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ABSTRACT

The development of electrodes and flow-through cells in a CDI system are
considered in this thesis. Novel 3D nanostructured electrodes and improved designs
of flow-through cells in a CDI system are described. The main objectives were: (1) to
develop a fundamental knowledge and understanding of reticulated vitreous carbon
(RVC), conducting polymers such as Poly(3,4-ethylenedioxythiophene) (PEDOT),
single-walled carbon nanotubes (SWCNT) and graphene; (2) to use a RVC electrode
structure to build 3D PEDOT microstructure electrodes, 3D nanoweb structure
SWCNT and 3D nanoweb hierarchical graphene/SWCNT composite electrodes; (3)
to explore possible applications of these electrodes in a CDI system; and (4) to study
the effect of increasing the amount of materials in terms of unit geometric volume

and geometric area on the electrosorption capacity.

PEDOT/RVC composite electrodes with varying amounts of PEDOT
loadings were considered for application as novel 3D microstructure electrodes in
Chapter 3. PEDOT was successfully deposited by electropolymerization on RVC and
used for the first time as materials and electrodes in CDI technology. The aim of this
chapter was achieved as demonstrated by the improved performance of the CDI
electrode in terms of unit geometric volume and geometric area. The electrosorption
capacity in terms of unit geometric volume and geometric area of electrodes increase
with increasing amounts of PEDOT in the electrode, and the highest electrosorption
capacity obtained was 0.37 mg/cm?® or 0.12 mg/cm? or 6.52 mg/g of PEDOT in the
PEDOT-120/RVC electrode (240 mg coated 4.2 cm® RVC electrode) at 75 mg/L

NaCl solution, at 0.8 V electrode voltage, and 80 ml/min flow-rate. This result is a



better desalting performance than carbon materials, and the adsorption/ regeneration
of PEDOT/RVC electrodes was facile with high efficiency achieved. The water
production by 1m*® of PEDOT-120min/RVC electrode from 75 mg/L NaCl feed
solution was 129,176 L/day to produce water less than 1 mg/L NaCl concentration. It
has been shown that the capacitance of PEDOT-120min/RVC electrode compared to
a bare RVC electrode had increased by a factor of 2230, and the electrochemical

properties were ideal.

The successful use of 3D PEDOT/RVC in a CDI system led to the use of a
RVC electrode again in Chapter 4 to build huge 3D functionalized SWCNT (a-
SWCNT) nanoweb structures by filling the RVC pores using a dip coating method.
A unique 3D electrode was constructed and explored as a novel CDI electrode. The
electrical voltage of 1.5 V and flow-rate of 50 ml/min were the optimum conditions
and they were the key factors that affected the NaCl ion removal performance at the
sites of acid treated SWCNT (a-SWCNT). The maximum electrosorption capacity
result for 23.58%wt of a-SWCNT/RVC composite electrode (50mg a-SWCNT
coated 2.16 cm® RVC electrode) was 3.23 mg/g of a-SWCNT or 0.08 mg/cm?® at 75
mg/L feed concentration. After that, an improved CDI system was designed to accept
solution flowing through the electrodes and its effect on desalination cycle time was
studied. It is clear that for one desalination cycle, 42 minutes was required for the
flow-between (FB) electrodes configuration and 18 minutes for the flow-through
(FT) electrodes configuration. This encouraged efforts to design a new CDI cell with
a flow-through electrode system. The electrosorption capacity of all electrodes in
new cell was increased and the time required for one desalination cycle decreased as

well. For example, the electrosorption capacity for 3.63 %wt a-SWCNT was
v



increased from 8.39 mg/g to 10.40 mg/g and the time of one desalination cycle
decreased from 30 min to 10 min using flow feed between (FB) electrodes and flow
feed through (FT) electrodes, respectively. This means that electrosorption capacity
increased 23.96% and the time required for one desalination cycle decreased around
three times. In addition, the effect of distance between electrodes, the electrosorption
dynamic and isotherm were studied using new cell. The ion removal characteristics
were affected by various distances between electrodes. As the distance increased, the
ion removal amount was not affected, but the adsorption time required increased
when the distance was increased in all cases. The energy output of the CDI system
was affected by an increase in the space between electrodes. It was found that NaCl
adsorption obeyed pseudo first -order kinetics rather than pseudo second-order
kinetics and that NaCl ions were not adsorbed onto the a-SWCNT surface via
chemical interaction. Furthermore, the electrosorption for this electrode obeys both
the Langmuir isotherm and the Freundlich isotherm models. This phenomenon
suggests that monolayer adsorption was the primary adsorption mechanism during
the electrosorption process. The maximum electrosorption capacity result for 23.58
%wt a-SWCNT electrode was 8.89 mg/g at 500 mg/L feed concentration, as
compared with a theoretical maximum value of 13.08 mg/g calculated using the

Langmuir isotherm model.

The goals of Chapter 5 are to increase the electrosorption capacity of 3D a-
SWCNT/RVC electrodes from Chapter 4 and reduce the duration of electrosorption—
desorption cycles of Chapter 4 by improving the ease of ions adsorption to and ions
desorption from the electrode surfaces. This was achieved by use of composite

microwave irradiated graphene oxide (mwGO) with a-SWCNT. The a-SWCNT
%



materials were contained sandwiched between the graphene sheets to build a 3D
highly porous architecture inside the electrodes and increase the electrodes
conductivity as well as afford rapid ions diffusion. The results led to a conclusion
that the best performing electrode, with a specific capacitance of 179.39 F/g was the
9-CNT/mwGO/RVC (ie a-SWCNT:mwGO ratio was 9:1) electrode, which
represents a 29 % increase in specific capacitance compared with the a-
SWCNT/RVC electrode. This 9-CNT/mwGO/RVC electrode also had very high CV
curve stability, maintaining 99% current stability after 200 cycles. Moreover, the
time saving of one electrosorption—desorption cycle with the 9-CNT/mwGO/RVC
electrode was 27.78 %; compared with the CNT/RVC electrode which required 18
min. In addition, the electrosorption removal of NaCl by the 9-CNT/mwGO/RVC
electrode in terms of mass of the electrode (3.82 mg/g) increased 18.27 % compared
with that of the CNT/RVC electrode (3.23 mg/g) using 1.5V applied voltage and 50
ml/min flow-rate as the optimum conditions. The full desalination process to produce
water of less than 1 mg/L NaCl concentration in the CDI system using 9-
CNT/mwGO/RVC composite electrode increased desalinated water production by
67.78% per day compared with the same CDI system using a-SWCNT/RVC
composite electrode. The maximum water produced per day is 29,958 L using 1m?® of
9-CNT/mwGO/RVC electrode and the maximum electrosorption capacity result for
the same electrode was 10.84 mg/g at 500 mg/L feed concentration, as compared
with a theoretical maximum value of 16.59 mg/g calculated using the Langmuir
isotherm model. Also, the performance of electrodes adsorptions was evaluated by

dynamics study and it was shown to follow the Pseudo-first-order model.

Vi
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1 INTRODUCTION AND LITERATURE
REVIEW



1.1 Background and Motivation

The shortage of freshwater resources has become an important factor restricting
social development. In addition, more than 80 countries face severe water shortage
problems and 5 to10 million people die because of waterborne diseases. Therefore,
sea water, brackish water desalination and wastewater reclamation and reuse are
particularly important to address the shortage of freshwater resources. These can be a
panacea for the growing freshwater crisis that threatens to engulf a population of 5
billion people, over 50 nations, by 2050. However, the energy guzzling nature of
current desalination technologies (2 -20 kWhr/m®) has resulted in very limited relief,
characterized by a meagre 0.3% contribution to the annual water use because the
costs involved are $4-$9/kgal for desalinated water as compared with $1-$3/kgal
paid by urban users today.

Capacitive Deionization (CDI) technology has become a new desalination
technology developed in recent years, which has advantages that include energy
saving, no secondary pollution, simple operation, showing a broad prospect, a low-
pressure and non-membrane desalination technology that employs the basic
electrochemical principle of adsorbing ions in a capacitive fashion to high surface-
area electrodes such that the outgoing stream becomes devoid of the ions that were
present in the incoming stream. Although the power efficiency of CDI is nearly an
order-of-magnitude (0.1 kWhr/m®) superior to the existing processes, it is plagued by
the problem of low water recovery ratio. Recently, a capacitive deionization process
with permeating flow discharge to drastically reduce the problem of low water
recovery ratio while still maintaining the sizeable power consumption advantage was

proposed.



Development and evaluation results indicated that the CDI industrial modules
could be manufactured cost effectively on a large scale and that such units have the
potential to be very competitive with existing technologies with regards to overall
operational and maintenance costs. Therefore, CDI technology can be viewed as a
potential alternative to membrane technologies in the future. Regardless of the
benefits to the potable water industry, CDI has the potential to incur a dramatic step
reduction in the operational costs of desalination plants, which will make
desalination a more viable alternative technology for large scale agriculture and
industrial uses.

In this thesis, water production was increased by use of a modified flow-through
cell in a CDI system that enhances the electrosorption performance of electrodes in
terms of geometric volume. This modified flow-through cell was fabricated to
change the direction of solution flow from between electrodes to directing flow
through the electrodes. Increase in the electrosorption capacity of the electrode in
terms of geometric volume was achieved by building 3D electrode structures to
reduce the resistance of solution flow through the electrodes, increase the stability of
electrodes towards high flow rate pressure, increase the possibility of ions to reach
all electrode surfaces in a short time for electrosorption, and shorten the time of ions
desorption from the electrode surface. Moreover the electrosorption capacity was
increased by using new materials that have good conductivity and surface area with
high porosity such as Poly(3,4-ethylenedioxythiophene) (PEDOT). In this thesis,
traditional materials such as single-walled carbon nanotubes (SWCNT) and
composite SWCNT/reduced graphene oxide were also used in a CDI system but in

this instance they were used as 3D electrodes.
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1.2 Water
1.2.1 Water resources

Water is essential to all of the critical processes required to sustain human life
and it is necessary for biological, environmental and industrial prosperity lifestyle [1,
2]. Natural water like most other natural resources is unequally distributed in the
earth [3]. Unfortunately, only about 3% of all water sources are potable (Figure 1.1
(@), this causes that about 25% of the world’s population do not have access to
satisfactory quantities and quality of freshwater. In addition, more than 80 countries
face severe water shortage problems [2, 4] and 5 to10 million people die because of
waterborne diseases [5]. Nowadays, there are many reasons that lead to a shortage of
drinking water. Figure 1.1 (b and c) show that the vast majority of people are living
in continents which have the least amount of drinking water, and much of the water
in developing countries is being used for agriculture [6]. Also, because of water
pollution, the amount of available water is rapidly reducing [5]. These reasons and
others will mean that two thirds of the world population will face severe water
shortage problems in 2050 [5]. It is interesting to note that according to the UNESCO
Centre for Membrane Science and Technology [7], in the past decade, Australia’s
capital cities have relied on surface waters to meet the demand for potable water and
a significant percentage of water supplies has been used in industrial processes.
However, these cities are experiencing the highest population growth and coupled
with the greatest decline in average run-off. For instance, the population growth in
the Gold Coast and Brisbane, and Sydney are 66% and 33% respectively, and the

change in run-off is between -9 to -5 % and -4 to 0 %, respectively.
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Figure 1.1: (a) Distribution of earth’s water [2], and (b) worldwide water resources
per capita and level of rainfall as a function of each continent. (c) The type of water
usage by sector for developing and high-income countries [6].

1.2.2 Basic Purification technologies

In many cases the usable lifetime of this precious resource, water, could be
extended by using an appropriate water treatment process. Desalination, which can
be considered as one of the most promising water supply techniques, has been
practised regularly for over 50 years and is a well-established means of water supply
in many countries [8-10]. It is feasible technically and economically to produce large
quantities of water of excellent quality [9]. In 1992, this has resulted in the building
of more than 7500 desalination plants operated worldwide to turn 4.8 billion cubic
meters of salt water into fresh water annually [11]. These plants used three basic
categories of water purification technologies that are used for desalination. As such
the use of membrane technologies, distillation processes (thermal technologies), and
chemical approaches, such as ion exchange, has attracted considerable attention [12].
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1.2.2.1 Membrane Technologies

A membrane is a thin film of porous material that allows water molecules to
pass through it [13], but concurrently prevents the passage of larger and undesirable
molecules such as viruses, bacteria, metals, and salts [13]. In general, membrane
treatment processes use either pressure-driven or electrical-driven technologies.
Pressure-driven membrane technologies include reverse osmosis (RO), nanofiltration
(NF), ultrafiltration, and microfiltration [13-15]. The latter three techniques work
similarly to reverse osmosis, except that less pressure is needed because of their use
of larger membrane pore sizes [14, 15]. RO is the major technology used to produce
pure water[16]. It is a physical procedure that uses the osmosis phenomenon [10, 17],
a pressure greater than the osmotic pressure is applied on saltwater to reverse the
flow, which results in pure water passing through the synthetic membrane pores
separated from the salt. In Australia, desalination plants in operation or under
construction use reverse osmosis membranes to produce drinking water [7]. Table
1.1 shows the Characteristics and Applications of Pressure-Driven Membrane
Processes. In addition, Electrical-driven membrane technologies that are effective for
salt removal include electrodialysis (ED) and electrodialysis reversal (EDR).
Electrodialysis utilizes electromotive force applied to electrodes adjacent to both
sides of a membrane to separate dissolved minerals in water [18, 19]. The separation
of minerals occurs in a cell pair which consists of an anion transfer membrane, a
cation transfer membrane, and two spacers [18, 19]. Electrodialysis reversal is a
similar process to ED, except that the cation and anion reverse to routinely alternate
current flow [18]. EDR has a higher recovery rate (up to 94%) because of the

feedwater circulation within the system and alternating polarity [12].
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Table 1.1: Characteristics and Applications of Pressure-Driven Membrane Processes

[12, 14, 20].
Applied | Minimum
Membrane Pressure Pg;irf]lgviidze Application (type, average removal
Process (psi) efficiency %)
Microfiltratio 4-70 0.1-3 um | Particle/turbidity (>99%).
n Bacteria/protozoa (>99.99 %).
Ultrafiltration 4-70 0.01-0.1 pm TOC (<20%) with (UF) just.
Virus / (partial credit only) with (UF) just.
Nanofiltration | 70-140 200-400 Turbidity (>99%).
Daltons | =101 (>089%).
TOC (DBP control) (>95%).
Hardness (softening) (>90%).
Organic contaminant up 500 daltons (0-
100%).
Sulfate (>97%).
Virus (>95%.
Reverse 140-700 50-200 Salinity (desalination) (>99%).
Osmosis Daltons Color (>97%).
Radionuclide (not including radon)
(>97%).
Nitrate (85 to 95%).
Pesticide/SOC (0-100%).
Virus (>95%).
As, Cd, Cr, Pb, F (40 to >98%).

1.2.2.2 Chemical approaches

lon exchange technology was developed as early as in the 1970’s and it is
often used for water softening among other applications [16]. This technique can
best be described as the interchange of ions between a solid phase (chemical resins

such as zeolites) and a liquid phase (feedwater) surrounding the solid [12]. lon



exchange using synthetic resins is the method of choice in many water treatment
processes for removing inorganic contaminants in water and wastewater. The
process, ion exchange, can be used in combination with reverse osmosis processes
such as blending water treated by ion exchange with RO produced water to increase
water production [12]. The main advantages of ion exchange over chemical
precipitation are recovery of metal value, selectivity, less sludge volume produced

and the meeting of strict discharge specifications [21].

