CNTs (A: direct
sidewall functionalization; B: direct functionalization) (adapted from Ma, et

al.,2010).

Ma, et al.,(2010) alluded that the chemical functionalized CNTs can produce strong

interfacial bonds with many polymers, providing CNT based nanocomposites to

inherit high mechanical and functional properties. However, although the covalent

functionalization of CNTs provide a useful functional groups onto the CNT surface, at

some time, the oxidation damages nanotubes which results in structural defects,

shortening of the nanotubes, accumulation of carbonaceous impurities, diminishing

of diameter and overall loss of material (Zhang, et al., 2003; Liu, et al., 1998; Yang,
et al., 2002 & 2005; Miyata, et al., 2006 ; Dilon, et al., 1999).
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These observation are further supported by Datsyuk, et al.,, (2008), the same
conclusion that oxidation treatment of CNTs may compromise the structural integrity
of carbon nanotubes (MWCNTSs) was reached. In their study (Datsyuk, et al., 2008),
MWCNTSs were oxidized by subjecting them in reagents of different oxidation degree
or power. The electron microscopy and them gravimetric analysis showed that the
nitric acid treated material under reflux conditions suffered the highest degree of
degradation such as nanotube shortening whilst material subjected under basic
oxidation treatment led to the complete removal of amorphous carbon and metal
oxide impurities (Datsyuk, et al.,2008).

It stems out from literature that achieving maximum degree of functionalization with
minimum material degradation remains a challenge and that a balance has to be
made between achieving highest degree of functionalization vs. minimum damage to
the CNTs. This may be made possible by choosing the oxidation carefully in such a
way that there is chemical functionalization at minimum damage to the CNTs
(Tchoul, et al., 2007).

Physical functionalization

Physical functionalization also referred to as non-covalent functionalization is
another method to alter the interfacial properties of nanotubes (Ma, et al., 2010). A
typical example of non-covalent functionalization includes the suspension of CNTs in
the presence of polymers such as polystyrene, this proceed to the wrapping of
polymer around the interfacial properties of nanotubes and the wrapping process is
achieved through the van der waals interactions and 1r-11 building up between the

CNTs and polymer chains containing aromatic rings (Ma, et al., 2010).

In addition to polymers, surfactant can also be used to functionalize CNTs, the
surfactants can be non-ionic surfactants such as polyoxyethylene 8 lauryl, anionic
surfactants such as sodium dodecylsulfate (SDS) and cationic surfactants such as
dodecyl tri-methyl ammoniumbromide (DTAB) (Ma, et al., 2010).

Endohedral methods is another kind of non-covalent method for functionalization of
CNTs,in this method, foreign molecules or atoms are kept in the inner cavity of CNTs
via capillary effect (Ma, et al.,2010). The attachment usually takes place at defect

sites localized at the end or on the sidewalls (Ma, et al., 2010). A typical example of
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endohedral method includes but not limited to the attachment of inorganic

nanoparticles into the tubes such Ag, Au, Pt and Cg (Geirgakilas, et al., 2007).

From the literature presented it seems as if the physical functionalization have more
advantage over the chemical functionalization of the CNTs as argued by Ma, et
al.,(2010), that during the chemical functionalization reactions large defects are

inevitably and in some extreme cases, the CNTs are fragmented into smaller pieces.

These damages affect results in degradation in mechanical properties of CNTs as
well as disruption of 1T electron system (Ma, et al., 2010). The other concern is the
acids or strong oxidants that are often used for CNT functionalization which are
environmentally unfriendly (Ma, et al., 2010). On the other hand the advantage of the
non-covalent functionalization is that the structure and original properties of CNTs

remain intact after modification (Van Thu Le, et al., 2013).

However, the shortcoming(s) of non-covalent functionalization of CNTs using
surfactants, polymer chains and electric acceptor are limited, their dispersion is not
very stable and it is difficult to further modify CNTs with different functional groups,
thus making chemical functionalization more attractive functionalization method

regardless of the prevalent associated disadvantage(s) (Van Thu Le, et al., 2013).

Table 2.4, provides a comparison of the two functionalization methods discussed.
Each method they have its own inherit drawbacks, for instance if a strong
CNT/polymer matrix interaction is desired, one will have to consider the using
chemical method instead of physical method and vice versa. The use of chemical
methods to functionalize the carbon nanotubes is likely to lead to damage the CNTs;
where else the physical methods have less chances of damaging the carbon

nanotubes.

41



Table 2.4. Advantages and disadvantages of various CNT functionalization
methods (adapted from Ma, et al., 2010).

Method Principle Possible Easy Interactions Re-
damage to with agglomerati
to CNTs use polymer on of CNTs

matrix in matrix

Chemical  Side wall Hybridization \ S \

method of C atoms

from Sp2 to
sp3

Defect Defect \ \ S \
transformation

Physical  Polymer Van derwaals X \ % X

method wrapping force, -1

stacking
Surfactant Physical X \ w X
adsorption adsorption
Endohedral Capillary effect x X w \
method

S: strong, W: weak, V: variable
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It can be surmised that overcoming dispersion challenges of CNTs and
functionalization are the two key issues that unlocks or makes the CNTs to be useful
for many applications, most importantly compatible in CNT/polymer matrix. However
it should be noted that the findings favorable dispersion and functionalization ways
remains a major challenge, in the sense that many factors has to be considered such
as dispersion method and functionalization method to use for optimum dispersion
and functionalization of the CNTs without altering their perfect structure and the
original properties (Van thu Le, et al., 2013).

2.4.7 Nano-composite membranes

Fabrication of the nanocomposite membrane depends on all the issues that were
discussed in the previous sections. This section concerns the preparation of

nanocomposite membrane, different fabrication pathways are discussed.

2.4.7.1 Classification of nano-composite membranes

Depending on the membrane structure and location of nanomaterials,
nanocomposite membranes can be classified into four categories namely:
Conventional nanocomposite; thin-film nanocomposite (TFN); thin-film composite
(TFC) with nanocomposite substrate; and surface locate nanocomposite membranes
(Yin and Deng, 2015). Figure 2.15, illustrates nanocomposite membranes types,
typical structures and location of nanomaterials. The red dots represent but not
limited to the representation of the nanocomposite materials as they may represent

nanotubes, nanofibers or nanosheets.
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Figure 2.15. Nano-composite membrane types, typical structures
and location of nanomaterials (adapted from Yin and Deng, 2015)

Conventional nano-composite membrane

Nanofillers fall into one of the four categories in the conventional nanocomposite
membranes namely: organic material, inorganic material, Biomaterial and hybrid
material with two or more material types. According to Yin and Deng (2015),
fabrication of conventional nanocomposite membrane is mostly based on phase
inversions (PI) method in which nanofillers are dispersed in polymer solution before

the Pl Process and can be prepared in either flat sheet or hollow fibre configuration.

Due to the membrane porous structure, it is typically used in microfiltration (MF) or
Ultrafiltration (UF) processes (Yin and Deng, 2015). Figure 2.16, illustrates the
fabrication of conventional nanocomposite membranes through the Pl process and

the main effects on nanofillers on the final products.
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through the Pl process and the main effects on nano-fillers on the final products
(Adapted from Yin and Deng, 2015).

The Thin-film nanocomposite membrane (TFN)

The thin-flm nano-composite membrane differs from the conventional
nanocomposite membrane in that the fabrication typically proceeds via the in-situ
interfacial Polymerization (IP) process between aqueous m-phenykenediamine
(MPD) and trimesoyl chloride (TMC) organic solution ( Yin and Deng, 2015). The film
composite membrane consist of ultra-thin barrier layer and it was been used mostly
as the main membrane in RO/NF. Figure 2.17, demonstrates TFN membrane via the

IP process.
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TFC with nanocomposite substrate

According to Yin and Deng (2015), these kinds of membranes were developed to
investigate the effects of nano-fillers on the membrane compaction behavior and are

produced similarly to TFN membrane with addition of substrate.

Surface located nanocomposite membrane.

