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Abstract

The rapid development in membrane technologies and their use as a filtration medium
have been based on the use and development of new materials to improve system performance.
Carbon nanotubes (CNTS) represent a class of promising nanomaterial, exhibiting outstanding
mechanical, electrical, thermal conductivity and adsorption properties. The idea of using carbon
nanotubes in the separation and filtration industry has been put forward, but constructing

macroscopic structures with controlled density, porosity, and morphology has been a challenge.

Buckypaper (BP) is a form of CNT film that is being investigated for application in water
treatment. In BPs, the CNTSs are oriented randomly into non-woven or paper like structure. This
arrangement helps provide a large specific area with highly porous three dimensional network
structures. However, the preparation of BP membranes with controlled porosity and pore size

distribution entails taking into account many processing parameters.

Porosity is a key property for the use of BPs in separation applications in general. The
work conducted here aims at preparing BPs with controlled porosity through the investigation of
three different parameters, which impact porosity. These entail the porosity of the supporting filter
membrane during the preparation of the BPs, as well as the exposure of prepared BPs to different
solvents vapors and for different exposure times. The retention performance of the obtained BPs in

water filtration is tested using micro-sized polymer beads.

CNT-BPs were prepared using vacuum filtration. Morphology and pore size distribution
were investigated using scanning electron microscopy (SEM), nitrogen gas adsorption and
mercury porosimetry. Different parameters were evaluated for their effect on tailoring the

porosity of BPs. Statistical analysis was used to determine the effect of the three parameters



investigated, namely (1) the pore size of the membrane filter used in the preparation of BPs from
CNT dispersions, (2) type of solvent vapors to which the prepared BPs are exposed, and (3) the
exposure time to the solvent vapors, on the final membrane porosity. Results indicated that the
type of solvent affects the pore size distribution with DMF giving more pores in the smaller pore
size ranges. In addition, variation of pore size distribution of the BP membranes was observed
upon varying the pore size of the membrane filter. On the other hand, no significant change was
detected on changing the time exposure to the boiling solvent. One variable and one
combination of variables were found to be successful in producing BPs with a lower average
pore size. The findings confirm the potential of the solvent evaporation technique in tailoring the

porosity of BP and membranes for filtration applications.

Finally, obtained BPs were tested for water filtration applications. Polystyrene beads of
size ranges 0.3 um and 0.6 pm, were chosen as model for bacteria and colloids removal,
respectively. A comparison between blank BPs and modified BPs (subjected to solvent vapor for
40 minutes and prepared on specific membrane filter) was conducted. For the 0.3 um of
polystyrene beads, the blank BP showed a retention percentage of about 71% in comparison to
the modified one which had a retention percentage of about 73%. For the 0.6 um of polystyrene
beads, the blank BP showed a retention percentage of about 67%, while the modified one had a
percentage of about 75%. This indicates that the modified BPs possess smaller pore sizes on

average than unmodified BP.

Vi
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CHAPTER ONE: INTRODUCTION

1.0 The use of membranes in water filtration

Water use rates have been increasing by twice the rate of population growth in the
past century. It is expected that by 2025, 1.800 billion people will be living in countries
with absolute water scarcity [1][2]. Water as a resource is no longer easily accessible and
obtainable in its purest form. Due to environmental challenges, urbanization impact,
economic considerations and large scale industrialization, water has become an expensive
commodity. Both water quality and water quantity have been one of the world major
issues that need to have immediate consideration and action[3][4]. The need for cost

effective water purification technology is more pressing now than ever [5].

In order to solve the issues of water quality, different technologies of water
treatments have been investigated both at the lab scale and the field scale. They are
generally categorized under primary, secondary and tertiary water treatment technologies.
The primary technologies include techniques such as separation, centrifugation and
filtration, the secondary technologies include aerobic and anaerobic treatments while the
tertiary technologies include techniques like ion exchange, distillation, reverse osmosis,
electrodialysis, microfiltration and nanofiltration[5][6]. Nevertheless, these technologies
are not effective in removing water pollutants, as some might be too expensive to be used
in commercial setups and some might not be efficient to be used in desalination

applications (Figure 1). Recent improvements in membrane technologies, however, have



made them good alternative with cost effectiveness in the long run. Thus this makes them

on top of other water technologies[7].
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Figure 1 Major threats to existing water treatment methods

The continuous development of membranes as a filtration medium has helped
provide low cost membranes with enhanced properties for water filtration applications.
This is achieved with a continuing search and production for new materials to synthesize
membranes with better system performance [8]. Most of the membranes that are
commercially used now are made of polymeric material, and although they are cost
effective compared to their counter parts, they still suffer from problems in their practical
application like poor chemical and heat resistance and also fouling [9][10]. Yet,

membranes based on nano-scale materials have attracted increasing interest due to their



unique properties that are most of the time superior to their bulk counterparts, and which

could overcome some of these challenges[11].