1.2.2.3 Thermal Technologies

Thermal technologies are based on the concept of using evaporation and
distillation processes [12]. Table 1.2 shows a brief overview of types of various
thermal technologies which are applied to desalination of seawater (SW) and

brackish water (BW).

Table 1.2: A brief overview of types of various thermal technologies.

Thermal Brief Description Feed-
technologies water

Solar Distillation(SD) | This technique uses solar radiation as the source of | SW/B
heat energy. Water is evaporated, thus separating W
water vapour from dissolved substances, and is
then condensed as pure water [22].

Multistage-Flash The MSF process entails two stages; ie heat | SW

(MSF) rejection and heat recovery [3, 23].
Multiple Effect In the MEE process, the cool saltwater is sprayed | SW
Evaporation over the top of hot tubes, then evaporates and the
(MEE) vapour is collected as potable water [24].
Thermal Vapour In the TVC process, a steam jet ejector is used to | SW
Compression compress the vapour for the tubes in the first
(TVC) stage. A condenser is responsible for condensing

the vapour to the final product [25].




1.2.2.4 Disadvantages of basic purification technologies.

These technologies have some disadvantages related to using membranes and
may include: a short design life, membrane cleaning using chemical treatment, need
of high-pressure pump, high membrane replacement costs, low resistance to chlorine,
and lack of resistance to fouling [26]. All RO and NF membrane systems have need
of scaling control and it is achieved by either addition of acid or antiscalent to
feedwater [12]. Also, it is very difficult to maintain the membrane and membrane
technologies in the electrodialysis method as it uses expensive ion-exchange
membrane and needs high voltage at a high concentration [5]. Most of the existing
industrial scale desalination facilities get their energy from the combustion of fossil
fuels, and thus in effect exchange potable water for CO,, which causes global

warming and eventually contributes to the demise of fresh water [11].

1.2.3 Purification technologies under research and development

In order to overcome these disadvantages, it is imperative to continue
research into methods that will provide low-cost desalination, are environmentally
friendly and that create greater economic and political stability in many regions of
the world. As a consequence, scientists were demanded to focus their research on
producing huge amounts of pure water in a highly efficient and environmentally
benign manner. Electrodeionization, Membrane Distillation, Freeze Separation,
Rapid Spray Evaporation, Vacuum Distillation and Capacitive Deionization are
processes of water purification technologies that can be applied in the future to

desalination.



Electrodeionization, also known as continuous deionization [27], is a
combination of ion exchange and electrodialysis [27]. It is a process that
removes ionizable species from liquids using electrically active media and an
electrical potential to effect ion transport [28].

Membrane Distillation, which is a thermally driven process, is an emerging
technology for separations [29]. In this way, liquid feed must be in direct
contact with one side of the membrane where a temperature difference occurs
on opposing sides and does not go through inside the dry pores of the
membranes. Differences in vapour pressure drive the system and only vapour
passes through the membrane [12, 29, 30].

Freeze Separation is where freezing of saltwater forms pure water ice
crystals, which have to be separated from brine and then melted to get potable
water [12, 31].

Rapid Spray Evaporation is where saltwater is sprayed through nozzles at
high velocity. As it exits, it is vaporized whereas salt is not, thus producing
potable water [12, 32].

Freezing with Hydrates is the process of forming hydrates by cooling the
saltwater vapour and separating it from the brine. Hydrates are decomposed
to form potable water [12].

Capacitive Deionization (CDI) is a process that utilizes the electrochemical
double layer which is formed at the electrodes and electrolyte solution
interfaces on the application of a direct current. The CDI system will be
explained in a separate section because it is the main water purification

technology considered in this thesis.
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1.3 Capacitive Deionization technology

1.3.1 Background

Capacitive deionization (CDI) technology, which is also called
electrosorption [33], is an electrochemical desalination tool [11, 34-37]. It provides a
simple and robust approach to the removal of trace ions from solution [36, 38-40]. It
generally follows the electric double layer theory [11]. Oren, A. [41] and Porada, et
al. [42] gave an historical overview of the CDI system, and Figure 1.2 summarizes
the CDI development until 2012. In the mid-1960s and the early 1970s, the concept
of ion sorption and flow-through system was introduced by Caudle et al., who used
porous carbon electrodes made of activated carbon powder. Later, Johnson et al.
studied CDI as a reversible process with parallel combined parametric studies with
investigations of the theoretical basis of CDI and of various electrode materials.
These intensive studies were eventually discontinued for more than 17 years because
of the instability of the electrodes, particularly the anode. During that period, the cost
and efficiency of a CDI system was evaluated and they found that efficient and low-
cost desalination based on CDI technology could indeed be achieved, provided that
sufficiently stable high-surface area electrodes were used. Following this work,
Johnson and Newman published a comprehensive theoretical analysis of ion
adsorption on porous electrodes. The pioneering works of the groups of Caudle and
Johnson triggered an enormous amount of work with a fundamental orientation
aimed at reaching an understanding of the basic factors governing CDI. This research
was accompanied by studies directed at developing novel electrode materials for
efficient CDI and small devices for desalination. In more than half a century, it has

been demonstrated that CDI technology has the potential to be such an energy
11



efficient desalination method because it is operated at low direct voltages (DV)
between 0.8 to 1.6 voltage without high-pressure pumps and thermal heaters [11, 35-
37, 43, 44]. The estimated maximum energy required for CDI desalination of
brackish water (2000 mg/L) is 0.4 Wh/ gallon while the estimated maximum energy
required for RO desalination of the same feed solution is 7.7 Wh/ gallon. The CDI
process also exhibits several advantages such as a simple, modular design and no
additional chemicals requirement for regeneration of the electrosorbent [34-37].
Therefore, the time of cleaning and maintenance in a CDI system is expected to
decrease [34]. Recently, capacitive deionization (CDI) has been suggested to lower
water treatment costs ($0.40/1000 gallon) while the average cost of the 22 brackish
water treatment plants were $1.28/1000 gallon, alleviate fouling problems and
prevent environmental pollution without any disadvantages [35-37, 43]. This

technique might be important for future applications for water purification [43].
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1.3.2 Theory of capacitive deionization

Electrochemical double layer capacitance is the phenomenon involved in the clean-
up of water by a CDI system. The electrochemical double layer is formed at the
electrodes and electrolyte solution interfaces on the application of a direct current.
The chemical potential of negative ions and positive ions is different in polarized
electrodes and electrolyte. This leads to the ions moving to the electrodes which have
opposite polarity to form the first layer by electrostatic adsorption. The second layer
contains less reverse charge as compared to the total charge of the first layer [11, 45].
The pores of electrodes are utilized to store ions, and fresh water is obtained when
voltage is applied, as Figure 1.3 (a) shows [11, 45]. The number of ions that are
moved and adsorbed to the electrode surface gradually decreases during the
operation cycle [43, 45], because electrodes are saturated with salts or impurities[34].
Electrodes are regenerated by eliminating the electric field, as Figure 1.3 (b) shows.
This leads to the adsorbed ions being desorbed from the surface of the electrodes. In
addition to the electrostatic attractive force, Faradaic reactions between the dissolved
impurities and the electrodes also contribute to the separation mechanisms of the
electrodes [34]. In a classic parallel plate capacitor, charge separation is electrostatic.
Capacitance scales directly with the area of the plates and the inverse distance of

separation as shown in Equation (1.1).

A
C =205 (Eq1.1)

where C is the capacitance in farads (F); A is the area of each plate in a traditional
capacitor (usually metal) in square metres (m?); &, is the relative static permittivity
(sometimes called the dielectric constant) of the material between the plates,
(vacuum =1 F/m), &, is the permittivity of free space (8.854 x 10 *2 F/m) and D is
the separation between the plates in metres (m).

14
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Figure 1.3: (a) Electrosorption of ions on application of a potential and (b) desorption
of ions on removal of potential.

1.3.3 Capacitive deionization cell

A CDI cell consists of two electrodes that are placed face to face at both sides
of a spacer which allows for aqueous solution to stream through it. These electrodes
can be called anode and cathode and can be made out of any material, not necessarily
only metals [11]. Membrane is used as a separator between the two electrodes in a
CDI cell to prevent an electrical short and to maintain a constant distance [5]. Also a
CDiI cell includes: conductivity probes in the inlet and outlet lines which are used to
measure solution conductivity [11], a voltmeter and an ammeter which are used to
measure the electrical data required to determine energy consumption [11].
Moreover, the cell has two current collectors [35]. The graphite foils are used as inert
current collectors on the back side of the electrodes [35, 36]. Aqueous solution is
pumped in by a peristaltic pump from the bottom and drained off the top of the unit
[35, 36]. The CDI unit, as illustrated in Figure 1.4, has been identified as a potential
mass desalination alternative under laboratory conditions by the Lawrence
Livermore National Laboratories[11], and it usually is modified by researchers to

suit their applications [5, 11, 34-39, 41, 43, 44, 46-52].
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Figure 1.4: Schematic of the inlet and outlet fittings, electrode contact screws and
mounting bolts are omitted. The two aerogels are separated by a polymer mesh and
are supported by titanium electrodes on the backside to decrease contact resistance.
A rubber gasket is seated in a separate channel outside the test section [53].

1.3.4 Electrode evaluations

There are two kinds of testing; one of them to evaluate the capacitive
behaviour of the electrode materials and the other to evaluate the electrosorption
capacity in a capacitive deionization unit. The capacitive behaviour of a capacitive
electrode material is studied by ac impedance spectroscopy and cyclic voltammetry
(CV) [33]. Other characterizations include: optical absorption spectra by Raman,
Visible, Fourier Transform Infrared (FT-IR), and X-ray photoelectron studies (XPS)
[54]. In addition, electrode surface morphology can be studied by scanning electron
microscopy (SEM) and atomic force microscopy (AFM) [55]. The electrosorption

capacity of electrodes are discussed in more detail in Chapter 2 (2.4.4).

1.4 Electrode materials

There are six major requirements for the materials of electrodes used in a
capacitive deionization (CDI) unit. They are: good polarizability, low electrical
resistance, high surface area and capacitance, no participation in faradaic reactions at
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the applied voltage, high porosity and conductivity [52]. This means that the correct
choice of electrode material is the most critical issue for the success of capacitive
deionization processes [41]. There are a number of different porous carbon materials
that can be applied as electrodes in capacitive deionization (CDI); such as carbon felt
[56], carbon aerogels [57] , carbon cloth [36] and titania modified carbon cloth [38,
39]. More recently carbon nanotube structures [40, 58], carbon nanfibre [33] and
inherently conducting polymers such as Polypyrrole [54] have been investigated for
this purpose. Figure 1.5 provides a selection of various carbon materials used for
CDI applications. These materials have been deemed a good electrodes for CDI

because of their easy accessibility, low cost, resistance to acidic and basic

environments, low density, diverse porous structure, and other properties [59].

10 pum S ™ 50 nm
) il Y -

Figre 1.5: Vous arbon materials used for CDI; (a) Graphene-like carbon flake,
(b) multi-walled carbon nanotubes, (c) electrospun fibres, (d) activated carbon cloth,
(e) carbon aerogels, and (f) ordered mesoporous carbon [42].
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1.4.1 Reticulated vitreous carbon

In all the scientific chapters in this thesis, reticulated vitreous carbon (RVC)
was used as substrates for active materials. The RVC electrode, which initially was
designed as an acoustic isolator [60], was first developed in the mid to late 1960s as a
thermally insulating, micro-porous glassy carbon electrode material [61]. It is
described as a tridimensional (3D) porous structure having a honeycomb or foamy
structure (Figure 1.6). Friedrich et al. [62] presented an illustrated review of RVC as
an electrode material, encompassing characteristics such as a very high area: volume
ratio depending on porosity grade, a low density, a low thermal expansion, a high
corrosion resistance, high thermal and high electrical conductivities that are very
attractive for electrochemical applications [63, 64]. Furthermore, RVC can easily be
surface modified with various materials [65, 66] including conducting polymers [67-
71]. In the last decades, these characteristics led to the publication of more than 200
papers on different important electrochemical applications and many other
applications [72]. Examples of these applications that used RVC include those as
bony prostheses [73], heart valves [74], molecular sieves [75], absorption electrode
[76], cathode material in order to recover Co** ions [77], cation exchangers for the
adsorption of Ca** ions from aqueous solutions[67]. It was applied in many primary
and secondary battery systems [72, 78, 79], as porous cathode for the production of
hydrogen gas from flowing alkaline solution [80] and viable field emission electron
source [81]. Furthermore, the low density and high electrical conductivity of RVC
electrodes are very attractive for electrochemical applications as three-dimensional
electrodes [10]. The structure of RVC lends itself to easy surface modification with

various materials [65, 66]. Also, the electrochemical deposition of conducting
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polymers on carbon substrates has been studied with the goal of improving the
mechanical properties of these polymers so as to use them as electrodes in different
applications: batteries, sensors, capacitors or electro-chromic displays [67-71, 82-
85]. Primary applications of RVC electrodes include: filters, chemical absorbers,
molecular sieves, membranes, catalysts and catalyst supports, chemical hardware,
mechanical seals, bearings, electrical devices, dental and surgical prosthetic devices
and other implants, thermal insulators, lightweight structural elements and structural
matrices for composites [86].

Despite, 3D RVC electrode does not has a significant surface area
comparison with several other carbon materials such as activated carbon (AC),
activated carbon nanofibre web (ACF) [265], carbon nanotubes (CNT) [321],
composite carbon nanotubes with carbon nanofibre (CNT/CNF) [322], reduced
graphite oxide (rGO) [320], and carbon aerogels (CA) [50] that have been studied as
3D CDI electrode materials, it will be the best 3D electrode can be working as 3D
templates for all materials which will be used in this thesis. This because that the
RVC electrode has an amazing properties cannot be available in others 3D electrodes
such as reduce the resistance of solution flow through the electrode, increase the
stability of composite electrode towards high flow-rate pressure, increase the
possibility of ions to reach all electrode surfaces in a short time for electrosorption,

and shorten the time of ions release from the electrode surface.
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Figure 1.6: Schematic model of the structure of reticulated vitreous carbon [87].

1.4.2 Intrinsically Conducting Polymers

Intrinsically Conducting Polymers (ICPs) are organic polymers that are light
weight, corrosion resistant, easily processed, and conduct electricity. In the late
1970s, Alan Heeger, Alan MacDiarmid and Hideki Shirakawa performed studies that
led them to discover that polyacetylene films which are prepared by polymerizing the
acetylene in the presence of a Ziegler catalyst are conductive. During this method a
redox reaction occurs between the conjugated system and the doping agent [88, 89].
This discovery received tremendous interest among material scientists. Therefore in
2000, these three brilliant scientists were jointly awarded the Nobel Prize in
Chemistry for the discovery of conducting polymers [90-93]. Polyaniline (PANI),
polypyrrole (PPy) and polythiophene (PTh) (Figure 1.7) are further examples of
polymeric conductors [94, 95]. It is interesting to note that these polymers in their
neutral state are insulators and that the introduction of electron acceptors/donors by a
process known as ‘doping’ causes them to revert to the conducting state [91, 92].