These kind of membranes could be fabricated based on methods such as self —
assembly, coating/ deposition and chemical grafting and these fabrication methods
can be implemented individually or be involved simultaneously (Yin and Deng,
2015). This process of preparing this kind of membrane is said to have minimal
effects on the membrane’s intrinsic structures and thus there is a good potential of
implementing such an approach on commercially available membranes (Yin and
Deng, 2015).
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Chapter 3

3. Experimental procedures and Analytical techniques

3.1 Materials

Synthetic crude oil was used in preparation of synthetic oil-water emulsion. All the
chemicals used were analytical grade chemicals purchased from Sigma-Aldrich,
unless stated otherwise. 50% hydrofluoric acid (HF) and zeolite support were
denoted by the University of the Witwatersrand department of chemistry. The

chemicals and / or gases used entails:

e Polyphenylene sulfone beads

e Iron Nitrate nonahydrate (Ill) ((Fe(NO3)3.9H,0, 98%),

e Cobalt(ll) nitrate hexahydrate (Co(NO3),.6H,0, 98 + % )
e 55% nitric acid (HNO3)

e 50% Hydrofluoric acid (HF)

e 1-methyl-2-pyrrolidinone (NMP = 99%)

¢ N,N — Dimethylformamide, anhydrous, = 99.7 % (DMF)
e Technical grade nitrogen (purchased from Afrox)

e Acetylene ( purchased from Afrox)

e Crude oil (NATREF laboratorium in Sasolburg)

3.2 Preparation of Fe-Co bimetallic catalyst supported on Zeolite

The bimetallic catalyst was prepared using wet impregnation method as outlined by
Dupuis (2005);Phao, et al., (2013) ,the method is basically similar to that outlined by
Owusu-Ansah (2014) with slight change in the support. Cobalt (Il) nitrate
hexahydrate and Iron Nitrate nonahydrate (lll) were used as the metal precursors,

while the Zeolite was used as the support.

The metal precursors were dissolved in 30 ml of distilled water and stirred until a
homogeneous mixture or solution was obtained. The dissolved mixture was then

added drop wise to 10g of the Zeolite - support and stirred slowly for half an hour.
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The solution was stirred for another 30 min and dried in the oven for 8 hours at 60
°C. The nitrates were then removed by calcining the resultant product at 400°C for

an hour.

3.3 CNT preparation

The catalytic chemical vapour deposition (CCVD) was utilised or adopted for the
production of CNTs using acetylene as the carbon source. Nitrogen was used to
purge the system. 1g of catalyst was weighted and loaded onto a quartz boat and
place in the centre of horizontal furnace. The furnace was operated at temperature of
700 °C at the heating rate of 10 °C /min. Nitrogen gas purge the system at flow rates
of 180 ml/min and thereafter acetylene and nitrogen were allowed to flow into the
system at the flow rate of 90 ml/min in order to initiate CNT growth. Figure 3.1,

illustrates the CNTs synthesis set up using CCVD.
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Figure 3.1 CNT synthesis setup
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3.3.1 Functionalization of CNTs

The produced CNT was functionalised using chemical methods; they were soaked in
different concentration (15%, 25%, 35%, 45%, and 55%) of HNOs;. They were
soaked and then refluxed for 4 hours at 110°C. Once the period of 4hours elapsed,
the refluxed mixture(s) were allowed to cool at room temperature and then the
functionalised CNTs were washed thoroughly with distilled water until a neutral pH
was attained. The fCNTs were then dried in the oven at ca. 120°C before being

characterised.

Transmission electron microscope (TEM, FEI Tecnai Spirit G2) was used to
ascertain the existence of the CNTs while the Raman spectroscope was used to
confirm the presence of graphite structure (G-band) and disorder in the sidewall
structure (D-band) of the CNTSs.

3.3.2 Purification of functionalised CNTs

The functionalised carbon nanotubes (fCNT) were purified by being immersed in 50
ml of 50% hydrofluoric acid (HF) under constant stirring for 8 hours. The resulting

products were washed and characterized.

3.4 Membrane preparation

The preparation of the polymeric hanocomposite membrane proceeded via phase
inversion (Pl) method. The pristine membrane (Owt% CNTSs) was prepared by using
polyphenylene sulfone (PPSU) pellets; PPSU is said to have outstanding physical
and chemical properties compared to other bispheno-A- modified polysulfones
(Arockiasamy et. al, 2013). The PPSU beads were dissolved in the solvent (1-
Methyl-2-pyrrolidinone (NMP, = 99%)) under magnetic stirring for 24 hours to ensure
that a homogenous mixture or solution was obtained. The resulting solution was then

cast in a water bath at room temperature.

For the nanocomposite polymeric membranes (fCNT/PPSU), the preparation was as

follows:

e Various weight concentrations (0, 0.2, 0.4, 0.6 wt %) of CNTs were dispersed

in the solvent, facilitated with ultra-sonication to achieve homogenous solution
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e Once homogenous mixture was obtained, PPSU beads were added to the
solution.

e Then the mixture was placed under magnetic stirring for 24 hours, to form a
casting solution.

e The casting solution was cast using a casting blade set at ca.250 um to form
the polymeric nanocomposite membrane.

e The casting solution was then immersed in distilled for phase separation step

e The formed membranes were then immersed in distilled water for 24 hours to

ensure complete liquid-liquid transfer of the liquid and solvent.

3.4.1 Membrane Characterization

The membranes were then characterised using SEM to determine the cross-section
view and surface morphologies. FTIR analysis was used to confirm the presence of
the f-CNTs in the membrane. The contact angles of the membrane were determined

using goniometer.

3.4.2 Membrane Performance evaluation

The separation performance or efficiencies of the fCNTs / PPSU nano-composite
and the pristine membranes were determined with respect to permeability and
rejection was evaluated using cross-flow membrane configuration cell. The
membrane flux (or permeate) was determined from equation 3.3.2.1. The flux, J
(L/m?.h) of the nano-composite membrane was determined by measuring the volume

of permeate (V) per unit area (A) per unit time.

%4

j= L (3.3.2.1)

The membranes were compacted by passing distilled water at 100psi for a minimum
of 4 hours, in order to stabilize the permeate fluxes for true representation of the
fluxes. Distilled water fluxes were calculated at pressures for each membrane
ranging from 1 to 5 bar. The prepared oil-water emulsion was the passed through the
membranes and the permeate fluxes were determined. The volumes of the permeate

were collected for every 15 minutes.
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Figure 3.2, depicts experimental setup or procedure to be followed in order to collect
data required to analyze the efficiency of the nano composite membrane.

Pump

Pressure meter

Retentate

Membrane

Permeate

Figure 3. 2 Experimental setup
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Chapter 4

4. Results and discussion

This chapter presents and discuss results obtained from the experimental methods
as presented in chapter 3 and determine the objective(s) of this research study were
achieved or not. The characterization techniques conducted on the catalyst are
presented firstly, then the carbon nanotubes, and produced membranes and finally
the filtration test. The performance of the membrane is monitored or evaluated based

on the ability to separate water from the water-oil emulsion.

The effect of adding the functionalized multi - walled carbon nanotubes (MWCNTS)
on the membranes is also investigated and discussed in detail.

4.1 Characterization of the Fe Co catalyst.

4.1.1 SEM Analysis results

Figure 4.1 present SEM Micrograph of the Fe - CO catalyst supported on the zeolite.
The SEM analysis was conducted in order to determine the morphology of the
particles and as well as to determine the average sizes. When taking into
consideration figure 4.1, it can be observed that the catalyst particles appear to have
a square or cubic morphology. The average particles determined to be ca. 4 nm.
This validates the ability of the wet impregnation methods to yield nano-sized

particles.
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Figure 4. 1 SEM Image for Fe - CO catalyst supported on Zeolite

4.1.2 XRD analysis results

XRD analysis was used to characterize the zeolite supported catalyst. It was
conducted in order to determine the composition of the catalyst. The results of the
analysis are graphically portrayed in figure 4.2. The spectrum confirms the present of
cubic or square crystalline structures of the zeolite. The blue peaks represent the

existence of the zeolite support in the catalyst.
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Figure 4. 2 XRD spectrum for FE CO catalyst supported on zeolite 53



4.2 CNT characterization

4.2.1 TEM analysis

Figure 4.3 and 4.4 portrays the TEM micrographs obtained for pristine (un--
functionalized) MWCNTS CNT and Functionalized MWCNTSs respectively prepared
using methods outlined in chapter 3. TEM was used in order to determine the
morphology of the particles and also to determine the average particle size. The un -
functionalized MWCNTSs (figure 4.3) seem to be scattered all over, with tendency to
aggregate whereas the functionalized MWCNTs (figure 4.4) appears to be well

consolidated.

When comparing figure 4.3 and 4.4 it can be seen that figure 4.3 (CNT) has
noticeable dark spots than fCNTs. The dark spots are not noticeable in the fCNTSs,
Even at small scale of 200 nm it was still not easy to notice the dark spots,(figure
4.4), which indicates the present of impurities in the synthesized CNTs. The
impurities may be amorphous carbon, metallic or other nano particles from the
catalyst — support system (Hou, et al., 2008; kwame 2015). This observation justifies
the need to functionalized synthesized CNTs in order to reduce impurities there by

increasing the chances of obtaining qualitative results.