1.1 CNT membranes and their properties

At present, carbon nanotubes (CNTSs) are considered to be one of the most
promising nanomaterials, as they exhibit outstanding mechanical, electrical, thermal
conductivity and adsorption properties[12] (Figure 2). Nanotubes can be viewed as
graphene sheets that are shaped into cylindrical shape, and which can be present both as
single walled carbon nanotubes (SWCNT) with diameters ranging from 1-3 nm, and as a
multi-walled carbon nanotubes (MWCNT) with outer diameters between 2-100 nm, and
tens of walls[13]. Both SWCNTs and MWCNTSs have been used in filtration application
where they are useful in providing low energy water treatment solutions. However,
constructing macroscopic CNT structures with controlled density, porosity, and
morphology is still a challenge[4][11] [14].

(b) Selected CNT Properties: (C)

B8 . Outside diameter: ~1-100 nm

o Inside diameter: ~1/3 outside diameter

o Tube wall spacing: ~0.3 nm

o Stiffness: ~5x steel

o Strength: ~30x steel

¢ Electrical & Thermal conductivity: ~10x
graphite

Figure 2 (a) Schematic of CNT (b) TEM image of a CNT showing a number of
concentric graphitic walls (c) List of selected CNT properties[15]



Membranes made up of SWCNTs and MWCNTS possess good transport
properties. The hydrophobicity of the CNTs enables frictionless movement of water
molecules thus requiring minimum energy input. This, in turn, facilitates higher transport

rates through these membranes[15], [16].

Some studies have established that CNTs can be exceptional antimicrobial
structures. This has been found for both gram negative and gram positive bacteria. The
mechanism of how this antimicrobial effect works is still not confirmed, but there are
different proposed scenarios of the mechanisms of CNTs working on the bacteria, either
by direct physical interaction which can disturb the intracellular metabolic pathways or
through causing oxidative stress in these small organisms. CNTs are therefore considered

potential candidate in terminating microbial attachment [1][17][18].

1.2 Challenges of CNT membranes

CNTs tend to agglomerate when present in a solution because of the van der
Waals forces between them and their high surface area. This makes it hard for the CNTs
to be dispersed in a solution or distributed uniformly in a polymer matrix. Two

approaches are used to overcome this challenge.

One approach is to use surfactants such as Triton X 100, sodium dodecyl sulfate,
and macrocyclic ligands, which are used to disperse CNTs in aqueous solvents. However,
surfactants get adsorbed on the surface of CNTs and must be subsequently eliminated.

Repeated washing and heat treatment are used methods to achieve this [19].

Another approach is to chemically functionalize the CNTs to achieve uniform

CNT assemblies and produce flat CNT membranes. Previous work suggested that
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functionalization helps increase the hydrophilicity of CNTs and the subsequent
stabilization of CNT suspensions. CNTs can sometimes be functionalized with groups
such as fluorine, amine and thiol groups by covalently grafting them onto the CNTSs to
help in their dispersion and crosslinking. Also, when functionalized, CNTSs tend to be
specific in attracting targeted pollutants. In addition, when attached with organic
moieties, they make a reliable framework when present within host polymers. Methods to
functionalize CNTSs add to the preparation time since processes like refluxing and stirring

are used[20][21].

Membranes with aligned CNTs showed promising results in filtration
applications. Investigations reported in the literature showed that membranes with
aligned CNTSs revealed outstanding selectivity capacity for solutes based on size
exclusion. MWCNTSs with diameters averaging around 6.5 nm were successful in
filtering gold nanoparticles that are larger than 10 nm, while letting small gold particles
(around 5 nm) pass through. While membranes with aligned CNTs show promising
results in water filtration, they are costly and require complex methods of fabrication that
make them challenging to be produced on a large scale. Methods of fabrication such as
ion milling and chemical vapor deposition with the use of hazardous materials make it
difficult for these membranes to be used in large scale plants. It is for these reasons that
investigations of the use of flat CNT membranes, buckypaper (BP), in water filtration

are being conducted [22].

1.3 Buckypaper membranes

Buckypaper is a material composed of randomly ori