They have received extensive attention in recent years due to their excellent
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electrical conductivity, chemical or electrochemical redox reversibility and good
environmental stability [54, 96, 97]. They can display properties which were
previously only thought to exist as metallic properties such as: magnetic, optical and,
the vital one, electrical properties [98]. They can be distinguished by the presence of
alternating double and single bonded sp? hybridized atoms. Many studies have
shown that, due to this conjugation process, the molecule is able to form a planar
conformation. This conformation allows the electrons in the © molecular orbitals to

overlap which plays a crucial role in the formation of the conductive properties [94,

99].
H
‘W‘ N m
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Polypyrrole (PPy) Polyaniline (PAn) Polythiphene (PTh)

Figure 1.7: The chemical structure of conducting polymers: polypyrrole, polyaniline
and polythiophene, where n indicates the number of repeat units [100].

1.4.2.1 Poly (3,4-ethylenedioxythiophene), “PEDOT”.

During the last 15 years ICPs have transitioned from being laboratory
materials to mature industrial products. Polythiophenes (Pth) are one prominent class
of ICPs presently in the market and Poly(3,4-ethylenedioxythiophene) , which is
abbreviated to PEDOT or PEDT, invented in the second half of the 1988s by Bayer

in Germany, is one of the polythiophene derivatives and has the backbone structure
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shown in Figure 1.8 [101]. It was prepared using standard oxidative chemical or
electrochemical ~ polymerization  methods based on  oxidising  3,4-
ethylenedioxylthiophene (EDOT) monomer in the presence of polystyrene sulfonic
acid (PSS) or perchlorate (ClO,) as a dopant (Figure 1.8) [102, 103]. Previous studies
have shown that the doping ion used in the fabrication of PEDOT-based sensors has
an important effect on the analytical performance of the sensors [104]. Patra et al.
investigated the effect of electrochemical routes on morphology and microstructure
of PEDOT [105]. When PEDOT films were prepared at low current, low potentials
and low potential ranges, the PEDOT surface morphology was essentially globular,
whereas the morphology became porous at higher current densities and higher
potentials of preparation. However, in the case of potentiodynamic preparation the

morphology turns out to be rod-like and fibrous as shown in Figure 1.9.

Figure 1.8: Molecular structure of (a) PEDOT-CIO4 and (b) PEDOT-PSS polymers
[102, 103].
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Figure 1.9: The scanning electron micrographs of PEDOT electrode prepared by
galvanostatic method at a fixed current of (a) 0.5 and (d) 2 mA cm 2 prepared
potentiostatically at (b) 0.90 and (e) 1.2 V; and prepared by cyclic voltammetry with
sweep rate of 10 mV/s in the potential range of (c) 0-0.9 and (f) 0-1.2 V vs. SCE
[105].

PEDOT is probably the best conducting polymer available in terms of:
remarkably high conductivity (300 S/cm [106, 107]) that does not change
appreciably when heated at 100°C for up to 1000 hours, low cost, suitable
morphology, fast doping/undoping mechanism, superior thermal and electrochemical
stability, charge capacity, low interface impedance, biocompatibility. In addition, it
has low elastic modulus (between 1 to 2.7 GPa) [108], easy processability, high
stability in the oxidized state and relative insensitivity to pH changes, high visible
light transmissivity (band gaps ranging from 1.4 to 2.5 eV), and can be stored under

ambient conditions without affecting its stability [109-113].

In addition, a high specific capacity from PEDOT was obtained, 691 mAh/g
[114], which was higher than other conducting polymers, such as polyaniline (PAni)

, polypyrrole (PPy), Polypropylene (PPP), polythiophene (PTh) and polydithieno
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(3,2- b;2',3'-d)thiophene (PDTT) [106, 114, 115] and its specific capacitance in 1 M
LiCIO, solutions using three-electrode systems at the scan rate of 5 mV/s was about
110 F/g [116]. Furthermore, PEDOT is one of the conducting polymers that are
commercially produced on a large-scale and sold for many potential applications in
the domain of composite materials, solid electrolyte capacitors, tissue engineering,
ink-jet printing, light emitting diodes, actuator, antistatic coatings, organic solar cells,
supercapacitors which includes electrochemical double layer capacitors (EDLCs) and
redox or pseudo-capacitors, electronic, electro-optic devices and organic field-effect

transistors [102, 109, 117-120].

PEDOT has been regarded as a promising pseudo-capacitive material due to
its fast charge—discharge kinetics and stores charge not only in the electrical double
layer but also throughout the body of the polymer by rapid faradaic charge transfer.
However, the redox reaction in pseudo-capacitors is a slower process compared with
the double layer process in EDLCs and, hence, the pseudo-capacitor has lower
charge/discharge performance than an EDLC capacitor. [121, 122]. Thus, the use of
PEDOT for redox supercapacitors has several advantages comparing with metal
oxide systems and EDLC. Therefore, many researchers have studied PEDOT as an
electrode material for supercapacitors having high energy and power density [112,
123-125]. It should be noted that PEDOT, reported in the PEDOT/carbon composite
electrodes for supercapacitors, was synthesized in-situ on carbon materials by
electrochemical or chemical-polymerization from EDOT [126]. The electrochemical
deposition of conducting polymers on carbon substrates has been studied with the
goal of improving the mechanical properties of these polymers [82-84]. It is worth

mentioning that several researchers have shown that the combination of rod-like
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manganese oxide (MnO) with PEDOT, can further increase the specific capacitance
values of MnO from 185 to 285 F/g using a potential scan rate of 20 mV/s in

Na,SO4 and improve cycling retention [127].

PEDOT has been studied extensively in recent years for a bioactive coating
for the electrode sites of chronic neural implants and other biostimulation devices,
[128] and for electrochromic devices and electrodes [129]. PEDOT easily forms thin
films with a high transparency in excess of 80% and it is generally used with PSS
[101, 130]. PEDOT was also used to modify insulating substrates which leads to the
formation of flexible and transparent devices that are of great interest for many
applications such as plastic electronics, sensors, photovoltaic systems and molecular
electronics [131]. In this thesis, PEDOT will be electrodeposited on RVC foam for
use as electrodes in a capacitive deionization system. These electrodes will be further
optimized by tuning the experimental parameters, such as film growth rate, film
thickness, film capacitance, and electrosorption and desorption conditions in NaCl

salt solution.

1.4.3 Carbon nanotubes

Carbon nanotubes (CNTs) were accidentally discovered in 1991 by a
Japanese scientist, lijima, using an arc-discharge process [132]. He observed during
his experiment by using high-resolution transmission electron microscopy that
graphite nanotubes were being deposited on the cathode of the arc discharge
apparatus as several layers of cylindrical carbon structures which were identified as

multi-walled carbon nanotubes (MWCNTS). In early 1993, single-walled carbon
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nanotubes (SWCNTSs) were independently discovered by scientists at IBM Almaden
Research Center in USA and at NEC in Japan. They found that transition metals co-
vaporized with carbon catalyse, cobalt was used at IBM and iron at NEC, the
formation of SWCNT with a narrow range of diameters of around 1 nm [133, 134].
The graphene sheets rolled up into a cylindrical shape is made up of planar parallel
sheets of carbon atoms arranged in hexagonal aromatic rings, which are covalently
bound by sp® hybridisation [135]. Individual CNT can be either conducting or
semiconducting as a result of the orientation of the graphene sheets in the CNT
structure, depending on its chiral vector (Cy), where n and m are two integers [136].
Figure 1.10 (b) shows three different orientations: zigzag nanotube when m = 0; an
armchair nanotube results when n = m; and chiral nanotubes arise whenn#m = 0
[137]. The length and direction of the chiral vector will clearly influence the
diameter of nanotubes and hence influence their properties including conductivity
and density [138]. The diameter of the SWCNTs and MWCNTs (Figure 1.10 (a) )
are between 0.7 - 2 nm and 10 - 300 nm, respectively, and the length can approach
the macroscale [139]. Moreover, CNTs have many impressive characteristics such as
high electrical conductivity, mechanical strength, optical transparency and thermal
stability [136, 140]. These properties have attracted great attention, produced
significant activities, and opened a new window in many areas of science and

engineering [136, 137, 141, 142].
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Figure 1.10: Schematic diagram of (a) single-walled carbon nanotube (SWCNT) and
multi-walled carbon nanotube (MWCNT), and (b) how a graphene sheet is rolled to
form a CNT [143, 144].

1.4.3.1 Properties of carbon nanotubes

Several physical properties of CNTs are of particular importance for
capacitive deionization application, i.e. electrical conductivity, thermal conductivity,
surface area and mechanical strength. The impressive properties of CNTs have
extended their implications for science well into the 21st century. CNTs are one of
the strongest materials in the world with elastic modulus reaching to 1 terapascal
(TPa) and strength between 50 to 100 gigapascal (GPa) [145]. These extraordinary
mechanical properties make them theoretically at least 100 times stronger and 5
times lighter than an equivalent weight of the strongest steel [146]. The mechanical
properties of CNTs were affected by the diameter of CNTs and the temperature at
synthesis [146, 147]. For example, when the diameter of CNTs are increased from 3
to 20 nm, the elastic modulus is dramatically decreased from 1 TPa to 100 (GPa) and

at low temperature, brittle CNTs were produced [148, 149]. CNTs have also
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demonstrated high thermal conductivity compared to other high thermally conductive
materials such as copper [150]. Kwon et al. predicted that the thermal conductivity
can reach up to 6600 W/mK [151]. Recent measurements attained about 3000 W/mK
for MWCNTSs [152] and above 2000 W/mK for SWCNTs [153, 154]. As described
in Section (1.3.2.), CNT shells can be either metallic or semiconducting in nature,
depending on their chirality and their conformation. Durkop et al. and Yao et al. have
reported that, CNTs have carrier mobility of 10° cm?Vs and current carrying
capacity of current density capabilities of 1 x 10° A/lem? [155, 156]. The CNTs
could replace copper wire for electricity transport because its electrical conductivity
is higher than copper [142]. Furthermore, the electrical resistivity of CNTs can reach
to 10° Qm [136]. In addition, it is possible to increase the electrical conductivity of
CNTs from 300 S/m to 1600 S/m by incorporating CNTs into conductive polymers

(CPs) such as polypyrrole (PPy) [157].

1.4.3.2 Applications of carbon nanotubes in water purification

The above characteristics make CNTs an ideal case for real world
applications including electrical field emission, conductive and mechanically
reinforced plastics, energy storage, field effect transistors, flexible transparent
electrodes, solar cells, medical applications, water desalination and capacitive
deionization [136, 140, 143, 146, 158-165]. The application of CNTs membranes
has impact in the area of water technology development with their ultra-high water
flux and low biofouling potential. CNT membranes are believed to lack various
problems encountered when using conventional membrane separation processes that

require a large amount of energy and meticulous maintenance [164, 165]. In
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addition, CNTs were used as electrodes in CDI systems. Experimental data fit well
with the Langmuir model, and the deduced maximum desalination capacity was 40
mg/g [166]. It was improved by compositing it with polyaniline (PAni). The
composite electrodes showed a higher ion electrosorption capacity than those made
from SWCNTs alone, and the composite electrodes can be easily regenerated,
indicating excellent recyclability [163]. CNTs materials also were composited with
graphene to increase performance of the CDI system as reported by Zhang et al.
[167]. The composite electrodes exhibit excellent desalination behaviour, which is
attributed to the improved electrical conductivity and higher accessible surface area,

which are quite beneficial for the electrosorption of ions onto the electrodes.

1.4.4 Graphene oxide

Graphene is the name given to a single atomic layer of sp? carbon atoms
tightly packed into a two-dimensional (2D) honeycomb lattice, and is a basic
building block for graphitic materials [168, 169] as shown in Figure 1.11. The theory
behind graphene was first introduced by theoretical physicist Philip Wallace in 1947
[170] and was then further explored by Hanns-Peter Boehm, who described single
layer carbon foils in 1962 [171]. Graphene sheets are estimated to have microscopic
corrugations with a lateral dimension of about 8 to 10 nm and a height displacement
of about 0.7 to 1 nm [172, 173]. Common methods used to produce pristine
graphene, such as by Geim, Novoselov et al., include using Scotch tape to peel off a
single or a few layers of graphene sheets from bulk graphite [174]. Alternatively, one

of the most efficient methods for producing graphene-like structures in high
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quantities and low cost is the chemical reduction of graphene oxide (GO) [175],
whereas chemical vapour deposition (CVD) is used to produce thin and continuous
graphene films of larger size [176]. Graphene has recently been attracting
tremendous attention within the scientific community owing to its unique properties
such as large theoretical specific surface area (2630 m%g), high intrinsic mobility
(200,000 cm?/vs) [177, 178], high Young’s modulus (1 TPa) [179] and thermal
conductivity ( ~ 5000 W/mK), [180] and its optical transmittance (97.7%) and good
electrical conductivity [181, 182]. Various applications for graphene have been
reported; such as for catalytic electrodes in fuel cells [183], transparent electrodes in
solar cells [184], supercapacitors [185] as well as electrodes in sensors [186] and

transistors [187].

Graphene oxide (GO) is a single-atomic-layered material made by oxidizing
graphite crystals which is available in large quantities at inexpensive prices.
Structurally, the graphene oxide is similar to a graphene sheet with its base having
oxygen-containing groups (Figure 1.11). Since these groups have a high affinity to
water molecules, it is hydrophilic and can be easily dissolved in water and other
solvents [188]. Graphene Oxide, which is a poor conductor, is formed by oxidizing
crystalline graphite with a mixture of sodium nitrate, sulfuric acid, and potassium
permanganate [189]. The oxidation method is also known as the Hummers method
[190]. It has been reported that reducing GO films provides an alternative approach
to obtaining highly conductive reduced graphene oxide (RGO) films. Thermal
annealing and hydrazine vapour reduction of GO are the two most commonly used

methods to directly obtain the most graphene properties [189, 191].
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Figure 1.11: Scheme showing a graphene, graphite, graphene oxide (GO) and reduce
graphene oxide (RGO) structures.

1.4.4.1 Synthesis of graphene oxide (GO).

The most common approach to graphite exfoliation is the use of strong
oxidizing agents to produce graphene oxide. The first production of graphene oxide
was demonstrated by Oxford chemist Brodie in 1859 who added a portion of
potassium chlorate (KCIO3) to a slurry of graphite in fuming nitric acid (HNO3)
[192]. Later in 1898, Staudenmaier improved Brodie’s technique by using
concentrated sulphuric acid (H,SO,4) as well as fuming nitric acid and adding the
potassium chlorate in at intervals during the course of reaction [193]. This small
change in the procedure made the production of highly oxidized GO during roughly a
week. In the 1950s, Hummers reported the method most commonly used today with
minor modifications for GO production that could be done in roughly 2 h and at
lower temperatures [190]. In this approach, the graphite is oxidized by treatment with
a mixture of potassium permanganate (KMnO,4) and sodium nitrate (NaNOs) in

concentrated H,SO,4. Hydrogen peroxide (H,O,) is then added to decompose excess
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permanganate ions which can act as contaminants in the form of manganese ions
Mn** [194, 195]. It should be noted that all previous procedures presented hazards
due to the formation of toxic NO,, N,O, and / or CIO, gas which the latter can
combust in air. Luo et al. demonstrated that pre-exfoliation of graphite via
microwave heating helped to remove intercalated species and improved oxygen
absorption in subsequent Hummers processing [196]. In 2010, Marcano et al [197]
described an alternative approach to producing graphene oxide that has significant
advantages over the Hummers's method; with improved efficiency of the oxidation
process and no toxic gas produced during the chemical reactions. The protocol for
running this reaction consisted of the exclusion of the use of sodium nitrate (NaNO3),
increasing the amount of potassium permanganate (KMnQO,) used and performing the
reaction in a 9:1 mixture of H,SO4/H3PO,4. In our laboratory in the Intelligent
Polymer Research Institute (IPRI) ,University of Wollongong, Antiohos et al. used
microwave irradiation for a few seconds to exfoliate the GO which modified the
method by Marcano [198]. This small added step after the procedure significantly
altered the structure resulting in a highly porous interconnected network with
minimal re-stacking of the graphene. The XRD confirms the exfoliation of the GO
due to the significant decrease of the sharp peak at 26 = 10.2°; while XPS spectra
confirms that reduction of the GO is apparent due to the much sharper C-C at 284.4
eV peak with the relative abundance of C and O increasing to 92.22% and 7.53%
respectively. The G/D band ratio of the Raman spectra also increased from 0.8 to 0.9
signifying that the conductivity of microwave irradiated GO has been increased.