It was worth mentioned the difference in the sizes between the CNTs and fCNTSs,
The image shows that the CNTs with a size distribution from 30 to 90 nm whereas
the fCNTs shows a size distribution from 15 to 75 nm. This difference may be
attributed to the use HNO3 (In the case of fCNTs), which may have interacted with

the walls of the nano-tubes thus reducing the size of the diameters (Phao, et al.,
2013)

Figure 4. 4 TEM image of CNT Figure 4. 3 TEM image of fCNT 54



4.2.2 FTIR

The FTIR analysis was conducted on the synthesized multi walled carbon nano
tubes (functionalized and unfunctionalized). The analysis was conducted using the
Bruker TENSOR 27 FTIR spectrometer. This device or equipment helps to indentify
the functional groups present in the walls of the multi walled carbon nano-tubes.
Figure 4.5 present the FTIR spectra as synthesized (as produced) and functionalised
MWCNTSs.

The two peaks at 1600 cm™ and 1030 cm™ indicating the presence of C=C and C-O
functional groups. These groups indicate and validates that the MWCNTs were well
synthesised and functionalized. The peaks at 1900 cm™ and 2400 cm™ may
suggests the presence of C=0 and —OH functional groups respectively.
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Figure 4. 5 FTIR spectra for synthesized MWCNTs
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4.2.3 Raman spectroscopy

Figure 4.6, shows the raman spectroscopy of unfunctionalized and functionalized
MWCNTSs.

Of particular interest is the shape of the graphs and the decrease in the intensity as
a function of HNO3; concentration increases. From the shape of the graph it can
conclude that the functionalization process did not alter the qualitative properties of
the MWCNTs. From the decrease in intensity it can be concluded that the purified
MWCNTSs had some defects.

The D and G band are ca. 1350 cm™ and ca. 1600 cm™ respectively. The D band
indicates the present of graphene sheets, while the G band serves to indicate the
disorder present in the graphene structure. The intensity ratio (s) of D and G (Ip/lg)
yields the degree of disorder introduced into the MWCNTs wall matrix. Table 4.1,

summarizes the Ip/lg values.

Table 4.1, reflect that the Ip/lg ratio increased by about 4%, the increase reflect that
there were defects on the walls of the MWCNTs. This justifies the need for
functionalizing the MWCNTSs.
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Figure 4. 6 Raman spectra for synthesized nano-tubes
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Table 4. 1 Intensity ratio for functionalized and unfunctionalized MWCNTs

0% HNO3 35% HNO3 55% HNO3;

D Band G Band D Band G Band D Band G band

Raman Shift (cm™) 1370 1650 1360 1620 1350 1600
Intensity (a.u) 2800 2300 2150 1750 1700 1340
lo/lc 1217 1.228 1.259

4.3 Membrane characterization

4.3.1 Contact angles

In order to determine the water contact angles of the membranes a sessile drop
experiment was conducted. The contact angle of the membrane is an indication of
the hydrophilicity and flux behavior of membranes.

Figure 4.7 shows a trend of contact angles vs. wt% CNTs blended with PPSU.
These values provide an indication about the hydrophilic nature of the membranes.
The contact angles for Owt% (pristine), 0.2 wt%, 0.4 wt% and 0.6 wt% were
determined to be 79°, 76°, 72 ° & 74 ° respectively.

The pristine membrane (0 wt%) shows to have a higher contact angle which cross
ponds to the inability to soak up water. The ability of the membrane seems to show
an increase with increase in CNTs wt% (decrease in contact angle). The
permeability of the blended membranes increases with decreasing contact angle.
The decrease in the contact angle can be attributed to a polar surface as a result of
increasing the — COOH and improved by increasing the polarity of the blend. This

will then increase the flux rate.

The optimum CNTs loading is observed to be at 0.4 wt%, at optimum permeability.
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Figure 4. 7 Contact angle of the fCNTs as per composition

4.3.2 Mechanical performance

The idea of fabricated nano-composite membranes is to reinforce the membrane
making them strong and less susceptible to damage. By infusing CNTs into the
polymer solution to make nano-composite increases the life usage of the

membranes.

The mechanical properties were determined by observing the breaking point force
(N) of the membranes. Figure 4.8 summarizes the results. It can be noticed that the
0.4 wt% CNTs/ PPSU blended membrane has a highest breaking force. This implies
that optimum tensile properties can be obtained at 0.4 wt% CNTs loading. The
mechanical properties were obtained using the TAXT plus Texture Analyzer. The
increase or the improvement in the strength of the membranes due to the addition of
MWCNTs in the PPSU matrix relates to what is reported in literature elsewhere
(Maphutha et al., 2013).
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Figure 4. 8 Breaking force of the nanocomposite polymer membranes as a
function of CNTs loading

4.3.3 SEM characterization

SEM is critical analysis for determination of the morphology of the materials. SEM
provided critical information about the surface and cross — sectional structure of the
membrane. These information will aid in determining or explaining the extend or
limitation of the membranes ability towards permeation and rejection. The sole
purpose of infusing or blending the PPSU membranes with f/MWCNTs, was to
manipulate the morphology of the structure of the membranes in order to attain a

high rejection/permeation performance of the membranes.

Thus, to understand the morphology of the prepared membranes (pristine and
fCNTs/PPSU), morphological studies were conducted using SEM. Figure 4.9, shows
the SEM micrographs of top surface of pristine PPSU and fCNTs/ PPSU composite
membranes.

PPSU membrane seems to show an asymmetric membrane structure, which has a
porous middle layer, macropores at the bottom and a dense layer. Whilst, the

PPSU/fMWCNTs showed an asymmetric membrane structure: again with a dense
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top layer, porous middle layer but with bottom spongy layer. This may be attributed
to the change in the thermodynamic behavior as the result of the —COOH group in

the nano material.

Figure 4. 9 SEM surface image of PPSU (A), cross section of PPSU(B), SEM
surface PPSU - fCNTS (C) cross section of PPSU — fCNTS (D)
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4.3.4 Membrane FTIR

Figure 4.10 portrays the FTIR spectra of the membrane surfaces of the pristine
PPSU and fMCNT/PPSU composite membrane with 0.4 wt% CNTs. There is no
noticeable difference between the pristine and composite membrane. The carboxyl
groups (—OH) peak can be seen at 1500 cm™. This observation might suggests that
the formation of the composite membrane was caused by the results of the hydrogen

bonding interaction between the sulfonic groups of PPSU and carboxylic groups of
the fIMWCNTSs, ( Rong, et al., 2010).
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Figure 4. 10 FTIR of PPSU polymer membrane, and PPSU — fCNTS
nanocomposite polymer membrane

61



4.4 Filtration test

Understanding the effect or the influence of the CNTs loading on the synthesized
membrane performance during filtration is presented in this section. The results
obtained from the filtration test of the membrane are presented in this section and
are discussed to better understand the significant of adding CNTs on the PPSU

membrane.

The membranes were compacted for at least 1 hour as discussed in section 3. The
distilled water fluxes through the membrane were recorded and studied, prior the

filtration of the waste water.

4.4.1 Permeate flux

Figure 4.11 , present the results of water flux as a function of f{CNTs loading at a
constant pressure of 2 bar using the cross flow filtration system. It can be observed
that the water flux increase as per increase in fCNTs loading. It is also observed that
the flux plateau is reached at a loading of 0.4 wt% fCNTSs, at ca.120 L/m?.h.

A decrease in water flux is observed at a loading greater than 0.4 wt %. fCNTSs, this
can be attributed to the increase in the density of the functionalized CNTs. The
increase in the density of the functionalized CNTSs results in sterric hindrance which
causes the CNTs to group or agglomerate in the polymer matrix during membrane

preparation using the phase inversion method.

An increased flux maybe attribute to the increase in hydrophilicity of the membrane
and increase in the surface pore size, although there is an increase in the
hydrophilicity per increase in the CNTs loading, decrease in the flux for CNTs
loading above 0.4 wit% CNTs is due to the decrease in the surface pore size
because of increased density. The presence of the —OH bonds in the CNTs maybe
be credited for the increase in the flux, as this alters the contact angles

(hydrophilicity) and pore size of the membranes.

This observation suggests that in order to ca.0.4 wt% CNTs loading is the optimum

CNTs loading for high performance of the nano - composite polymer membrane.
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This observation complements the conclusion reached by other researchers
elsewhere (Maphutha, et al., 2013).
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Figure 4. 11 Pure water flux for different % fCNTs loadings (at constant
pressure of 2 bar for 1 hour)

4.4.2 Pressure influence on the membrane performance

The effect of pressure on the membranes performance during the filtration process
shows that the composite membrane fCNTs/PPSU was more rigid and strong
compared to the pristine polymer membrane and can be operated at elevated

pressure.