Figure 1.12 shows the scanning electron microscopy (SEM) images (a and b), Raman
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spectra (c), and XRD spectra (d) of GO and mw rGO powder before and after

microwave irradiation.
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Figure 1.12: (a and b) scanning electron microscopy (SEM) image, (c) Raman
spectra and (d) XRD spectra of GO and mw rGO powder before and after microwave

irradiation [198].

1.4.4.2 Application of reduced graphene oxide in capacitive deionization (CDI).

Graphene as a newly found carbon material has become one of the most
attractive subjects due to several breakthroughs in fundamental research and some
promising practical applications [166, 194, 199-205]. It has a huge theoretical
specific area of 2600 m?/g [206] besides an excellent electrical conductivity as high

as 7200 S/m at room temperature [207]. In addition, the interlayer spacing in a
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graphene oxide electrode (more than 0.625 nm) allows the hydrated Na* ion, which
has a radius of 0.358 nm, to enter into the electrodes [197]. These intriguing
properties enable graphene to be used as a feasible electrode material for capacitive
deionization (CDI). Li, et al. have pioneered the application of graphene as an
electrosorption electrode for capacitive deionisation (CDI) for the first time in 2009
[208]. The graphene was fabricated by a modified Hummers method followed by a
hydrazine reduction process, and was employed as the electrode for an
electrosorption application. Batch-mode electrosorption experiments with good
repeatability in NaCl solutions were conducted. It was found that higher ion removal
is achieved with a higher applied voltage 2.0 V with the volume flow-rate of 40
ml/min. The results show that the graphene exhibits a high specific electrosorption
capacity of 1.85 mg/g using 22.5 mg/L and of 22.04 mg/g using 490 mg/L. In 2010,
graphene-like nanoflakes (GNFs) with relatively high specific surface area (222.01
m/g) have been prepared and used as electrodes for capacitive deionization (CDI)
[209]. The GNFs were also synthesized by a modified Hummers’ method using
hydrazine for reduction. The results showed that the specific electrosorption capacity
of the GNFs was higher than that of previously reported data using graphene under
the same experimental conditions. In 2012, Li, et al. have used reduced graphene
oxide (rGO) nanoflakes to enhance the specific capacitance of activated carbon (AC)
[210]. It was synthesized using 20 wt% graphene by a facile chemical method. The
best electrochemical performance of this composite electrode gave a specific
capacitance of 181 F/g which is much higher than the AC electrode 67 F/g. The
electrosorption capacity of the composite electrode became nearly twice as large as

that of the AC electrode, indicating that rGO can serve as a flexible bridge to form a
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““plane-to-point’” conducting network, which is beneficial for decreasing the
aggregation of AC particles, and improves the electron transfer within the composite
electrode. It is also higher than that for rGO nanoflakes electrode, indicating that the
introduction of rGO is beneficial to enhancing the electrosorption of AC.
Furthermore, Li, et al. have used rGO nanoflakes to enhance the specific capacitance
of carbon nanotubes (CNTSs) [211]. It was synthesized using 10 wt% graphene by a
facile chemical method. The best electrochemical performance of this composite
electrode gave a specific capacitance of 311 F/g which is much higher than the CNTs
electrode (202 F/g) in 1M NaCl solution at a scan rate of 10 mV/s. The
electrosorption capacity of composite and CNTs electrodes using 25mg/L NaCl
solution were nearly the same; 0.88 and 0.87 mg/g, respectively. The conditions
used were 1.6 V and 25 ml/min volume flow-rate but the time of electrode saturation
in a single adsorption cycle decreased to half in the composite electrode compared
with the CNTSs electrode which took around 1 hour. In 2013, Wimalasiri and Zou
made graphene electrodes for CDI, using a modified Hummers method as outlined
by Marcano et al., and then 9 wt% of SWCNT was combined with GO nanosheets as
shown in Figure 1.13 (a), not only to increase the interlayer distance, but to
contribute to the overall surface area and conductivity of the active material [212].
The specific surface area of graphene and the CNTs/rGO composite was 362 and 391
m?/g, respectively, and the mean pore diameter of graphene increased from 4.38 nm
to 5.0 nm of the CNTs/rGO composite. Moreover, the specific capacitance of the
CNTs/GO composite increased to 220 F/g at 5 mV/s scan rate from 140 F/g for
graphene electrode in 1M NaCl solution. Furthermore, the electrosorption capacity of

the CNTs/rGO composite was 26.42 mg/g, which was comparatively higher than
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graphene at 22.27 mg/g using NaCl solution with an initial concentration of 780
mg/L, volume flow-rate of 25 ml/min and 2.0 V cell voltage. In addition, the
CNTs/rGO composite-based electrodes demonstrated considerably faster salt
adsorption and desorption cycles within an average of 62 min compared with
graphene-based electrodes, which required 112 min, for a single adsorption and

desorption cycle as shown in Figure 1.13(b).
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Figure 1.13:(a) lllustration of the CNT/rGO composite preparation process and (b)
the CDI performance of graphene and the CNT/rGO composite using a 780 mg/L
NaCl solution [212].
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1.5 Aims of thesis

The scope of this thesis encompasses work to increase potable water
production using the capacitive deionization (CDI) system as an eco-friendly and
high energy efficient desalination. It was done by making 3D nanostructured
electrodes and changing the direction of solution flow in a flow-through cell in the

CDI system.

The specific aims of this research include:

» Use RVC for the first time as the substrate in a CDI system to reduce the
resistance of solution flow through the electrode, increase the stability of
composite electrode towards high flow-rate pressure, increase the possibility
of ions to reach all electrode surfaces in a short time for electrosorption, and
shorten the time of ions release from the electrode surface.

» Build 3D PEDOT microstructure electrodes, 3D nanoweb CNT electrodes
and 3D hierarchical CNT/graphene electrodes for the first time in CDI
technology then test the electrosorption performance of all electrodes.

» Improve the performance of a CDI system in terms of geometric volume and
area.

» Design and make a simple flow-through cell that direct solution flow between
electrodes in a CDI system then improve it using the concept of directing

flow through the electrodes in a CDI system.
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2 EXPERIMENTAL TECHNIQUES
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2.1 Introduction

This chapter describes all of the techniques and instruments employed for the whole

thesis that are involved with synthesis, characterization and applications as follows:-

» Synthesis and characterization of PEDOT coated RVC electrodes by
electropolymerization methods (Chapter 3).

» Fabrication of a flow-through cell for a CDI system that allows solution to
flow between electrodes (Chapter 3).

» Functionalization of commercial SWCNT by acid treatment (Chapter 4).

» Preparation of a-SWCNT coated RVC electrodes and their characterization
(Chapter 4).

» Fabrication of another flow-through cell for the CDI system to allow solution
to flow directly through the electrodes (Chapter 4).

» Synthesis and characterization of graphene oxide (GO) prepared from
graphite (Chapter 5).

» Synthesis and characterization of reduced graphene oxide (rGO) prepared
from GO (Chapter 5).

» Prepared composites of rGO with a-SWCNT then coated them on RVC
electrodes and characterize them (Chapter 5).

» Testing of all composite electrodes prepared in a CDI system (Chapter 3, 4

and 5).

Specific experimental conditions relevant to each of the chapters above are provided
in the respective Experimental sections within each Chapter.
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2.2 Methods of synthesis and preparation of materials

The key components of this thesis are the use of PEDOT for the first time in a CDI
system, the reduction of the resistance of SWCNT by functionalizing it by acid

treatment, and the enhancement of its properties by forming composites with rGO.

2.2.1 Reagents and materials

The reagents and materials used in the work of this thesis are given below.

Reagents and materials Grade/Purity Supplier
3,4-Ethylenedioxythiophene monomer 99.9% Sheng Chemical Ltd
(EDQOT)
Acetonitrile (ACN) AR grade Sigma-Aldrich
Lithium perchlorate (LiClO,) AR grade Sigma-Aldrich
Nitric acid 70% Sigma-Aldrich
Sodium chloride (NaCl) AR grade Sigma-Aldrich
Reticulated vitreous carbon (RVC) Purified ERG Materials and
Aerospace
Engineering
Single-walled carbon nanotubes Purified Carbon

Nanotechnologies,

Hipco
Inc (Houston, TX)
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Reagents and materials Grade/Purity Supplier

-N, N-Dimethylformamide (DMF) AR grade Sigma-Aldrich
Membrane filters (0.2 um GTTP) MILLIPORE
Graphite powder Purified Bay Carbon, Inc.
Potassium permanganate (KMNOy) AR grade Sigma-Aldrich
Ethanol (C,HgO) AR grade Sigma-Aldrich
Sulphuric acid (H,SO,) 98%,w/v Univar
Hydrogen peroxide (H,0,) 30% aqueous Univar

2.2.2 Electropolymerization method

Three types of electrochemical methods are generally employed for the
polymerization of EDOT monomer because it requires only small amounts of
monomer, short polymerization time, and can yield both electrode-supported and
freestanding film. These methods are: a constant current (chronopotentiometry), a
constant potential (chronoamperometry), and a potential cycling method. The surface
morphology of conducting polymers are affected by the electropolymerization
method, as Hernandez- Perez et al. and Patra, et al., reported [105, 213]. The PEDOT
possesses globular surface morphology when it is prepared at low current densities,

low potentials and low potential ranges, and the morphology becomes porous at
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higher current densities and higher potentials of preparation. In the case of potential
cycling, preparation with high potential ranges produces a morphology that is rod-
like and fibrous [105]. In addition, the film thickness was controlled by the period
allowed for polymerization and the charge passed. The growth of the polymer is

monitored by recording the change in current of the system as a function of time.

In Chapter 3, chronoamperometry and potential cycling methods were
employed to synthesise PEDOT in a three-electrode system. All experiments were
done using a potentiostat and cyclic voltammetric (eDAQ) EA 466 electrochemical
system (eDAQ Pty Ltd) connected to a computer with general purpose
electrochemical system Chart software version (v5.5.13) or Echem software version

(v2.2.11) (Figure 2.1).

Counter
electrode

e

Reference
electrode

Figure 2.1: Three-electrode system for electropolymerization.
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2.2.3 Functionalization of carbon nanotubes.

Oxidation is one of the most commonly used techniques for the purification of
carbon nanotubes (CNT) [214, 215]. One of the most popular purification treatments
is the use of strong acid [216, 217] which permits removal of a large part of the
metallic impurities, cuts the tubes into shorter pieces and opens the CNT ends,
improves separation of CNT from amorphous carbon, causes oxidative damage of
the sidewalls which result in the production of defects in the CNT sp? structure,
creates several functional groups on the surface of nanotubes at the tips and around
the sidewalls of CNT such as carboxylic (COOH), carbonyl ("CO), and hydroxylic
("OH) [218-222]. Nitric acid (HNO3) has been the most frequently utilized agent for
oxidation of carbon nanotubes [223]. It can be used in two methods. The first method
is called refluxing which uses diluted (2-6 M) HNO; for 6 to 48 hours [224]. The
second method uses a mixture of concentrated sulphuric acid (H.SO,4) and HNO3,
usually (3:1) by volume in an ultrasonic bath for 3 to 5 hours [225]. The refluxing
method was adopted by many researchers because it is less destructive than
concentrated nitric acid [223]. According to this article “Thermal and Electrical
Properties of Carbon Nanotubes Purified by Acid Digestion” [226], HIPCO SWCNT
oxidation by refluxing in 6 M HNO; for 6 hours at a temperature of 120 °C improved
the separation of SWCNT and the purification yield was 98.29% (Figure 2.2). Thus,

we applied this method to functionalize SWCNT throughout this thesis.
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Figure 2.2: Refluxing method using diluted 6 M HNOj; for 6 hours.

2.2.4 Dispersion of carbon nanotubes in solvent

CNT are materials practically insoluble and are difficult to disperse in most
common solvents, especially in aqueous solutions [227-229]. There are three
methodologies that have been reported to integrate the carbon nanotube with the
biological milieu and improve the solubility of the tubes in aqueous and organic
solvent [230-233]. The first procedure is a non-covalent functionalization approach
which requires using ultrasonic energy in the presence of dispersions to break up
large bundles of CNTs. The dispersant such as surfactants, polymers and
biopolymers are used to interface between the hydrophobic and hydrophilic surfaces
of the CNTs and solvent, respectively [233-242]. The second procedure involves
direct dispersion into organic solvents such as N, N-Dimethylformamide (DMF) and
N-Methyl-2-pyrrolidone (NMP) [243-245]. A quantitative study of SWCNT
dispersion in different amine solvents was carried out by Landi et al.[244]. The
SWCNT concentration after centrifugation in most of the organic solvents (such as

DMF and NMP) was significantly less than 0.1 mg/ml. The third procedure is a
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covalent approach which usually consists of chemical oxidation of CNTs using a
concentrated acid (HCI, HNO3, H,SO,4 and HF) to produce a number of hydrophilic
carboxylic acid residues on the CNTs surface. The presence of acid oxygenated
groups increased SWCNT dispersibility in DMF and NMP solvents, and the SWCNT

concentration after centrifugation was significantly less than 0.6 mg/ml [246].

2.2.5 Synthesis of graphene oxide (GO).

The most common method used today to produce graphene oxide from
graphite is the Hummers method [190]. In Chapter 5 graphene oxide was synthesised
using a modified Hummers methods as outlined by D.C. Marcano, et al. [197] and is

described in that Chapter .

2.2.6 Reduction of graphene oxide.

Reducing graphene oxide to produce reduced graphene oxide (rGO) is an
extremely vital process. There are a number of methods to achieve the reduction of
GO, such as treating GO with hydrazine hydrate, exposing GO to hydrogen plasma
for a few seconds, exposing GO to another form of strong pulsed light, heating GO in
distilled water at varying degrees for different lengths of time, directly heating GO to
very high levels in a furnace, and linear sweep voltammetry [194, 201, 210].
Recently, microwave radiation was used as a fast and simple way to reduce graphene
oxide with no hazardous chemicals used, meaning no toxic waste [198]. Reduction of
GO to produce rGO in this thesis was achieved by microwave radiation using a
Panasonic Inverter ‘The Genius’ 1200W © conventional microwave, and is

described in Chapter 5.
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2.2.7 Sonication

Sonication (Figure 2.3) is a technique that applies ultrasound energy to the
system to help the dispersion of particles. It can be applied by using an ultrasonic
probe with strong agitation or an ultrasonic bath with soft agitation depending on the
purpose of the experiment. In this thesis, functionalized SWCNT and rGO were
dispersed in DMF solvent using a Branson homogenizer, Sonifier model S-450D
equipped with a 13 mm step disruptor horn and a 3 mm tapered microtip, operating
at a 20 kHz frequency. In addition, the sonication energy (E) in joules was calculated

using:

E=P.t (Eq2.1)

Where, P is the sonication power (Watt) and in this experiment the sonication

power output is (100 W). t is sonication time (sec), respectively.

— i |
Sonicator control ( j
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Figure 2.3: Schematic ultrasonic probe used in experiments.
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2.3 Characterization techniques

2.3.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a technique which is similar to linear sweep
voltammetry (LSV). It is one of the most widely used techniques to study
electrochemical reactions. It is able to rapidly provide considerable information on
the kinetics of heterogeneous electron-transfer reactions and on the coupled chemical
reactions. In addition, this technique is based on varying the applied potential at a
working electrode in both forward and reverse directions at some scan rate while
monitoring the current [247]. In CV, the potential is applied between the reference
electrode (RE) and the working electrode (WE) and the current is measured between
the working electrode and the counter (auxiliary) electrode (CE). This technique can
be described as some function of a potential (E), current (i), and time (t) as shown in
Figure 2.4. It is considered an electroactive technique because the applied potential
forces a change in the concentration of an electroactive species at the electrode
surface by electrochemically reducing or oxidizing it. In general [247, 248], an
electrode provides the interface across which a charge can be transferred because the
working electrode is where the reaction or transfer of interest is taking place. The
reduction or oxidation of a substance at the surface of a working electrode, at the
appropriate applied potential, results in the mass transport of new material to the

electrode surface and the generation of a current.
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Figure 2.4: Cyclic voltammogram curve of 1 mM [Fe(CN)s]*/[Fe(CN)s]* in 1 M
NaCl; scan started from negative to positive potential.

The important parameters in a CV curve in Figure 2.4 are the peak potentials
(Epc, Epa) and peak currents (iyc, ipa) Of the cathodic and anodic peaks, respectively. If
the electron transfer process is fast compared with other processes (such as
diffusion), the reaction is electrochemically reversible, and the peak separation is
given by [247, 248]:

AE, = Epy — Epe = 2.303 RT/nF (Eq2.2.)

Thus, for a reversible redox reaction at 25 °C with n electrons AE, should be
0.0592/n V or about 60 mV for a one-electron transfer reaction. In practice this value
is difficult to attain because of such factors as cell resistance. Irreversibility due to a
slow electron transfer rate results in AE, > 0.0592/n V, greater than 70 mV for a one-

electron reaction.
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For a reversible reaction, the concentration is related to peak current by the Randles—

Sevcik expression (at 25 °C) [247]

i, = 2.686 10° x n*?AC D" *v*? (Eq2.3.)

Where i, is the peak current in amps, A is the electrode area (cm?), D is the

2 -1
S

diffusion coefficient (cm?s™), Cy is the concentration in mol cm™, and Vv is the scan

rate in V s

Equation (2.3.) indicates that i, is proportional to bulk concentration, square
root of scan rate and number of electrons transferred in the redox reaction.
Practically, peak shape can be distorted by the capacitive current and the ohmic drop

between electrodes. The capacitive current is defined by this equation [249]

I=ACy v (Eq2.4.)
Where A is the electrode area (cm?), Cq is differential capacity of the electric

double-layer at the specific potential (Fcm™) and v is the scan rate in V s7.

The ratio of capacitive to faradic currents can be expressed as Equation 2.5 [250].

vO.S

ke =231078¢(

3
lp Comn /2

) (Eq2.5.)

This suggests that the capacitive current increases as a function of scan rate
and decrease in bulk concentration of electroactive species. In addition, the specific

capacitance from CV curves can be obtained by using Equation 2.6 [249].
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c=2t (Eq 2.6.)

mxFE

Where C is the specific capacitance (Fg™), i is discharge current (A), t is
discharge time (s), E is the potential window (V) and m is the mass of the electrode

(9).

Cyclic voltammetry has been used in this thesis to investigate the
electrochemical properties of the PEDOT/RVC composite electrode, a-
SWCNT/RVC  composite electrode and mwGO/RVC electrode and
CNT/mwGO/RVC composite electrode. Furthermore, the capacitance of RVC before
and after coating with PEDOT or a-SWCNT or a-SWCNT composite with mwGO,
the effect of increasing scan rate on electron transfer and the stability of the electrode
have been studied. Experiments were performed in a three-electrode system
consisting of a working electrode (WE), counter electrode (CE), and Ag/AgCI (3 M
NaCl) reference electrode (RE). A potentiostat (eDAQ) EA 466 electrochemical

system (eDAQ Pty Ltd) with Echem software version (v2.2.11) was used.

2.3.2 UV-Visible spectroscopy

UV-Visible spectroscopy or UV-Visible spectrophotometry (UV-Vis) is a
common spectroscopic technique used to determine structure [251, 252]. In recent
years, it has been used as a tool for analysing a few aspects of dispersions [251, 252].
It measures the response of a sample to ultraviolet and visible range of
electromagnetic radiations. The basic principle of UV/Vis spectroscopy is shown in

Figure 2.5. The principle of UV-visile spectroscopy relies on the Beer-Lambert law
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that states that the solution’s absorbance is proportional to the concentration of the

absorbing species in the solution and the path length as in Equation (2.7) [251, 252]:
A=log (o/;) = e*C*L (Eq: 2.7)

Where A is absorbance (no units), lp is incident light’s intensity at a specific
wavelength, | is transmitted intensity, € is molar absorptivity (L/mol cm), C is

concentration (mol/L) and L is pathlength (cm).

UV-Visible spectroscopy has been used in Chapters 4 and 5 to study the
dispersal process by monitoring the levelling of the absorption intensity as a quick
and simple way to investigate the stabilization of SWCNT and rGO in the dispersion,
and it was also used to optimize the sonication time. Dispersions were studied
contained in quartz cuvettes in a model Shimadzu UV-1800 spectrophotometer with

UV probe (v.2.10 software) over the spectral range 350- 750 nm.

Monochromator Detector

Sample

Exit slit

Source ! DISPEFSIUH
device
® Entrance
slit

Figure 2.5: Schematic diagram of basic principle of UV/Visible spectroscopy system.
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2.3.3 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) which is also known as Electron
Spectroscopy for Chemical Analysis (ESCA), is a widely used technique to measure
the elemental composition, chemical state, empirical formula, and electronic state of
the elements that exist within a material. The principle of XPS spectra involves
irradiating a material with a beam of X-rays while simultaneously measuring the
kinetic energy and number of electrons that escape from the top 10 to 100 A (1 to 10
nm) and sending the resultant signals to a recorder to be displayed as a spectrum
(Figure 2.6). In Chapter 5, XPS has been used to determine the functional groups in
carbon binding to carbon, and hydrogen and oxygen in rGO and GO. The XPS is
conducted using a SPECS PHOIBOS 100 Analyser installed in a high-vacuum
chamber with the base pressure below 10-8 mbar, and X-ray excitation was provided
by Al Ka radiation. The XPS binding energy spectra were recorded at the pass
energy of 20 eV in the fixed analyser transmission mode. The XPS peak fitting was

carried out using CasaXPS software.

Electron energy analyzer

and

X-ray electron detector

Source

~

Intensity / a.u.

M M H
470 465 460 455

Binding Energy / eV

Figure 2.6: Schematic diagram of basic components of an XPS system.
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2.3.4 Microscopy

The dispersion of a-SWCNT and mwGO in DMF were checked using a Fully
Automated Upright Microscope System (Leica DM6000 B) as shown in Figure 2.7,
including the Differential Interference Contrast (DIC) in combination with 5x
magnification with real size 2517.94*1888.46 um. The images were acquired using
the Leica Application Suite (version 4.2 LAS) software. Dispersions were dropped

onto glass slides and printed tracks were images on their substrates.

d

Figure 2.7: (a) Photo image of Leica DM 6000 Microscope, and (b) the Leica smart
touchscreen function buttons located behind the focus knobs controls.

2.3.5 Scanning Electron Microscopy (SEM)

The Scanning Electron Microscope (SEM) is an electron microscope that
produces high magnification images of a sample by scanning it with a focused beam
of electrons. It is very useful due to its versatility in characterizing sample
morphology, orientation of the crystalline structure and chemical composition. The

principle of SEM can be simply explained as shown in Figure 2.8. A beam of
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electrons is produced at the top of the microscope by an electron gun. The electron
beam follows a vertical path through the microscope, which is held within a vacuum.
The beam travels through electromagnetic fields and lenses, which focus the beam
down toward the sample. Once the beam hits the sample, electrons and X-rays are
ejected from the sample. The structure of composite electrodes and the thickness of
PEDOT coated RVC in this thesis were observed by using a field emission scanning
electron microscope (FESEM) JEOL7500F and cold-field emission gun Scanning
Electron Microscopy (FEGSEM) equipped with a JEOL hyper-minicup Energy
Dispersive Spectrometer (EDS). The FEGSEM was operated at accelerating voltages
of 5 KV for Chapter 3 and 1.5 KV for Chapters 4 and 5, and a spot size setting of 8.
Secondary and backscattered electron images and X-ray spectra were collected at a
standard working distance (WD) of 8 mm. Samples were prepared by mounting
small pieces of films onto a brass stub (11 mm x 5 mm) using double-sided

conductive carbon tape.

Electron Beam — —=—— Electron Gun

e

Anode —=

Magnetic LLens —= | Scanner

Scanning Coils —~ : L ‘__//

Backscattered

Electron Detector Secondary Electron

Stage Specimen Detertor

Figure 2.8: Schematic diagram of a Scanning Electron Microscope (SEM).
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2.3.6 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique used to observe rotational,
vibrational and other low-frequency modes in a system. It relies on the scattering of
light when the sample is irradiated by a monochromatic light source (usually a laser
beam) which has a specific frequency. It probes molecular and crystal lattice
vibrations and therefore is sensitive to the composition, bonding, chemical
environment, phase, and crystalline structure of the sample material. These
characteristics make it an exceptional method for unambiguously identifying
materials in any physical form: gases, liquids, solutions, and crystalline or
amorphous solids [253]. The vibrational frequency is measured and recorded as a
scattering optical intensity versus vibrational frequency (cm™), as shown in Figure

2.9.
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Figure 2.9: Basic principle of a Raman spectroscopy system [254].
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In this thesis, Raman spectroscopy was employed to distinguish between
graphite, GO, mwGO, CNT/mwGO composite and a-SWCNT by observing the D
and G bands peak shape. Furthermore, the ratio and shifting of D and G bands are
used to investigate the reduction of GO to mwGO and functionalization SWCNT to
a-SWCNT. Moreover, it was used to obtain some information about the PEDOT
structure. All these characterizations have been performed by Raman analysis using a
Jobin Yvon Horiba HR800 Raman spectrometer equipped with LabSpec software
and with a visible Raman microscope (Olympus BX41) and CCD detector. The
excitation wavelength was 632.81 nm and spectra were obtained over 30 s at 1 cm™*
resolution. Moreover, the data analysis was carried out using Labspec V.5.45.09

software.

2.3.7 Thermogravimetric analysis (TGA)

The thermal stability and the amount of materials were determined by
thermogravimetric analysis (TGA) curves which give the dependence of the weight
loss of a sample as a function of temperature or time. Thermogravimetric analysis
(TGA) was carried out using a Q500 (TA Instruments) (Figure 2.10 (a)) with the data
analysis carried out using the Q Series software V. 2.5.0.255 (TA Instruments). An
known amount of ~5 mg of each sample was placed into a platinum pan (Figure 2.10
(b)). The temperature range was between 25 °C to 750 °C at a ramp rate of 5 °C /min
in air for PEDOT coated RVC electrode in Chapter 3, whereas and the temperature
range was between 25 °C to 900 °C at a ramp rate of 2 °C /min in air for graphite,
GO and rGO in Chapter 5. A combined gas flow of 10 ml min™* Nitrogen (N,) and

90 ml min ! air was used.
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(b)

Platinum pan

Figure 2.10: (a) thermogravimetric analyser (TA Instruments Q500) and (b) a
platinum sample pan which was used to hold the samples inside the furnace.

2.3.8 X-ray diffraction (XRD)

X-ray diffraction (XRD) method (Figure 2.11) is one of the significant non-
destructive analytical techniques used often to reveal information about the
arrangement of atoms in a crystal structure, chemical composition, physical
properties of solid material and all information that can be vital in material
characterisation and quality control. This technique is based on constructive
interference of monochromatic X-rays which are generated by filtered radiation from
a cathode ray tube and directed toward the crystalline sample [255]. This interaction
can be reflected such that the angle of reflection is equal to the angle of incidence.

This behaviour is called diffraction and it is described by Bragg's Law [255]:
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2dsind = n\ (Eq 2.8.)

Where 6 is reflected X-ray beams at certain angles of incidence (theta), the
variable d is the distance between atomic layers in a crystal (m), and A is the
wavelength of the incident X-ray beam (m) and n is an integer.

This law relates the wavelength of electromagnetic radiation to the diffraction
angle and the lattice spacing in a crystalline sample. These diffracted X-rays are then
detected, processed and counted by scanning the sample through a range of 20
angles. All possible diffraction directions of the lattice should be attained due to the
random orientation of the powdered material. Conversion of the diffraction peaks to
d-spacings allows identification of the mineral because each mineral has a set of
unique d-spacings. Typically, this is achieved by comparison of d-spacings with
standard reference patterns. X-ray diffraction (XRD) was employed in this thesis in
order to understand the crystallinity of the structure and to determine the interlayer
distance between graphite, GO and mwGO nanosheets in Chapter 5. The XRD
system (Philips 1825) measurements were taken with CuKo radiation (A= 0.154)

operating at 40 KeV and with a cathode current of 20 mA.
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Figure 2.11: Basic principle of the X-ray diffraction (XRD) technique.

2.4  Capacitive deionization

2.4.1 CDI system components.

The CDI system consisted of a reservoir, (MasterFlex L/S® 25) pump tubing,
a MasterFlex L/S® peristaltic pump for recirculating the salt solution into the system,
an on-line flow-through cell to hold a conductivity sensor, an on-line ( smart CHEM-
LAB K=1.0) conductivity sensor used to measure solution conductivity, ( smart
CHEM-LAB Display and controls) conductivity meter used to monitor solution
conductivity, (smart CHEM-LAB RS232G port) adapter used to receive data from
the conductivity meter and send reading to a computer, integrated potentiostat
(ER466, e-DAQ, Australia) used to apply electric current through the electrodes, a
CDI unit cell and computer installed with e-Chart (ES500) and e-Chem (ES260),
TPS communication, and Microsoft excel software to manipulate, recorded data, and

draw curves. Figure 2.12 shows the principle components of the CDI system.
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(RS232G port)

pump

e

Figure 2.12: Photographs of pump tubing, peristalic pp for recirculatiné the salt
solution into the system, an on-line flow-through cell, an on-line conductivity sensor,
conductivity meter, and (RS232G port) adapter.

2.4.2 Design and fabrication a flow-through cell

The flow-through cell which was used in the CDI system was designed using
SolidWorks software, 2012 Version 5000, then built by printing using a Connex 350
3D printer (Figure 2.13), by (Objet). The designing and fabrication of the flow-
through cell will be discussed in more detail in Chapters 3 (3.3.7.1) and Chapter 4

(4.3.10).
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Figure 2.13: Photograph of a Connex 350 3D printer, by (Objet).