High pressure facilitate the filtration process which results in increase in the
permeate flux. Therefore pressure is another variable to optimize in addition to the

wt.%CNTs loading in order to complement the overall membrane performance.

Figure 4.12, presents the flux results of the synthesized pristine PPSU polymer

membrane and 0.4 wt% fCNTs/PPSU composite PPSU membrane) as a function of
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operating pressure. 0.4 wt% fCNTs/PPSU composite polymer membrane proved to

yield optimum results. The experiment lasted for ca. 1 hour.
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Figure 4. 12 Water flux for different filtration pressure (at constant fCNTs
loading 0.4% for 1 hour)

It can be observed from Figure 4.12 that the flux through the membrane increases
with increasing pressure. There is a flatting or constant permeate flux at pressure
ranging from 3 to 4 bar for all the membranes. There are different reasons that can
explain the observed behavior: a) Fouling of the membrane on the surface — this

reduces the pore size or available pores.

However, the PPSU/fCNTs composite membrane shows the best flux results and
this can be attributed to the increase porosity and hydrophilicity. The deviation from
constant flux after 4 bar for both membrane suggest that indeed the membrane was
fouled and increase in pressure was required to overcome the membrane

inefficiency induced by the fouling.
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However, increase pressure at industrial level is not practical because these could
result in increasing the in operational cost. In addition, the membrane strength is also
a limiting factor: higher pressurizing membrane may results in damaging the
membranes and affecting the downstream process and interrupting the production

process.

Therefore, it is critical to determine the optimum operating pressure that membranes
can withstand and simultaneously yielding good results at the most cost effective

manner possible. In this case it can be seen that optimum pressure is ca. 3 bar.

4.4.3 Flux decline

Figure 4.13 present the decrease in flux as a function of time for nano-composite
polymer membrane with 0.4 wt% CNTs loading and the pristine polymer membrane
(O wt% CNTs). The operation pressure was selected to be 3 bar, the figure shows
the permeate flux decline over ultra-filtration time of the pristine polymer membrane

and the fCNTs /PPSU composite polymer membrane.

The PPSU polymer membrane shows strange behavior in the sense that the trend
started by slight increased and decrease after an hour; however the flux still low than
fCNTs/PPSU composite polymer membrane over the same period of time. Better

results are observed after ca. 20 min for both membranes.

The slight increase in flux in the case of PPSU polymer membrane might be
attributed to the fact that pore size of the pristine polymer membrane deformed,
when subjected to the operating pressure (In this case 3 bar). This implies that water
molecules and small oil droplets may be forced through the pores which over time
tend to accumulate within these pores and thereafter blocking the pores. Blockage of

the pores results in the decreased of permeate flux over time.

The decreased in permeate flux for both membranes can be attributed to adsorption
of oil droplets on the surface of the membranes (concentration polarization).
Because the retentate stream was recycled back into the feed this meant that the
surface of the membrane became more concentrated thus forming a cake layer on

the surface of the membranes.
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These results suggest that in order to increase the life span of the membranes,
backwashing should be considered. The backwashing process will help clean the
membrane surface. This will results in an increase in the flux because the blocked
pores will then be freed of any material (s) that were blocking the pores which

resulted in decrease in the flux.

This is achieved by pushing water through the membrane in reverse direction in
order for the foulants on the membrane surface to be lifted off. It is worth noting that
the addition of the CNTs aided in the control of the flux decline by controlling

membrane fouling.
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Figure 4. 13 Water flux for different time (at constant fCNTs loading 0.4% and 4
bar
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Chapter 5

5. Conclusions

The results showed that the wet impregnation method successfully synthesised nano
sized Fe-Co crystallites supported on zeolite. This method well impregnates metal
precursor on the zeolite metal support.

CVD method was successfully utilised to produce the MWCNTs at 700°C. In this

method, acetylene was used as the carbon source and the carrier gas was nitrogen.

The produced MWCNTs were functionalised using HNO3 and purified using HF in
order to remove any impurities and to add new functional groups (e.g. —OH group)
on the surface of the MWCNTSs without altering any of their physical properties (wall

structure).

The Phase inversion method was used to synthesise polymer membranes. To
produce nano-composite polymer membrane, certain concentration of MWCNTs
were added to the polymer solution and sonicated to achieve a homogenous
mixture. The addition of carbon nanotubes resulted in improving the porosity,

permeability, hydrophilicity of the membrane and the mechanical behaviour.

However addition of nanotubes to produce nanocomposite membrane is limited to
fCNT loading. In this study it was found that 0.4 wt% CNTs was the optimum loading.
This loading produced better hydrophilicity, mechanical strength and permeability

results relatively compared to the other membranes.

During the filtration studies it was found that an increase in filtration pressure results
in an increase in the permeate flux and this may be attributed to an increase in

differential pressure across the membrane.

However, it should be noted that high pressure may results in damages to the
membrane, therefore an optimum pressure should be used in order to avoid the
damage of the membrane. Also it would be interesting to used pressure similar to

those used in industry.
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The permeate flux showed a decrease over longer operational period for all the
membranes; this may be caused by pore blockage of the membrane and the
accumulation of oily matter (concentration polarization) on the surface of the

membrane.

The study showed that addition MWCNTSs onto the polymer membrane has positive
impact on the membrane performance; increase in hydrophilicity, mechanical

strength, permeability and etc.

However, the key in achieving an optimum nano - composite polymer membrane lies
in the CNTs loading which is further dependent on the choice of catalyst, carbon
source, the choice of the functionalizing & purifying agent, membrane preparation

method and operating conditions (pressure, temperature & etc.).

Understanding how the aforementioned parameters or variable affect the process of
filtration or the performance is important for suggesting recommendation that would
results in synthesizing nanocomposite polymer membrane that has an optimum

performance.
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6. Recommendations

It remains very clear that it is a challenge to synthesize a high performing
nanocomposite membrane because of many contributory factors. This results in the
need to probe into the controlling factor (s), these may be physical or chemical
related factors or properties. It is therefore important to provide recommendations
from catalyst preparation, membrane preparation and operation conditions.

Catalyst:

There are many numerous catalyst preparation methods, it is therefore
recommended to compare the effects of catalyst preparation methods on the end
product i.e. nanocomposite membrane. This may include the choice of the catalyst,
choice of support and preparation method e.g. wet impregnation method vs reverse

micelles and dry impregnation method.

The choice of catalyst and support may influence the final CNTs sizes, which
indirectly affect the properties of the nanocomposite membrane (the influence small
CNTs vs large CNTs sizes on the nanocomposite membrane performance).

The preparation method influences the narrow size distribution of catalyst, which
influences the surface area available for reaction thus the CNTs growth, thus it is
recommended that different catalyst preparation methods should be used and

compared in order to establish qualitatively their effects on the CNTs produced.
Membrane Chemistry/ preparation

It was established that the optimum MWCNTs loading was 0.4 wt% but no
knowledge exist that shed light into understanding how this has an influence on the
performance of nanocomposite polymer membrane prepared using different

methods e.g. Phase inversion vs. Solution casting.

Phase inversion methods are said to produce a very porous anisotropic membrane
and the solution casting methods yields dense and non-porous isotropic membrane.
It also worth mentioning that the solution casting methods membranes are less

rougher and less hydrophilic than the phase inversion methods.
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Thus it is recommended that different preparations methods at this loading should be
compared to determine the best or optimum performing nanocomposite polymer
membrane. It is also interesting to determine the effect of addition of polyester non-
woven fabric (different kinds) unto the membrane as it is reported in literature that it
has an increasing effect on the roughness, permeability and strength of membranes
although this might make the membrane more susceptible to fouling through pore

blockage.
Membrane additives

Apart from the CNTs other additives should be used to establish the extent of their
enhancing properties and performance of the nanocomposite polymer membranes.
Operation conditions

It is recommended that the research should be conducted under conditions similar to
industry in order establish the application limit of the synthesized nanocomposite

membrane.

70



7. References

Ajayan, P.M., Schadler, L.S. & Braun, P.V. 2006, Nanocomposite science and
technology, John Wiley & Sons.

Al-Ani, F.H. 2012, Treatment of Oily Wastewater Produced From OIld Processing
Plant of North Oil Company, Tikrit Journal of Engineering Science (TJES), vol.
19, no. 1.

Alvarez, W., Kitiyanan, B., Borgna, A. & Resasco, D. 2001, Synergism of Co and Mo
in the catalytic production of single-wall carbon nanotubes by decomposition of
CO, Carbon, vol. 39, no. 4, pp. 547-558.

Amjad, Z. 1993, Reverse osmosis: membrane technology, water chemistry &

industrial applications, Chapman & Hall.