2.4.3 Measurement of amount of ion removal from the NaCl aqueous solution

NaCl concentration was determined in our laboratory by measuring the
electrical conductivity of NaCl solution. The calibration curve linearity is shown in
Figure 2.14. Conductivity linearly increased as NaCl concentration increased. The
equation from fitting a line starting from the origin (0,0) to the calibration curve is as

follows:

Cond = 1.9067 * Conc (Eq2.9)

Where Cond and Conc are the conductivity (uS/cm) and concentration (mg/L) of

NaCl solution, respectively.
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Figure 2.14 : Calibration curve linearity for ionic conductivity vs NaCl concentration.

Example calculation of the ion removal from NaCl solution

From the conductivity meter, the initial NaCl solution conductivity is 143.00 uS/cm
and, after charging the electrode it became 138.59 uS/cm.

lon removal from solution is calculated as follows:
As we know from equation (2.9),

Cond = 1.9067 * Conc, so

Conc= Cond/ 1.9067

Therefore,

CONC initiar = (143.00)/ 1.9067= 75.00 mg/L

Conc fina = (138.59)/ 1.9067= 72.69 mg/LHence, the ion removal from the NaCl
solution = CoNc initia1 - CONC finat = 2.31 mg/L.

2.4.4 Electrode evaluation in the capacitive deionization

There are several parameters that need to be studied in order to evaluate a
capacitive electrode in the capacitive deionization unit. In order to determine the

optimum operational conditions, the effect of flow-rate and electric field for
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desalination performance need to be considered as shown in Figure 2.15. Before
starting the experiment to investigate the electrode in the unit cell, the relationship
between conductivity and concentration of aqueous solutions is obtained according
to a calibration curve made prior [33]. Then the best conditions of flow-rate and
electric field at a solution temperature of 298 °K are evaluated [40]. Also, the total
known volume must be maintained in order to calculate the electrosorption capacity
[40]. After that, the solution conductivity is recorded during the process of charging
and discharging the electrode. When the conductivity almost did not vary, the ions
were adsorbed maximally. Then the electric field was removed, at which the
conductivity returned to its initial value, demonstrating that the electrosorption is a
reversible process. In this way the optimal voltage applied to the electrode to remove
the ions from the solution can be determined, because the electrosorption capacity is

dependent on applied voltage where higher ion removal is achieved with higher

voltage.
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Figure 2.15: The electrosorption of Na* onto GNFs electrode at (a) different bias
potentials, (b) different flow-rates [33].
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2.4.5 Electrosorption dynamics

Dynamics study is of great significance to evaluate the performance of
electrode adsorption. This study describes the solute uptake rate, and evidently this
rate controls the residence time of adsorptive uptake at the solid-solution interface
[256, 257]. In order to investigate the controlling mechanism of electrosorption, the
constants of sorption and intraparticle diffusion, a suitable kinetic model is needed to
analyse the data. These models are the intra-particle diffusion model (IPD) proposed
by Weber and Morris [258, 259], pseudo first-order model proposed by Lagergren
[260], and pseudo second-order model [261]. The conformity between experimental
data and the model predicted values is expressed by the correlation coefficients (r?,
values close or equal to 1). A relatively high r? value indicates that the model
successfully describes the kinetics of NaCl adsorption. These models [256-261] are

as follows:
For a rate constant of first-order sorption

d
—=Ki(qe — e) (Eq 2.10)

After integration by applying the initial conditionsq=0att=0and g = g;att =t,

Eq. (2.10) becomes:

de _ Kit
LOg(qu) =303 (Eq2.11)
Equation (2.11) can be rearranged to obtain a linear form:
K
log (g — qe) =109 (4e)- 5= (Eq2.12)
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Where g:and g are the amounts of NaCl adsorbed (mg/g) at time t and at equilibrium
respectively, and Kj is the rate constant of the pseudo-first-order adsorption process
(min™). The rate constant (K;) was calculated from the slope of eq. (2.12). ge Was
calculated by a trial-and-error method in conjunction with an optimization routine to
maximize the correlation coefficient for Eq. (2.12) with the solver add in of

Microsoft Excel.

The rate constant for pseudo-second-order sorption may be obtained from the

following analysis:

d
—E=Ko(qe — q¢)° (Eq 2.13)

Integrating Eq. (2.13) and applying the boundary conditions, gives:

1 1
= +
(ge—qt) (qe)

Kt (Eq 2.14)

Equation (2.14) can be rearranged to obtain a linear form:

t 1

R — (
(@) (h)

1
(ge)

) t (Eq 2.15)

Where h = K,q,%(mg g'min™) can be regarded as the initial adsorption rate as t—0

and K, is the rate constant of pseudo-second-order adsorption (g mg™min™). The plot

of % versus t should give a straight line if pseudo-second-order Kkinetics is
t

applicable and the q., K, and h values can be determined from the slope and

intercept of the above plot.

The rate parameter of intraparticle diffusion can be defined as:
q: =f (t0'5) (Eq 2.16)
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The rate parameters for intraparticle diffusion (kig) at different initial

concentrations are determined using the following equation.

qr = Kia (£°°) (Eq2.17)

Where Kijq is the intraparticle diffusion rate constant, (mg/gmin®°). The plot g versus

t*°should give a straight line.

2.4.6 Electrosorpitive isotherm

The Langmuir and Freundlich isotherms are the two most common isotherms.
They were employed for the simulation of the ion adsorption on electrodes. The
Langmuir isotherm is applicable to localization of adsorbed ions with a limited
adsorption amount [262] and the Freundlich isotherm is suitable for the description
of ion adsorption with a wide variety of adsorption strength [263]. Langmuir (Eq.
2.18) and Freundlich isotherm (Eq. 2.19) are used to fit the experimental data for

electrosorption of Na* and CI™ onto the electrode, respectively [262, 264].

mKLC
0= s (Eq2.18)
— 1
0= KeC/n (Eq 2.19)

Where C is the equilibrium concentration (mg/l), q is the amount of adsorbed
NaClin milligrams per gram of a-SWCNT, qn is the maximum adsorption capacity
corresponding to complete monolayer coverage (mg/g). K. is the Langmuir constant
related to binding energy, Kg is the Freundlich constant related to the adsorption
capacity of adsorbent, and 1/n is the indication of the tendency of the adsorbate to be

adsorbed.
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3 : Novel three-dimensional
PEDOT/RVC electrode structure
for capacitive deionization.
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3.1 Introduction

CDI researchers have focussed on the development of novel carbon materials
[36, 45, 50, 52, 208, 265-268] such as activated carbon, carbon aerogel, carbon
nanotubes, graphene, ordered mesoporous carbon, and their composites to make CDI
electrodes with high specific surface area, high conductivity, reasonable
microstructured pores, and high electrosorption capacity. In addition, conducting
polymers have been combined with such carbon materials to improve the carbon
electrode properties which lead to improvement of the CDI performance [163, 269,
270] because they have high electric conductivity and high surface area [271, 272].
All these electrodes were built as two-dimensional structure electrodes without
significant thickness. However, a limited improvement in the electrosorption
capacity is still far less than the theoretical value, which is mainly due to

shortcomings such as the low effective surface area [273].

In this chapter, amongst conducting polymers, PEDOT (poly(3,4-
ethylenedioxythiophene)) was chosen as active material for a CDI electrode because
of its interesting properties such as high electrical conductivity, surface area and
environmental stability [110], facile synthesis via electrochemical polymerization
and other properties that have been discussed in Chapter 1. In addition, a novel
PEDOT material will be used as a three-dimensional porous electrode with well-
interconnected macropores, and numerous mesopores and micropores embedded in
the reticulated vitreous carbon (RVC) walls because this improves ion diffusion by
providing a decreased ion diffusion distance [273]. The presence of macropores

serving as ion-buffering reservoirs guarantees a shorter ion diffusion distance [274,
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275], which facilitates the rapid transportation of the ions into the interior of the bulk
material. Moreover, it has been demonstrated that 3D porous carbon with an
interconnected pore system shows an excellent performance in the field of

electrochemistry [68, 69, 71, 275-277].

RVC as substrate was selected for PEDOT film deposition because it has
tridimensional (3D) porous structure that provides high macroscopic surface area and
other interesting characteristics such as a low density, high chemical inertness with
low electrical and fluid flow resistance, and is also amenable to surface modification

with conducting polymers [63, 78, 86, 278].

This chapter describes and discusses the electrodeposition of various amounts
of PEDOT to coat RVC electrodes. These electrodes were characterised for their
morphology, Raman spectrum, thermal stability and electrochemical properties. The
electrodes tested using a flow-through cell fabricated using 3D printing. The
electrodes were tested under various working conditions such as flow-rate and bias

potential.
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3.1.1 Aims of the work in this chapter

The aims of the research described in this chapter can be summarized as follows:

» Use PEDOT as materials and electrodes in CDI technology.

» Build 3D microstructure electrodes for use in CDI technology.

» Use RVC as the substrate in a CDI system to reduce the resistance of solution
flow through the electrode, increase the stability of composite electrode
towards high flow-rate pressure, increase the possibility of ions to reach all
electrode surfaces in a short time for electrosorption, and shorten the time of
ions release from the electrode surface.

» Improve the performance of a CDI system in terms of geometric volume and
area by electrodeposition of different percentages of PEDOT on RVC
electrodes.

» Design and make a simple flow-through cell that direct solution flow between

electrodes in a CDI system.
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3.2 Experimental

3.2.1 Chemicals and materials

Commercial 3,4-ethylenedioxythiophene monomer (EDOT) with purity
99.9% was purchased from Sheng Chemical Ltd, and was used as received. The
following chemicals obtained from Sigma-Aldrich were also used as received:
acetonitrile  (ACN) (AR grade), lithium perchlorate (LiCIO;) (AR grade),
concentrated nitric acid (70%) and sodium chloride (AR grade). The reticulated
vitreous carbon (RVC) (60 ppi (normal pores per linear inch)) was purchased from
ERG Materials and Aerospace Engineering and used as received. Milli-Q water with

a resistivity of 18.2 mQ cm™ was used in all preparations.
3.2.2 Methods

3.2.2.1 Pre-treatment of the RVC electrode

All reticulated vitreous carbon (RVC) electrodes (length 4 cm * width 3.5 cm
* thickness 0.3 cm (32.5 cm? or 4.2 cm®) were cut from a block of RVC material, and
soaked in 2M HNO; for 24 hours to remove any impurities [279]. Electrodes were
thoroughly washed with distilled water to remove the acid. The pH of the effluent
was checked periodically until the wash became neutral. All RVC electrodes were
then soaked in methanol for 2 hours to remove any organic impurities [279]. The
RVC electrodes were dried under a brief flow of nitrogen and kept in an oven at

110°C overnight. All RVC electrodes were weighed after drying.
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3.2.2.2 Electrochemical polymerization of PEDOT on RVC electrode

In our work, PEDOT/RVC composite electrodes were synthesised by cyclic
voltammetric and chronoamperometry. In both techniques before polymerizations,
the RVC pieces were left in contact with the working electrolyte for at least 24 hours
to ensure their complete wetting. In order to prepare the working electrodes,
electrical contact was made by a hook of Pt wire. The electropolymerization was
performed in an organic electrolyte, and the reference electrode was a Ag/AgCl (3 M
NaCl) electrode and the counter electrode was a Pt mesh 4*4 cm?. The electrolyte
was an acetonitrile solution containing 0.01 M monomer, EDOT and 0.1 M
supporting electrolyte salt (LiClO,) [280, 281]. The solution was thoroughly
deoxygenated by nitrogen (N,) before the electropolymerization for 10 min prior to
all electrochemical experiments at room temperature. PEDOT was deposited on the
RVC working electrode by cyclic voltammetry using three-electrode systems in the
voltage range between 0 to 1.3V at 50 mV/s scan rate. In addition, PEDOT films
were galvanostatically deposited on the RVC working electrode with a constant
voltage applied for various periods of time. The quantity of PEDOT-CIO, coating the
RVC electrodes was determined by calculating the total charge passed in the
electropolymerization. The charge values were read directly from the I-V curves by

computer.

3.2.2.3 Physical characterisation

The thermal stability of the PEDOT on PEDOT/RVC electrodes and the
amount of PEDOT coated on the RVC were determined by thermogravimetric

analysis (TGA). Experiments were performed by using a Q500 (TA Instruments)
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apparatus at a ramp rate of 5 °C/min in air, with a combined gas flow of 10 ml min*
Nitrogen (N,) and 90 ml min* air from 25 °C to 750 °C. Moreover, the morphology
and the thickness of the PEDOT deposits on RVC electrodes were analysed by using
a field emission scanning electron microscope (FESEM) at specific voltages of 0.5
KV. Furthermore, Raman spectra were measured on a Raman spectrometer equipped
with a visible Raman microscope and CCD detector. The excitation wavelength was

632.81 nm and spectra were obtained over 30 s at 1.0 cm™ ' resolution.

3.2.2.4 Electrochemical characterisation

The capacitance and the effect of different scan rates were determined by
cyclic voltammetry (CV). A PEDOT/RVC composite electrode was used as the
working electrode (WE) in 1 M NaCl aqueous solution and scanned in the voltage
range between -0.2 to 0.8 V using a three-electrode system; RVC electrode and
Ag/AgCl (3M NaCl) were used as counter electrode (CE) and reference electrode
(RE), respectively. The scan rates ranging from 5 to 200 mV/s. Contacts to the WE

and CE were made using Pt wire.

3.2.2.5 Measurement of amount of ion removal from the NaCl aqueous

solution

NaCl concentration was determined by measuring the electrical conductivity

of NaCl solution as described in Section 2.4.3.
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3.3 Results and discussions

3.3.1 PEDOT deposited on RVC electrode

PEDOT can be polymerized using multiple different ways, but for the
purposes of this work, electrochemical polymerization has been used to synthesize
PEDOT. This method is important because it requires only a small amount of
monomer, short polymerization time, and can yield both electrode-supported and
free-standing film. This method utilizes electrochemical oxidation of the electron-
rich EDOT-based monomers by three different techniques; namely, cyclic
voltammetry, chronoamperometry and chronopotentiometry. In this project,
chronoamperometry method was selected to grow thick PEDOT coated RVC
electrodes and cyclic voltammetry was used to select the potential of EDOT

monomer oxidation to form PEDOT.

3.3.1.1 Cyclic voltammetry

EDOT monomer was prepared in acetonitrile as electrolyte because it has the
advantage of a higher conductivity than that prepared in aqueous solution [282].
Figure 3.1 shows the cyclic voltammograms related to the EDOT. It can be seen
from Figure 3.1 that the EDOT oxidation started at 1.1 V for the anodic scan.
Furthermore, the EDOT electropolymerization is characterized by cycles with a
crossover of the reverse cathodic scan over the anodic scan, giving rise to what has
been called the “nucleation loop” [283]. In particular we observe that the current of
the reverse scan is higher than that of the forward scan in the region close to the
switching potential, but it drops again to the level of the current—voltage curve of the
forward scan. Such a kind of CV profiles have been interpreted as due to polymer
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nucleation effects [284] or, more recently, to homogeneous reactions between an
oligomeric follow-up product and the starting monomer [285]. Moreover an increase
of both anodic and cathodic current intensities with increasing number of scans is
also evident. This effect can be explained by considering the growth at the electrode
surface of an electroactive polymer film, whose thickness increases regularly with
the number of cycles [286]. Moreover, the RVC foam electrode was observed after
polymerization to have a visible bluish colour on the foam skeleton and this has been

reported in available literature [166].

Voltammetric cyeles for PEDOT electrodeposition on reticulated vitreous carbon
(RVC)at S0 mV/s in a 0.1 M LiClO4 + 0.01 M EDOT acetonitrile solution
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Figure 3.1: Cyclic voltammetry of RVC electrode in a solution containing 0.01 M
EDOT and 0.1 M LIiClO, in acetonitrile, using a three-electrode system; RVC
electrode and Ag/AgCl (3M NaCl) were used as counter electrode (CE) and
reference electrode (RE), respectively.

3.3.1.2 Polymerization Mechanism of PEDOT

The oxidation of EDOT to form PEDOT is similar to the oxidative
polymerization of pyrrole [287]. The stepwise reaction mechanism of PEDOT is

widely accepted for PEDOT oxidative polymerization [101, 288-290] which is
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schematically shown in Figure 3.2. The first step generates a radical cation that has
several resonance forms by oxidation of EDOT monomer. The second step is the
combination of two radicals and subsequent deprotonation to form a neutral dimer.
Substitution of the EDOT thiophene ring allows formation of new bonds. The dimer
can be oxidized to form another positively charged radical that repeats the coupling
and deprotonation steps with other monomeric or oligomeric cations. The alternating
single and double bonds of the oligomers are m-conjugated, which delocalizes the
electrons and decreases the oxidation potential. These stepwise reactions are repeated

continuously to form the PEDOT polymer coated RVC electrode.
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Figure 3.2: Scheme of oxidative polymerization mechanism of PEDOT.

3.3.1.3 Effect of applied constant potential on PEDOT electrosynthesis

Chronoamperometry was used to deposit PEDOT on RVC electrodes. The
aim of this experiment is to study the effect of increasing the constant potential on
electrochemical polymerization and to determine the best constant potential to be
used for further experiments. These potentials were selected based on the CV of

PEDOT growth (Figure 3.1) obtained previously, that showed no over-oxidation of
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the polymer because polymer growth continued to increase with increasing number
of cycles. Current—time curves for the electrodeposition of EDOT by potential steps
1.1V, 1.2V and 1.3V are shown in Figure 3.3. All these curves attain to the same
charge consumed of 48 C. It is clear that the general features of these curves are
similar to those reported in the literature [291-293]. The current starts to increase
because the molecules of monomer diffuse from the solution to the electrode surface
and, once they are oxidized, return to the solution where the oligomerization process
occurs in the vicinity of the electrode surface. When an oligomeric high density
region is established, clusters are deposited onto the electrode creating the growing
nuclei. After that, the current increases until it reaches a current plateau. This region
is generally attributed to nucleation and growth. Figure 3.3 also shows that PEDOT
electrodeposition on RVC at a constant voltage of 1.1V was too slow and it took time
(around 160 min) to attain a charge consumed of 48 C. It can be observed that when
the constant potential applied was increased from 1.1 V to 1.2 V and 1.3 V, the
current increased as expected. This led to a decrease in the time required to
electrodeposit PEDOT on the RVC. For example, the same RVC electrode at a
constant potential of 1.3V required 20 min to attain the same charge consumed of
48C. It is clear that the polymerization time decreased 8 times at 1.3 VV compared
with that at 1.1V. In addition, when the potential of deposition is increased, the
porosity of PEDOT surface morphology is increased [105]. According to these
reasons, the constant voltage of 1.3V was selected as the optimum potential to
deposit PEDOT on RVC electrode using the potentiostatic mode in the work

presented in Section (3.3.1.4.).
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Chronoamperometric curves of PEDOT coated reticulated vitreous carbon

(RVC) at various constant voltages, used three electrode system.
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Figure 3.3: Chronoamperometric curves at various constant potential applied to coat
RVC electrodes by PEDOT in a solution containing 0.01 M EDOT and 0.1 M
LiClO4 in acetonitrile, using a three-electrode system; RVC electrode and Ag/AgClI
(3M NaCl) were used as counter electrode (CE) and reference electrode (RE),
respectively.

Current (A)

3.3.1.4 Electrodeposition of different amounts of PEDOT on RVC electrodes.

The PEDOT films were electropolymerized onto (4*3.5*0.3 cm®) RVC
electrodes by applying a constant potential of 1.3 V vs Ag/AgCl until a
polymerization time of 10, 20, 50, 70 and 120 min were reached. The aim of these
experiments is to increase the amount of PEDOT on the RVC and consider the
geometric volume of the PEDOT/RVC composite electrode when used in a
capacitive deionization cell. Figure 3.4 shows a combination of chronoamperometric
curves of PEDOT deposition on RVC electrodes and the arrows indicate the
polymerization times for each electrode. It is clear that the chronoamperogram
started at 0.19 A, then immediately rose sharply to 0.32 A within the first 5 min.

After that the curve increased dramatically to reach 0.62 A after 35 min. The
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chronoamperometric curve plateaued for 18 min then started to decrease steadily to
0.46 A when finally the current became almost stable. The charge consumed at each
electrode was read directly from the I-V curve by computer and it was 20.64, 46.04,
112.71, 185.73 and 380.98 Coulombs (C) for polymerization times 10, 20, 50, 70 and
120 min, respectively. Table 3.1 shows the polymerization time, charge passed
through the electrode, and the mass of PEDOT coating on the RVC electrode
calculated using Equation 3.1. The PEDOT mass in each electrode increased with
increase in polymerization time. It was 13, 29, 71, 117 and 240 mg for
polymerization times 10, 20, 50, 70 and 120 min, respectively. The mass of a
PEDOT coating on RVC electrodes was determined by the following equation [294,

295]:

_ (Q* M.wtgpor) +(Q* v * M.wt ;54 )
- nxF

m (Eq 3.1)

Where m is mass (g), M.wtgpor 1S molecular weight (104.16 g/mol) of EDOT,
M.wtc,o, is molecular weight (99.45 g/mol) of ClO,, Q is charge passed (C) on the
working electrode, assuming the polymerisation efficiency was 100%, n is the
number of electrons transferred which is 2.45 where two electrons are associated
with polymerisation and 0.45 electrons (y) are associated with doping of one
monomer unit in PEDOT and F is the faraday constant (96485.34 C).
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Example calculation the mass of PEDOT:CIO, from charge passed through the
electrode:

If the charge passed through the electrode (Q) = 20.64 coulomb (C),

(Q* M.wtgpor) +(Q*y * M.wt 4 ))

Then as we know from equation (3.1), (m = —

0 (m = (20.64% 104.16) +(20.64%0.45 * 99.45 )
- 2.45%96485.34

m= 0.013 (g) = 13 (mg) PEDOT:CIO,

Combination chronoamperogram of PEDOT electrodeposition on
reticulated vitreous carbon (RVC) at 1.3 V constant voltage, using a
6.7 - three-electrode system

Current (A)

0 20 40 60 30 100 120
Time (min)

Figure 3.4: Combination chronoamperogram at 1.3 V constant potential obtained at

RVC electrodes (4.2 cm®) in a solution containing 0.01 M EDOT and 0.1 M LiClO,

in acetonitrile, using a three-electrode system; RVC electrode and Ag/AgCl (3M

NaCl) were used as counter electrode (CE) and reference electrode (RE),
respectively.
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Table 3.1: Charge consumed during polymerization, polymerization time and mass
of PEDOT coating on RVC electrode calculated by Equation 3.1.

Sample Polymerization Charge Mass of
time (min) consumed PEDOT-CIO4 (Mmg)
(C)
PEDOT-10min/RVC 10 20.64 13
PEDOT-20min/RVC 20 46.04 29
PEDOT-50min/RVC 50 112.71 71
PEDOT-70min/RVC 70 185.73 117
PEDOT-120min/RVC 120 380.98 240

3.3.2 PEDOT surface properties

Scanning electron microscopy (SEM) was used to access information about
PEDOT formation and its morphology along the RVC thickness. Figure 3.5 shows
the SEM micrographs for 10 min electrodeposited PEDOT on RVC electrode. Figure
3.5 (a) confirms that 10 min polymerization was enough to uniformly cover PEDOT
on the RVC electrode and the average size of the pores of 60 ppi RVC is about 350
pum. It is clear that the surface of PEDOT coating is rough (Figure 3.5 (b)) and highly
porous (Figure 3.5 (c)). This morphology can enhance the performance of PEDOT
because of high conductivity, increased electrode surface area and specific
capacitance, and macroporous structure of RVC electrode. Figure 3.5(d) shows the
cross-section of a region of PEDOT/RVC composite electrode and it can be observed
that the average thickness of PEDOT covering the RVC is around 280 nm.

Figure 3.6 shows a SEM of PEDOT coated RVC electrode prepared with 120
min electropolymerization of EDOT. It is very clear that the original pores of the

RVC electrode about 350 um size are not significantly affected by the PEDOT
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coating, and the average size of the composite electrode pores have become about
320 um (Figure 3.6 (a)). The PEDOT possesses an extraordinary porous and loose
structure with honeycomb-like fine structure. The fine structure of PEDOT shows a
flower-like morphology, consisting of numerous thin flakes with numbers of
macropores and micropores as seen in Figure 3.6 (b and c). The appearance of this
structure is assumed to be related to the fast kinetics and will be useful for use as a

CDI electrode.
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Figure 3.5: SEM of PEDOT coated RVC electrode for 10 min electropolymerization
at 1.3V. Top surface (a,b,c) and cross-section (d).

S
a

82



Figure 3.6: SEM of PEDOT coated RVC electrode for 120 min
electropolymerization at 1.3V, showing the top surface.

The morphology of the electrosynthesised PEDOT on RVC electrode is
affected by polymerization time. The PEDOT amount increased with increased
polymerization time as discussed above. Figure 3.7 shows SEM images of the strut
of the RVC electrode after coating by PEDOT at various polymerization times. It is
clear that PEDOT of relatively smoother surface covered all the strut of RVC after
10 min polymerization (Figure 3.7 (a)) and the surface roughness was increased with
increased polymerization time as seen in Figure 3.7 (c, e, g and i). After 20 min
polymerization, a globular structure of PEDOT started growing. Moreover, the
PEDOT globular structure increased upon increasing the polymerization time and
also the porous morphology increased as a function of polymerization time. The
thicknesses of PEDOT deposited on RVC electrodes were measured from the SEM
image (Figure 3.7 (b, d, f, h and j)). The thicknesses of PEDOT were 0.28, 0.61,
1.12, 253 and 4.64 pm at 10, 20, 50, 70 and 120 min electropolymerization,
respectively.
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Figure 3.7: The top surface and cross-section of PEDOT coated RVC strut for 10 min
polymerization (a,b), for 20 min polymerization (c,d), for 50 min polymerization
(e,f), for 70 min polymerization (g,h) and for 120 min polymerization (i,j),
respectively.

84



3.3.3 Thermogravimetric analysis

The thermal stability and the amount of PEDOT coated on RVC electrodes
were determined from the thermogravimetric analysis (TGA) curves which give the
dependence of the weight loss of a sample as a function of temperature or time.
Figure 3.8 shows TGA curves of pure RVC electrode and various PEDOT/RVC
composite electrodes. It can be seen that the TGA curve of the RVC electrode
exactly matches those reported in literature [86, 296], where 10% of the initial
weight loss occurred between 25 ° and 250 °C, then it was stable and did not show a
dramatic decomposition in the tested temperature range between 250 °C and 550 °C
followed by a major weight loss between 550 °C and 700 °C. The TGA curve of the
PEDOT/RVC composite electrode consisted of three stages [297, 298];
volatilization, decomposition of PEDOT and carbonization reaction. All PEDOT/
RVC composite electrodes followed the same behaviour. The first 10% weight loss
almost happened up to the temperature of 250 °C (Stage 1). This was probably due to
desorption of moisture and contaminant. Furthermore, the major weight loss between
550 °C and 700 °C (Stage 3) was most likely due to carbonization by breaking
chemical bonds such as C-H. It is clear that all composite electrodes followed a
similar decomposition with temperature in Stage 2. From 250 °C a continuous
degradation occurs until major decomposition occurred in the region between 350 °C
to 550 °C. Therefore in this Stage 2, the amount of PEDOT in the various composite
electrodes were calculated by loss in weight due to decomposition, and found to be 4,
9, 20, 31 and 56 % for 10, 20, 50, 70 and 120 min electropolymerization,

respectively. In addition, almost no weight loss occurred after 700 °C.
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Figure 3.8: TGA curves of pure RVC electrode and various PEDOT/RVC composite
electrodes.

3.3.4 Raman spectroscopy

The Raman spectrum of the RVC substrate is shown in Figure 3.9 and is in
keeping with published reports for RVC electrodes [299, 300]. It has a typical two
bands spectrum of disordered polycrystalline and noncrystalline graphitic carbons.
The first band at 1360 cm™ is called the D-band and the second band at 1600 cm™ is
called the G-band (graphitic) which is attributed to the graphite basal plane. Figure 9
shows the Raman spectra of RVC electrode after polymerizations that afford some
information about the PEDOT structure. They confirm that the surface of RVC
electrodes were coated by PEDOT. The principal assignaments of the main bands
have been made considering the data reported in literature (Table 2) [283, 301-303].

Raman spectra of composite electrodes have seven strong bands that dominate the
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spectrum which are related to the PEDOT vibrational spectrum. The most intense is
at 1423 cm™ which can be assigned to the symmetric C,=Cp (-O) stretching.
Asymmetric C=C stretching shifts from 1509 cm™ to 1507 cm™ and at 1364 cm™
appears a peak related to C,=Cg stretching. The asymmetric C,-C,- (inter-ring)
stretching band is located at 1257 cm™. The C-O-C deformation, which appears at
1152, 1120 and 1085 cm™ peaks, combines as one peak at 1098 cm™. Oxyethylene
ring deformation peaks appear at 988 and 570 cm™. Also, the other peaks observed in
the Raman spectrum of PEDOT coated RVC electrode are at 848 cm™ (related to C-
H bending of 2,3,5-trisubstituted thiophene due to 0,0’ polymerization) and 685 cm™
(symmetric C-S-C deformation). These results indicate that RVC electrodes do not

affect the PEDOT structure.

Table 3.2: Calculated Raman band wavenumbers and vibrational assignments of
PEDOT.

Description of the cm™ Description of the cm™
vibration vibration
asym C=C str 1509 C-O-C def 1152, 1120 and 1085
CH,, Scissoring 1477 | Oxyethylene ring def 088
Sym C, = Cy(-O) str 1426 ClO4 933
Cp=Cpstr 1365 C-H bending 806
Coy=C, str 1252 Sym C-S-C def 690
C,=0C, str 1236 | Oxyethylene ring def 572

Key: str, stretching; def, deformation.
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Raman spectroscopy of RVC, PEDOT film and PEDOT/RVC
composite electrodes
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Figure 3.9: Raman spectra of PEDOT-CIO4 grown by chronoamperometry at 1.3 V
in acetonitrile containing 0.01 M EDOT and 0.1 M LiCIQ,.

3.3.5 Electrochemical characterizations

Cyclic voltammetry was used to evaluate the electrochemical properties of
the PEDOT/ RVC composite electrodes. In this chapter, the effect of coating RVC by
PEDOT on electrode capacitance, the effect of increasing scan rate on electron

transfer and capacitance and the stability of the electrode are considered.