Arockiasamy, D.L.,ALam, J.& Alhoshan, M. 2013,Carbin nanotubes-blended
poly(phenylene sulfone) membrane for ultrafiltration applications,App water SCi,
vol 3,pp. 93-103

Apel, P. 2001, Track etching techniqgue in membrane technology, Radiation

Measurements, vol. 34, no. 1, pp. 559-566.

Ausman, K.D., Piner, R., Lourie, O., Ruoff, R.S. & Korobov, M. 2000, Organic
solvent dispersions of single-walled carbon nanotubes: toward solutions of
pristine nanotubes, The Journal of Physical Chemistry B, vol. 104, no. 38, pp.
8911-8915.

Avila-Orta, C., Cruz-Delgado, V., Neira-Veldzquez, M., Hernandez-Hernandez, E.,
Méndez-Padilla, M. & Medellin-Rodriguez, F. 2009, "Surface modification of
carbon nanotubes with ethylene glycol plasma”, Carbon, vol. 47, no. 8, pp. 1916-
1921.

Baker, R.W. 2000, Membrane technology, Wiley Online Library.

Baker. R.W. 2004. Membrane Technology and Applications, 2nd edition, Wiley-VCH

71



Balasubramanian, K. & Burghard, M. 2005, "Chemically functionalized carbon

nanotubes”, Small, vol. 1, no. 2, pp. 180-192.

Balasubramanian, K. & Burghard, M. 2005, "Chemically functionalized carbon

nanotubes”, Small, vol. 1, no. 2, pp. 180-192.

Beh, H., Ramli, I., Yahya, N. & Lim, K. 2009, "Purification of carbon nano tubes
synthesized by catalytic decomposition of methane using bimetallic Fe-Co

catalysts supported on MgQO", .

Benito, J., Rios, G., Ortea, E., Fernandez, E., Cambiella, A., Pazos, C. & Coca, J.
2002, "Design and construction of a modular pilot plant for the treatment of oil-

containing wastewaters", Desalination, vol. 147, no. 1, pp. 5-10.

Boussu, K., Van der Bruggen, B. & Vandecasteele, C. 2006, "Evaluation of self-
made nanoporous polyethersulfone membranes, relative to commercial

nanofiltration membranes”, Desalination, vol. 200, no. 1, pp. 416-418.

Burnett, D.B. 2004, "Potential for Beneficial Use of Oil and Gas Produced Water",
Texas Water Resources Institute, Global Petroleum Institute, Texas A&M

University, College Station, TX, , pp. 1-11.

Capek, |. 2004, "Preparation of metal nanoparticles in water-in-oil (w/0)
microemulsions”, Advances in Colloid and Interface Science, vol. 110, no. 1, pp.
49-74.

Chakrabarty, B., Ghoshal, A. & Purkait, M. 2008, "Ultrafiltration of stable oil-in-water
emulsion by polysulfone membrane", Journal of Membrane Science, vol. 325,
no. 1, pp. 427-437.

Chen, J., Sorensen, C., Klabunde, K. & Hadjipanayis, G. 1994, "Magnetic properties
of nanophase cobalt particles synthesized in inversed micelles", Journal of
Applied Physics, vol. 76, no. 10, pp. 6316-6318.

72



Cheryan, M. & Rajagopalan, N. 1998, "Membrane processing of oily streams.
Wastewater treatment and waste reduction”, Journal of Membrane Science, vol.
151, no. 1, pp. 13-28.

Chung, T., Jiang, L.Y., Li, Y. & Kulprathipanja, S. 2007, "Mixed matrix membranes
(MMMs) comprising organic polymers with dispersed inorganic fillers for gas
separation”, Progress in Polymer Science, vol. 32, no. 4, pp. 483-507.

Ciambelli, P., Sannino, D., Sarno, M., Fonseca, A. & Nagy, J. 2005, "Selective
formation of carbon nanotubes over Co-modified beta zeolite by CCVD",
Carbon, vol. 43, no. 3, pp. 631-640.

Coleman, J.N., Khan, U. & Gunko, Y.K. 2006, "Mechanical reinforcement of
polymers using carbon nanotubes”, Advanced Materials, vol. 18, no. 6, pp. 689-
706.

Collins, P.G. & Avouris, P. 2000, "Nanotubes for electronics", Scientific American,
vol. 283, no. 6, pp. 62-69.

Dai, H., Rinzler, A.G., Nikolaev, P., Thess, A., Colbert, D.T. & Smalley, R.E. 1996,
"Single-wall nanotubes produced by metal-catalyzed disproportionation of
carbon monoxide", Chemical Physics Letters, vol. 260, no. 3, pp. 471-475.

Daiminger, U., Nitsch, W., Plucinski, P. & Hoffmann, S. 1995, "Novel techniques for

iol/water separation”, Journal of Membrane Science, vol. 99, no. 2, pp. 197-203.

Danielsson, I. & Lindman, B. 1981, "The definition of microemulsion”, Colloids and
Surfaces, vol. 3, no. 4, pp. 391-392.

Datsyuk, V., Kalyva, M., Papagelis, K., Parthenios, J., Tasis, D., Siokou, A., Kallitsis,
I. & Galiotis, C. 2008, "Chemical oxidation of multiwalled carbon nanotubes”,
Carbon, vol. 46, no. 6, pp. 833-840.

Dillon, A.C., Gennett, T., Jones, K.M., Alleman, J.L., Parilla, P.A. & Heben, M.J.
1999, "A simple and complete purification of single-walled carbon nanotube
materials”, Advanced Materials, vol. 11, no. 16, pp. 1354-1358.

73



Dresselhaus, M.S., Dresselhaus, G., Eklund, P. & Rao, A. 2000, Carbon nanotubes,
Springer.

Drioli, E. & Giorno, L. 2009, Membrane operations: innovative separations and

transformations, Wiley-VCH.

Duesberg, G.S., Graham, A.P., Liebau, M., Seidel, R., Unger, E., Kreupl, F. &
Hoenlein, W. 2003, "Growth of isolated carbon nanotubes with lithographically

defined diameter and location”, Nano letters, vol. 3, no. 2, pp. 257-259.

Dupuis, A. 2005, "The catalyst in the CCVD of carbon nanotubes—a review",

Progress in Materials Science, vol. 50, no. 8, pp. 929-961.

Duval, J., Folkers, B., Mulder, M., Desgrandchamps, G. & Smolders, C. 1993,
"Adsorbent filled membranes for gas separation. Part 1. Improvement of the gas
separation properties of polymeric membranes by incorporation of microporous

adsorbents", Journal of Membrane Science, vol. 80, no. 1, pp. 189-198.

Ebil, O. 1999, "Preparation and characterization of polymer-zeolite composite

membranes”, .

Edema, N. 2012, Effects of Crude Oil Contaminated Water on the Environment,
INTECH Open Access Publisher.

Eriksson, S., Nylén, U., Rojas, S. & Boutonnet, M. 2004, "Preparation of catalysts
from microemulsions and their applications in heterogeneous catalysis", Applied
Catalysis A: General, vol. 265, no. 2, pp. 207-219.

Fischer, N., Van Steen, E. & Claeys, M. 2011, "Preparation of supported nano-sized
cobalt oxide and fcc cobalt crystallites”, Catalysis Today, vol. 171, no. 1, pp.
174-179.

Flahaut, E., Govindaraj, A., Peigney, A., Laurent, C., Rousset, A. & Rao, C.N.R.
1999, "Synthesis of single-walled carbon nanotubes using binary (Fe, Co, Ni)
alloy nanoparticles prepared in situ by the reduction of oxide solid solutions”,
Chemical Physics Letters, vol. 300, no. 1, pp. 236-242.

74



Gay, J., Shepherd, O., Thyden, M. & Whitman, M. 2012, "The Health Effects of Oil
Contamination: A Compilation of Research”, Worcester Polytechnic Institute E-
project, , pp. 121510-121203.

Georgakilas, V., Gournis, D., Tzitzios, V., Pasquato, L., Guldi, D.M. & Prato, M.
2007, "Decorating carbon nanotubes with metal or semiconductor
nanoparticles”, Journal of Materials Chemistry, vol. 17, no. 26, pp. 2679-2694.

Georgakilas, V., Kordatos, K., Prato, M., Guldi, D.M., Holzinger, M. & Hirsch, A.
2002, "Organic functionalization of carbon nanotubes”, Journal of the American
Chemical Society, vol. 124, no. 5, pp. 760-761.

Georgakilas, V., Kordatos, K., Prato, M., Guldi, D.M., Holzinger, M. & Hirsch, A.
2002, "Organic functionalization of carbon nanotubes”, Journal of the American
Chemical Society, vol. 124, no. 5, pp. 760-761.

Gojny, F.H., Wichmann, M., Képke, U., Fiedler, B. & Schulte, K. 2004, "Carbon
nanotube-reinforced epoxy-composites: enhanced stiffness and fracture
toughness at low nanotube content”, Composites Science and Technology, vol.
64, no. 15, pp. 2363-2371.

Goto, M., Irie, J., Kondo, K. & Nakashio, F. 1989, "Electrical demulsification of W/O
emulsion by continuous tubular coalescer.”, Journal of Chemical Engineering of
Japan, vol. 22, no. 4, pp. 401-406.

Guan, B.H., Ramli, I., Yahya, N. & Pah, L.K. 2011, "Purification of Carbon Nanotubes
Synthesized by Catalytic Decomposition of Methane using Bimetallic Fe-Co
Catalysts Supported on MgQO", IOP Conference Series: Materials Science and
EngineeringlOP Publishing, , pp. 012025.

Haber, J., Block, J. & Delmon, B. 1995, "Manual of methods and procedures for
catalyst characterization (Technical Report)", Pure and applied chemistry, vol.
67, no. 8-9, pp. 1257-1306.

75



Hamon, M., Hui, H., Bhowmik, P., Itkis, H. & Haddon, R. 2002, "Ester-functionalized
soluble single-walled carbon nanotubes”, Applied Physics A, vol. 74, no. 3, pp.
333-338.

Harutyunyan, A.R., Pradhan, B.K., Kim, U., Chen, G. & Eklund, P. 2002, "CVD
synthesis of single wall carbon nanotubes under “soft” conditions", Nano letters,
vol. 2, no. 5, pp. 525-530.

Hernadi, K., Fonseca, A., Nagy, J.B., Siska, A. & Kiricsi, I. 2000, "Production of
nanotubes by the catalytic decomposition of different carbon-containing
compounds”, Applied Catalysis A: General, vol. 199, no. 2, pp. 245-255.

Hirsch, A. 2002, "Functionalization of single- walled carbon nanotubes”, Angewandte
Chemie International Edition, vol. 41, no. 11, pp. 1853-1859.

Humphries, M. 2013, "US Crude Oil and Natural Gas Production in Federal and Non-

Federal Areas", Washington: Congressional Research Service, .

lijima, S. 1991, "Helical microtubules of graphitic carbon”, Nature, vol. 354, no. 6348,
pp. 56-58.

Imasaka, K., Kanatake, Y., Ohshiro, Y., Suehiro, J. & Hara, M. 2006, "Production of
carbon nanoonions and nanotubes using an intermittent arc discharge in water",
Thin Solid Films, vol. 506, pp. 250-254.

Iritani, E., Mukai, Y., Tanaka, Y. & Murase, T. 1995, "Flux decline behavior in dead-
end microfiltration of protein solutions”, Journal of Membrane Science, vol. 103,
no. 1, pp. 181-191.

lyuke, S., Mamvura, T., Liu, K., Sibanda, V., Meyyappan, M. & Varadan, V. 2009,
"Process synthesis and optimization for the production of carbon

nanostructures”, Nanotechnology, vol. 20, no. 37, pp. 375602.

Jeon, I., Chang, D.W., Baek, J. & Kumar, N.A. 2011, Functionalization of carbon
nanotubes, INTECH Open Access Publisher.

76



Kearns, J., Armstrong, K., Shirvill, L., Garland, E., Simon, C. & Monopolis, J. 2000,
"Flaring and venting in the oil and gas exploration and production industry,

international association of oil", Gas Producers Report, vol. 2, pp. 288.

Kelly, K., Chiang, I., Mickelson, E., Hauge, R., Margrave, J., Wang, X., Scuseria, G.,
Radloff, C. & Halas, N. 1999, "Insight into the mechanism of sidewall
functionalization of single-walled nanotubes: an STM study”, Chemical physics
letters, vol. 313, no. 3, pp. 445-450.

Khatib, Z. & Verbeek, P. 2003, "Water to value-produced water management for
sustainable field development of mature and green fields", Journal of Petroleum
Technology, vol. 55, no. 01, pp. 26-28.

Kohler, K.2006, Lecture Series “Modern Methods in Heterogeneous Catalysis
Research”, Fritz Haber insititute, Berlin on 10 November 2006.

Kim, J.Y. & Kim, S.H. 2006, "Influence of multiwall carbon nanotube on physical
properties of poly (ethylene 2, 6- naphthalate) nanocomposites”, Journal of
Polymer Science Part B: Polymer Physics, vol. 44, no. 7, pp. 1062-1071.

Kong, J., Chapline, M.G. & Dai, H. 2001, "Functionalized carbon nanotubes for
molecular hydrogen sensors”, Advanced Materials, vol. 13, no. 18, pp. 1384-
1386.

Lalia, B.S., Kochkodan, V., Hashaikeh, R. & Hilal, N. 2013, "A review on membrane
fabrication: Structure, properties and performance relationship”, Desalination,
vol. 326, pp. 77-95.

Lee, S.J., Baik, H.K., Yoo, J. & Han, J.H. 2002, "Large scale synthesis of carbon
nanotubes by plasma rotating arc discharge technique"”, Diamond and Related
Materials, vol. 11, no. 3, pp. 914-917.

Li, J., Ma, P.C., Chow, W.S., To, C.K,, Tang, B.Z. & Kim, J. 2007, "Correlations
between percolation threshold, dispersion state, and aspect ratio of carbon
nanotubes”, Advanced Functional Materials, vol. 17, no. 16, pp. 3207-3215.

77



Li, W., Xie, S., Qian, L. & Chang, B. 1996, "Large-scale synthesis of aligned carbon
nanotubes”, Science, vol. 274, no. 5293, pp. 1701.

Li, Y., Liu, J., Wang, Y. & Wang, Z.L. 2001, "Preparation of monodispersed Fe-Mo
nanoparticles as the catalyst for CVD synthesis of carbon nanotubes”, Chemistry
of Materials, vol. 13, no. 3, pp. 1008-1014.

Lin, T., Bajpai, V., Ji, T. & Dai, L. 2003, "Chemistry of carbon nanotubes”, Australian
Journal of Chemistry, vol. 56, no. 7, pp. 635-651.

Lisiecki, I. & Pileni, M.P. 1993, "Synthesis of copper metallic clusters using reverse
micelles as microreactors"”, Journal of the American Chemical Society, vol. 115,
no. 10, pp. 3887-3896.

Liu, P. 2005, "Modifications of carbon nanotubes with polymers", European Polymer
Journal, vol. 41, no. 11, pp. 2693-2703.

Liu, J., Rinzler, A.G., Dai, H., Hafner, J.H., Bradley, R.K., Boul, P.J., Lu, A., Iverson,
T., Shelimov, K., Huffman, C.B., Rodriguez-Macias, F., Shon, Y.S., Lee, T.R,,
Colbert, D.T. & Smalley, R.E. 1998, "Fullerene pipes", Science (New York, N.Y.),
vol. 280, no. 5367, pp. 1253-1256.

Luo, L., Han, G., Chung, T., Weber, M., Staudt, C. & Maletzko, C. 2015, "Oil/water
separation via ultrafiltration by novel triangle-shape tri-bore hollow fiber
membranes from sulfonated polyphenylenesulfone”, Journal of Membrane
Science, vol. 476, pp. 162-170.

Ma, P.C., Wang, S.Q., Kim, J. & Tang, B.Z. 2009, "In-situ amino functionalization of
carbon nanotubes using ball milling", Journal of nanoscience and

nanotechnology, vol. 9, no. 2, pp. 749-753.

Ma, P., Siddiqui, N.A., Marom, G. & Kim, J. 2010, "Dispersion and functionalization
of carbon nanotubes for polymer-based nanocomposites: a review", Composites
Part A: Applied Science and Manufacturing, vol. 41, no. 10, pp. 1345-1367.

78



Mackenzie, K. 2000, "Film and Sheeting Materials", Kirk-Othmer Encyclopedia of

Chemical Technology, .

Maphutha, S., Moothi, K., Meyyappan, M. & lyuke, S.E. 2013, "A carbon nanotube-
infused polysulfone membrane with polyvinyl alcohol layer for treating oil-

containing waste water", Scientific reports, vol. 3.

Maruyama, S., Kojima, R., Miyauchi, Y., Chiashi, S. & Kohno, M. 2002, "Low-
temperature synthesis of high-purity single-walled carbon nanotubes from

alcohol", Chemical physics letters, vol. 360, no. 3, pp. 229-234.

Mitchell, C.A., Bahr, J.L., Arepalli, S., Tour, J.M. & Krishnamoorti, R. 2002,
"Dispersion  of functionalized carbon nanotubes in  polystyrene”,
Macromolecules, vol. 35, no. 23, pp. 8825-8830.

Miyata, Y., Maniwa, Y. & Kataura, H. 2006, "Selective oxidation of semiconducting
single-wall carbon nanotubes by hydrogen peroxide", The Journal of Physical
Chemistry B, vol. 110, no. 1, pp. 25-29.

Moisala, A., Nasibulin, A.G. & Kauppinen, E.I. 2003, "The role of metal nanoparticles
in the catalytic production of single-walled carbon nanotubes—a review", Journal

of Physics: condensed matter, vol. 15, no. 42, pp. S3011.

Mori, Y., Tanigaki, M., Maehara, N. & Eguchi, t..W. 1994, "Effect of frequency in AC
high voltage on coalescence of water-in-oil emulsion stabilized with sorbitan
monooleate type nonionic surfactant.”, Journal of Chemical Engineering of
Japan, vol. 27, no. 3, pp. 340-343.

Mukhopadhyay, K., Dwivedi, C.D. & Mathur, G.N. 2002, "Conversion of carbon
nanotubes to carbon nanofibers by sonication”, Carbon, vol. 40, no. 8, pp. 1373-
1376.

Mulder, M. 1996, Basic principles of membrane technology, Springer Science &

Business Media.

79



Ngo, C.L., Le, Q.T., Ngo, T.T., Nguyen, D.N. & Vu, M.T. 2013, "Surface modification
and functionalization of carbon nanotube with some organic compounds”,
Advances in Natural Sciences: Nanoscience and Nanotechnology, vol. 4, no. 3,
pp. 035017.

Nikolaev, P., Bronikowski, M.J., Bradley, R.K., Rohmund, F., Colbert, D.T., Smith, K.
& Smalley, R.E. 1999, "Gas-phase catalytic growth of single-walled carbon
nanotubes from carbon monoxide", Chemical physics letters, vol. 313, no. 1, pp.
91-97.

Nikolaev, P., Bronikowski, M.J., Bradley, R.K., Rohmund, F., Colbert, D.T., Smith, K.
& Smalley, R.E. 1999, "Gas-phase catalytic growth of single-walled carbon
nanotubes from carbon monoxide", Chemical physics letters, vol. 313, no. 1, pp.
91-97.

Odu, C. 1981, "Degradation and weathering of crude oil under tropical conditions”,
Proceeding of an International Seminaron the Petroleum Industry and the

Nigerian Environment, .

Owusu-Ansah, K. 2014. Carbon nanotube/polysulfone nano composite membranes
for the filtration of crude oil/water mixture, MSc Thesis, University of the
Witwatersrand, School of Chemical and Metallurgical Engineering, Faculty of the
Built and Engineering, Johannesburg.

Park, T., Banerjee, S., Hemraj-Benny, T. & Wong, S.S. 2006, "Purification strategies
and purity visualization techniques for single-walled carbon nanotubes", Journal
of Materials Chemistry, vol. 16, no. 2, pp. 141-154.

Perry, R. H.; Green, D. W. 1997, Eds. Perry's Chemical Engineers’' Handbook, 7th
ed.; McGraw-Hill: New York,

Phao, N., Nxumalo, E.N., Mamba, B.B. & Mhlanga, S.D. 2013, "A nitrogen-doped
carbon nanotube enhanced polyethersulfone membrane system for water
treatment”, Physics and Chemistry of the Earth, Parts A/B/C, vol. 66, pp. 148-
156.

80



Phao, N., Nxumalo, E.N., Mamba, B.B. & Mhlanga, S.D. 2013, "A nitrogen-doped
carbon nanotube enhanced polyethersulfone membrane system for water
treatment”, Physics and Chemistry of the Earth, Parts A/B/C, vol. 66, pp. 148-
156.

Philip, B., Xie, J., Chandrasekhar, A., Abraham, J. & Varadan, V.K. 2004, "A novel
nanocomposite from multiwalled carbon nanotubes functionalized with a

conducting polymer”, Smart Materials and Structures, vol. 13, no. 2, pp. 295.

Pileni, M. 1993, "Water in oil colloidal droplets used as microreactors”, Advances in
Colloid and Interface Science, vol. 46, pp. 139-163.

Qin, J., Li, Y., Lee, L. & Lee, H. 2003, "Cellulose acetate hollow fiber ultrafiltration
membranes made from CA/PVP 360 K/NMP/water", Journal of Membrane
Science, vol. 218, no. 1, pp. 173-183.

Rafique, M.M.A. & Igbal, J. 2011, "Production of carbon nanotubes by different
routes-a review", Journal of encapsulation and adsorption sciences, vol. 1, no.
02, pp. 29.

Rinzler, A., Liu, J., Dai, H., Nikolaev, P., Huffman, C., Rodriguez-Macias, F., Boul,
P., Lu, A.H., Heymann, D. & Colbert, D. 1998, "Large-scale purification of single-
wall carbon nanotubes: process, product, and characterization”, Applied Physics

A: Materials Science & Processing, vol. 67, no. 1, pp. 29-37.

Rinzler, A., Liu, J., Dai, H., Nikolaev, P., Huffman, C., Rodriguez-Macias, F., Boul,
P., Lu, A.H., Heymann, D. & Colbert, D. 1998, "Large-scale purification of single-
wall carbon nanotubes: process, product, and characterization”, Applied Physics

A: Materials Science & Processing, vol. 67, no. 1, pp. 29-37.

Robeson, L.M. 1991, "Correlation of separation factor versus permeability for
polymeric membranes", Journal of Membrane Science, vol. 62, no. 2, pp. 165-
185.

Sadeghi, F. 2007, "Developing of microporous polypropylene by stretching”, Ecole

Polytechnique, Montreal, .

81



Saito, Y., Nishikubo, K., Kawabata, K. & Matsumoto, T. 1996, "Carbon nanocapsules
and single- layered nanotubes produced with platinum- group metals (Ru, Rh,
Pd, Os, Ir, Pt) by arc discharge", Journal of Applied Physics, vol. 80, no. 5, pp.
3062-3067.

Sandler, J., Shaffer, M., Prasse, T., Bauhofer, W., Schulte, K. & Windle, A. 1999,
"Development of a dispersion process for carbon nanotubes in an epoxy matrix

and the resulting electrical properties”, Polymer, vol. 40, no. 21, pp. 5967-5971.

Sa-nguanruksa, J., Rujiravanit, R., Supaphol, P. & Tokura, S. 2004, "Porous
polyethylene membranes by template-leaching technique: preparation and

characterization”, Polymer Testing, vol. 23, no. 1, pp. 91-99.

Sattar, R., Kausar, A. & Siddig, M. 2014, "Advances in thermoplastic polyurethane
composites reinforced with carbon nanotubes and carbon nanofibers: A review",
Journal of Plastic Film and Sheeting, , pp. 8756087914535126.

Schmid, C. & Klingenberg, D. 2000, "Mechanical flocculation in flowing fiber
suspensions”, Physical Review Letters, vol. 84, no. 2, pp. 290.

Sears, K., Dumée, L., Schiitz, J., She, M., Huynh, C., Hawkins, S., Duke, M. & Gray,
S. 2010, "Recent developments in carbon nanotube membranes for water

purification and gas separation”, Materials, vol. 3, no. 1, pp. 127-149.

Sen, R., Zhao, B., Perea, D., ltkis, M.E., Hu, H., Love, J., Bekyarova, E. & Haddon,
R.C. 2004, "Preparation of single-walled carbon nanotube reinforced polystyrene
and polyurethane nanofibers and membranes by electrospinning”, Nano letters,
vol. 4, no. 3, pp. 459-464.

Seo, J.W., Magrez, A., Milas, M., Lee, K., Lukovac, V. & Forro, L. 2007, "Catalytically
grown carbon nanotubes: from synthesis to toxicity”, Journal of Physics D:
Applied Physics, vol. 40, no. 6, pp. R109.

Sergio. R.2013. Preparation of catalysts, Heterogeneous catalysts.

82



Sham, M. & Kim, J. 2006, "Surface functionalities of multi-wall carbon nanotubes
after UV/Ozone and TETA treatments", Carbon, vol. 44, no. 4, pp. 768-777.

Sinnott, S.B. & Andrews, R. 2001, "Carbon nanotubes: synthesis, properties, and
applications”, Critical Reviews in Solid State and Materials Sciences, vol. 26, no.
3, pp. 145-249.

Sinnott, S.B. & Andrews, R. 2001, "Carbon nanotubes: synthesis, properties, and
applications”, Critical Reviews in Solid State and Materials Sciences, vol. 26, no.
3, pp. 145-249.

Song, L. & Elimelech, M. 1995, "Theory of concentration polarization in crossflow
filtration”, J.Chem.Soc., Faraday Trans., vol. 91, no. 19, pp. 3389-3398.

Strathmann, H., Giorno, L. & Drioli, E. 2011, Introduction to membrane science and

technology, Wiley-VCH Verlag & Company.

Su, M., Zheng, B. & Liu, J. 2000, "A scalable CVD method for the synthesis of single-
walled carbon nanotubes with high catalyst productivity”, Chemical Physics
Letters, vol. 322, no. 5, pp. 321-326.

Subramoney, S. 1998, "Novel nanocarbons—structure, properties, and potential

applications", Advanced Materials, vol. 10, no. 15, pp. 1157-1171.

Syed, R., Edward, M. & Zhu, G. 2000, "Water works engineering: planning, design
and operation”, PHI edition, New Delhi, .

Szabé, A., Perri, C., Csaté, A., Giordano, G., Vuono, D. & Nagy, J.B. 2010,
"Synthesis methods of carbon nanotubes and related materials”, Materials, vol.
3, no. 5, pp. 3092-3140.

Tang, Z.K., Zhang, L., Wang, N., Zhang, X.X., Wen, G.H., Li, G.D., Wang, J.N.,
Chan, C.T. & Sheng, P. 2001, "Superconductivity in 4 angstrom single-walled
carbon nanotubes"”, Science (New York, N.Y.), vol. 292, no. 5526, pp. 2462-
2465.

83



Tasis, D., Tagmatarchis, N., Bianco, A. & Prato, M. 2006, "Chemistry of carbon
nanotubes”, Chemical reviews, vol. 106, no. 3, pp. 1105-1136.

Tasis, D., Tagmatarchis, N., Bianco, A. & Prato, M. 2006, "Chemistry of carbon
nanotubes”, Chemical reviews, vol. 106, no. 3, pp. 1105-1136.

Tchoul, M.N., Ford, W.T., Lolli, G., Resasco, D.E. & Arepalli, S. 2007, "Effect of mild
nitric acid oxidation on dispersability, size, and structure of single-walled carbon

nanotubes”, Chemistry of Materials, vol. 19, no. 23, pp. 5765-5772.

Teo, K.B., Singh, C., Chhowalla, M. & Milne, W.l. 2003, "Catalytic synthesis of
carbon nanotubes and nanofibers”, Encyclopedia of nanoscience and

nanotechnology, vol. 10, no. 1.

Terrones, M., Grobert, N., Olivares, J., Zhang, J., Terrones, H., Kordatos, K., Hsu,
W., Hare, J., Townsend, P. & Prassides, K. 1997, "Controlled production of
aligned-nanotube bundles”, Nature, vol. 388, no. 6637, pp. 52-55.

Thomas, B., Boccaccini, A. & Shaffer, M. 2005, "Multi- Walled Carbon Nanotube
Coatings Using Electrophoretic Deposition (EPD)", Journal of the American

Ceramic Society, vol. 88, no. 4, pp. 980-982.

Thostenson, E.T. & Chou, T. 2006, "Processing-structure-multi-functional property
relationship in carbon nanotube/epoxy composites”, Carbon, vol. 44, no. 14, pp.
3022-3029.

Thostenson, E.T., Ren, Z. & Chou, T. 2001, "Advances in the science and
technology of carbon nanotubes and their composites: a review", Composites

Science and Technology, vol. 61, no. 13, pp. 1899-1912.

Thostenson, E.T., Ren, Z. & Chou, T. 2001, "Advances in the science and
technology of carbon nanotubes and their composites: a review", Composites

Science and Technology, vol. 61, no. 13, pp. 1899-1912.

84



Trommer, K. & Morgenstern, B. 2010, "Nonrigid microporous PVC sheets:
Preparation and properties”, Journal of Applied Polymer Science, vol. 115, no. 4,
pp. 2119-2126.

Tsai, P., Kuo, H., Chiu, W. & Wu, J. 2013, "Purification and functionalization of
single-walled carbon nanotubes through different treatment procedures”, Journal

of Nanomaterials, vol. 2013, pp. 10.

Valentini, L., Mengoni, F., Armentano, Il., Kenny, J., Ricco, L., Alongi, J., Trentini, M.,
Russo, S. & Mariani, A. 2006, "Enhancement of photoelectrical properties in
polymer nanocomposites containing modified single-walled carbon nanotubes by
conducting dendrimer”, Journal of Applied Physics, vol. 99, no. 11, pp. 114305.

Van Thu Le, Cao Long Ngo, Le, Q.T., Ngo, T.T., Nguyen, D.N. & Vu, M.T. 2013.
"Surface modification and functionalization of carbon nanotube with some

organic compounds", .

Vander Wal, R.L., Hall, L.J. & Berger, G.M. 2002, "Optimization of flame synthesis
for carbon nanotubes using supported catalyst’, The Journal of Physical
Chemistry B, vol. 106, no. 51, pp. 13122-13132.

Vander Wal, R.L. & Ticich, T.M. 2001, "Flame and furnace synthesis of single-walled
and multi-walled carbon nanotubes and nanofibers”, The Journal of Physical
Chemistry B, vol. 105, no. 42, pp. 10249-10256.

Vrijenhoek, E.M., Hong, S. & Elimelech, M. 2001, "Influence of membrane surface
properties on initial rate of colloidal fouling of reverse osmosis and nandfiltration

membranes”, Journal of Membrane Science, vol. 188, no. 1, pp. 115-128.

Wang, S., Chang, K. & Yuan, C. 2009, "Enhancement of electrochemical properties
of screen-printed carbon electrodes by oxygen plasma treatment",
Electrochimica Acta, vol. 54, no. 21, pp. 4937-4943.

Wiedeman, A. 1996, "Regulation of produced water by the US Environmental

Protection Agency" in Produced Water 2 Springer, , pp. 27-41.

85



Yang, B., Shi, J., Li, X., Pramoda, K. & Goh, S.H. 2009, "Mechanical reinforcement
of poly (1- butene) using polypropylene- grafted multiwalled carbon nanotubes”,

Journal of Applied Polymer Science, vol. 113, no. 2, pp. 1165-1172.

Yang, B., Pramoda, K.P., Xu, G.Q. & Goh, S.H. 2007, "Mechanical Reinforcement of
Polyethylene Using Polyethylene- Grafted Multiwalled Carbon Nanotubes”,
Advanced Functional Materials, vol. 17, no. 13, pp. 2062-2069.

Yi, X., Yu, S., Shi, W., Sun, N., Jin, L., Wang, S., Zhang, B., Ma, C. & Sun, L. 2011,
"The influence of important factors on ultrafiltration of oil/water emulsion using
PVDF membrane modified by nano-sized TiO 2/Al 2 O 3", Desalination, vol. 281,
pp. 179-184.

Yin, J. & Deng, B. 2015, "Polymer-matrix nanocomposite membranes for water
treatment”, Journal of Membrane Science, vol. 479, pp. 256-275.

Yu, R., Chen, L., Liu, Q., Lin, J., Tan, K., Ng, S.C., Chan, H.S., Xu, G. & Hor, T.A.
1998, "Platinum deposition on carbon nanotubes via chemical modification”,
Chemistry of Materials, vol. 10, no. 3, pp. 718-722.

Zhang, Y. & lijima, S. 1999, "Formation of single-wall carbon nanotubes by laser
ablation of fullerenes at low temperature”, Applied Physics Letters, vol. 75, no.
20, pp. 3087-3089.

Zhao, Y., Wee, K. & Bai, R. 2010, "Highly hydrophilic and low-protein-fouling
polypropylene membrane prepared by surface modification with sulfobetaine-
based zwitterionic polymer through a combined surface polymerization method",

Journal of Membrane Science, vol. 362, no. 1, pp. 326-333.

Zhu, J., Kim, J., Peng, H., Margrave, J.L., Khabashesku, V.N. & Barrera, E.V. 2003,
"Improving the dispersion and integration of single-walled carbon nanotubes in
epoxy composites through functionalization”, Nano Letters, vol. 3, no. 8, pp.
1107-1113.

86



Zhu, W., Zhang, X., Zhao, C., Wu, W., Hou, J. & Xu, M. 1996, "A novel
polypropylene microporous film", Polymers for Advanced Technologies, vol. 7,
no. 9, pp. 743-748.

Zularisam, A., Ismail, A.F., Salim, M., Sakinah, M. & Ozaki, H. 2007, "The effects of
natural organic matter (NOM) fractions on fouling characteristics and flux
recovery of ultrafiltration membranes”, Desalination, vol. 212, no. 1, pp. 191-208.

87