3.3.5.1 Comparison between RVC before and after PEDOT coating.

Figure 3.10 (a) shows the cyclic voltammograms of 1 cm®RVC electrode and
same electrode coated by PEDOT (PEDOT-120min/RVC electrode) at the scan rate
of 5 mV/s. It is clear that the CV curve of RVC compared with PEDOT coated
electrode is very small. The capacitance of the RVC electrode in terms of geometric
volume as calculated using Equation (3.3) is 0.002 F/cm?® (see Section 3.3.5.3). The

current of PEDOT-120min/RVC composite electrode compared to a bare RVC

88



electrode of same geometric volume has increased by a factor of 2230. This is related
to the large surface area of PEDOT compared to a RVC electrode according to the
Randle-Sevcik relationship [304]. Figure 3.10 (b) shows the effect of increasing
PEDOT in geometric volume of RVC on specific capacitance. It can be observed that
the capacitance increased when polymerization time of PEDOT increased. The RVC
geometric volume capacitance has increased by a factor of 220, 485, 1045 and 1710
at PEDOT coated RVC, where the PEDOT polymerization time was 10, 20, 50 and
70 min. The capacitance of PEDOT coated RVC electrodes at various

polymerization time and various scan rates will be discussed more fully in Section

3.3.6.3.
Cyclic voltammograms of RVC and The effect of polymerization time
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Figure 3.10: (a) Cyclic voltammograms of 1 cm® bare RVC and same size of
PEDOT-120min/RVC composite electrode in 1M NaCl using a scan rate of 5 mV/s
and Ag/AgCI reference electrode. (b) Effect of increasing polymerization time of
PEDOT on the specific capacitance of PEDOT/RVC electrodes.
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3.3.5.2 Effect of increasing scan rate on the electrode capacitance

In this study, the PEDOT-120min/RVC composite electrode was also
selected for the same previous reasons. Figure 3.11 shows the cyclic voltammograms
of PEDOT-120min/RVC composite electrode obtained at various scan rates of 5 to
200 mV/s. It can be noted that the shape of the CVs at scan rates up to 50 mV/s were
nearly semi-rectangular and highly symmetrical (Figure 3.11 (a)) which indicates an
ideal behaviour characteristic of double layered mechanism, fast charge/ discharge
process, with insignificant ohmic resistance. The reason for its novel fast
charge/discharge ability is that its granules are small and so encourages a large
amount of meso-channels in the PEDOT/RVC composite, as shown in Figure 3.6,
that can effectively reduce the diffusion length of ions (L) so as to reduce the
diffusion time (t), which can be estimated as (L?D) where D is the diffusion
coefficient [305]. This shape helps to achieve a constant specific capacitance [249].
Furthermore, as the scan rate increased the peak current also increased linearly (inset
in Figure 3.11 (a)). This result is similar to those published in the literature [306,
307]. On other hand, when the scan rate was increased above 50 mV/s, the curves
were characterized by non-rectangular shapes (Figure 3.11 (b)). This indicated
resistance-like electrochemical behaviour because the electrode is very porous which
hinders the migration of NaCl to the pores, and this becomes pronounced at
increasing scan rates. This leads to a continuous decrease in the capacitance of

electrodes with increasing scan rate; which is discussed in Section 3.3.6.3.
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Cyeclic voltammograms of PEDOT-120min/RVC composite electrode at
various scan rates.
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Figure 3.11: Cyclic voltammograms of PEDOT-120min/RVC electrode at: (a) 5 to
50 mV/s scan rates and (b) 50 to 200 mV/s scan rates in a three-electrode systems in
1 M NacCl solution.

3.3.5.3 Capacitance

The capacitive behaviour of the PEDOT resulted mainly from electrochemical
double-layer charging. The specific capacitances of PEDOT/RVC electrodes were
calculated from the CV curves of PEDOT coated RVC electrodes using a three-
electrode system at different scan rates of 5 to 200 mV/s, as shown in Figure 3.12 (a).
It is observed that PEDOT has high capacitive behaviour, and increasing the amount
of PEDOT into the RVC electrode led to a decrease in the capacitance of the
composite electrode. The specific capacitance of the PEDOT was significantly
decreased from185.29 F/g to 86.56 F/g when the polymerization time of PEDOT in
the composite electrode was increased from 10 to 120 min, determined at a low scan

rate of 5 mV/s. The value of specific capacitance of PEDOT at PEDOT-10min/RVC
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electrode was very close to the value of theoretical specific capacitance (210 F/g)
[308]. Furthermore, the specific capacitances of PEDOT coated RVC electrodes, in
all electrodes, were found to be very high compared with other PEDOT studies [308-
310] at low scan rate but its capacitance markedly decreased at high scan rates. The
specific capacitance of the PEDOT-10min/RVC was significantly decreased from
185.29 to 83.57 F/g as the potential scan rate was increased from 5 to 200 mV/s, as
shown in Table 3.3. These results are in keeping with published reports for all cases
of PEDOT [308, 311, 312]. It can be seen that the specific capacitance trend of all
PEDOT electrodes decrease, when the scan rate was increased above 50 mV/s. It
should be noted that the specific capacitance values in term of mass of all electrodes
were calculated by Equation (3.2). As mentioned before, the aim of this chapter is to
discuss the effect of increasing PEDOT amount in terms of geometric volume and
area of the electrode on the capacitance results.

Figure 3.12 (b) shows the comparison cyclic voltammograms for the same
PEDOT/RVC electrodes using current per gram of PEDOT and current per
geometric volume of electrode. It is very clear that current behaviour in geometric
volume unit was totally opposite to the current behaviour in units of gram. Therefore,
the capacitances per unit geometric volume of PEDOT/RVC electrodes were
calculated using Equation (3.3) and are presented in Table 3.3 as Flcm®. The
capacitance was 0.65 F/cm® for the PEDOT-10min/RVC and 6.18 F/cm® for the
PEDOT-120min/RVC a low a scan rate of 5 mV/s. This indicates that the surface
area of PEDOT coated in the RVC electrode was increased by increasing the amount

of PEDOT, and the porous structure enhanced. Figure 3.12 (c) shows that the trend

92



of the capacitances in (F/cm®) was completely opposite to the direction of the trend

for capacitance per gram.

Furthermore, the capacitance per unit geometric area was calculated using
Equation (3.4) and are reported in Table 3.3 as Flcm® It is expected that the
capacitance (F/cm?) behaviour of electrodes followed the capacitance (F/cm?)
behaviour. The capacitance has increased by a factor of 10 with increasing loading of
PEDOT,; that is, PEDOT-10min/RVC electrode compared with PEDOT-

120min/RVC electrode.

The specific capacitance of a PEDOT coating on RVC electrodes was calculated

according to the following equations [313, 314]:

C mass= Q/ (2*m*AV) (Eq 3.2)
C volume = Q/ (2*Z*AV) (Eq3.3)
Carea = Q/ (Z*A*AV) (Eq3.4)

Where C mass, C volume aNd C area are capacitance of electrode in term of F/g, F/cm®
and F/cm? respectively, Q is charge (C), m is mass (g), Z is geometric volume
(cm®), A is geometric area (cm?) and V is voltage (V).
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Specific capacitance of various PEDOT coated RVC electrodes at
various scan rates in 1 M NaCl solution
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Figure 3.12: (a) The specific capacitance (F/g) of PEDOT/RVC electrodes at various
scan rates. (b) Cyclic voltammograms of PEDOT/RVC electrodes using current per
gram of PEDOT and current per geometric volume of electrode at 5 mV/s scan rate.
(c) The specific capacitance of PEDOT/RVC electrodes in terms of F/g and F/cm? at
5 mV/s scan rate. Electrolyte: 1 M NaCl solution. Potential range: between -0.2 to
0.8 V vs Ag/AgCl using a three-electrode system.
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Table 3.3: Specific capacitance of PEDOT/RVC electrodes measured in various units

at various scan rates.

PEDOT- PEDOT- PEDOT- PEDOT- PEDOT-
Composite electrode 10min 20min 50min 70min 120min
/IRVC /IRVC /IRVC /IRVC /RVC
Scan rate (mV/s) Capacitance F/g
5 185.29 171.04 155.36 142.53 86.56
10 160.12 147.41 137.16 126.51 78.62
20 140.15 130.90 118.63 107.59 67.77
50 125.66 111.32 102.04 94.78 62.41
100 108.23 100.36 91.52 81.47 54.34
200 83.57 72.95 65.81 57.96 39.45
PEDOT- PEDOT- PEDOT- PEDOT- PEDOT-
Composite electrode 10min 20min 50min 70min 120min
/IRVC /IRVC /IRVC /IRVC /RVC
Scan rate (MV/s) Capacitance F/cm?
5 0.08 0.19 041 0.66 0.80
10 0.07 0.17 0.36 0.59 0.73
20 0.06 0.15 0.31 0.50 0.63
50 0.06 0.12 0.27 0.44 0.58
100 0.05 0.11 0.24 0.38 0.50
200 0.04 0.08 0.17 0.27 0.36
PEDOT- PEDOT- PEDOT- PEDOT- PEDOT-
Composite electrode 10min 20min 50min 70min 120min
/IRVC /IRVC /IRVC /IRVC /RVC
Scan rate (mV/s) Capacitance F/cm®
5 0.65 1.48 3.18 5.14 6.18
10 0.56 1.28 2.81 4.57 5.62
20 0.49 1.14 2.43 3.89 4.84
50 0.44 0.97 2.09 3.42 4.46
100 0.38 0.87 1.87 2.94 3.88
200 0.29 0.63 1.35 2.09 2.82
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3.3.5.4 Cycling stability of PEDOT/RVC electrodes

Stability is one of the most critical characteristics and electrodes with poor
mechanical and electrochemical stabilities may lose their function. The
electrochemical cycling performance of the PEDOT/RVC electrodes was
investigated for 200 cycles at 5 mV/s, as shown in Figure 3.13. It can be observed
that the CVs’ shape do not change much and are almost identical at the beginning
and end of the stability test as shown in other studies [315]. The PEDOT-
120min/RVC electrode shows quite good cycling stability and retains approximately
96% of its current density after 200 cycles. The loss may be due to the irreversible
reactions of the PEDOT backbone, which represents a deterioration of the
electrochemical reversibility [316]. The 3D mesoporous network structure can enable

PEDOT to avoid shrinkage during continuous quick charging/discharging [317].

Cycling stability of PEDOT-120min/RVC composite electrode at a scan rate

0.6 of 5 mV/s in 1 M NaCl solution using a three-electrode system

0.4 . 1st cycle /
0.2 /‘V 200 cycle
i

0.0

Current (A/g)

0.2 i

0.4 ,.—-""/_—_

-0.6
-0.2 0.0 0.2 0.4 0.6 0.8

Potential (V) vs Ag/AgCl

Figure 3.13: The electrochemical cycling stability of PEDOT-120min/RVC electrode
in 1 M NaCl solution recorded in the potential range between -0.2 to 1.0 V vs
Ag/AgCIl using a three-electrode system at 5 mV/s scan rate for 200 cycles.
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3.3.6 Construction of a capacitive deionization cell

Capacitive deionization experiments were carried out in a flow-through
system, depicted in Figure 3.16 (a). The CDI unit cell consisted of a flow-through
cell which has two parallel electrodes that allows agqueous solution to stream between

them, and the spacing of 5 mm between the electrodes is maintained.

3.3.6.1 CDI flow-through open cell fabrication

Lawrence Livermore National Laboratories in USA, designed a CDI unit as a
closed system to force water flow into all the pores of the electrodes [11]. It had a
retaining plate, rubber gasket, electrode, rubber spacer and nylon spacer [40] and it
usually was modified by researchers to make it suitable for their applications [5, 11,

34-39, 41, 43, 44, 46-52, 318, 319].

A flow-through electrode was prepared for use in this CDI cell and this
electrode has low hydraulic resistance. This means that water flow will easily flow
through all the pores of the electrodes in a CDI flow-through cell as shown in Figure
3.14 (b). This cell was designed in our laboratory and it was built by printing on a
Connex 350 3D printer, by Objet. This printer built our cell with UEROBACK
material over a period of three hours. After that, it was washed with water in
readiness for use in the CDI system. The cell production was basic, easy and fast,
very accurate and resulted in a strong product. In this cell, we avoided using rubber
gaskets, nut tool, threaded rods and insulator layer between electrodes. Also, the
electrical contact with electrodes was good and very easy. Furthermore, this cell has
a rectangular external (Figure 3.14 (b)) and H-like internal (Figure 3.14 (c)) shapes.

The dimensions of the outside cell was 57 mm *62 mm* 32 mm in height, length and
97



width, respectively. Each side had one 4 mm diameter hole for solution flow, one
near the top and the other near the bottom. These holes are connected with 250 mm
(MasterFlex L/S® 25) pump tubing to a peristaltic pump in a recirculating fashion
(Figure 3.14 (a)). It is worth noting that the middle of both sides of the cell was fitted
with 36mm * 35 mm glass windows to allow light to be directed through the cell to
the electrodes. This was designed to be suitable for any future studies that need to
use light for excitation of the electrodes. This glass was of dielectric material,
transparent and allows all wavelengths to pass through it. Moreover, the H-shape was
designed inside the cell to be suitable for holding a glass conductivity electrode
(4mm thickness) inside the cell if needed for any relevant applications. The
dimensions inside the cell were 50 mm *50 mm* 20 mm in height, length and width,

respectively as shown in Figure 3.14 (c) (the top of the cell).

I Top of the cell |
[Outside] Il-'low through cell I

50mm

A5mm

G2 mm

FPotentiostat

Conductivity
Meter

Peristaltic pump

Figure 3.14: Schematic diagram of a capacitive deionization (CDI) cell.
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3.3.7 Effect of working conditions on ion removal efficiency

The key factors that affect the performance of ion removal of NaCl onto the
sites of PEDOT/RVC composite electrode, ie flow-rate and electrical voltage, were
systematically investigated in this work. In this Section, the charge processes
(voltage applied) were carried out for 2.5 min with 60 mL of the 75 mg/L NaCl
solution (143 pS/cm) using a RVC electrode and Ag/AgCl electrode as counter and
reference electrodes, respectively, and the solution temperature was maintained at

293 K.

3.3.7.1 Effect of applied voltage on ions removal

It is known that the oppositely charged ions are attracted to oppositely
charged electrodes and the adsorption behavior of ion removal on the electrodes are
affected by various direct electrical voltages applied [33]. In order to determine the
greatest direct applied voltage that would be efficient in a CDI system, PEDOT-
20min/RVC composite electrode (which has 29 mg PEDOT loading) was tested at
four different applied voltages (0.6, 0.7, 0.8 and 0.9 V) at a volume flow-rate of 35
mL/min through a CDI cell (Figure 3.15 (a)). The stability of PEDOT in CVs that
were discussed above in Section (3.2.1.1.) led to the selection of these voltages. Once
the electric field was applied, the solution conductivity dropped dramatically because
ions were attracted to the oppositely charged electrodes [33]. The CDI cell exhibited
increased ions removal with increased applied voltage in the range of 0.6 V to 0.8 V.
It was noticeable that the conductivity of NaCl solution decreased, once the electrode
voltage was applied, to approximately 129.81 uS/cm, 126.89 uS/cm and 123.41

uS/cm at 0.6 V, 0.7 V and 0.8 V, respectively. The CDI process was very efficient at
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0.8 V because of enhanced electrostatic forces, with a much poorer performance at
0.6 V. However, the conductivity change was not marked different at 0.9 V because
the ions were adsorbed maximally at 0.8 V [33]. In the laboratory, when the
electrical voltage was at 0.8 V, no visible gas bubbles appeared in the target solution,
indicating that there was not any electrolysis of water taking place [268].

The electrosorption capacity, (calculated as explained in Section (3.3.9.)),
shown in Figure 3.15 (b) gradually rose from 14.36 mg/g to 21.21 mg/g. It is obvious
that the electrosorption capacity is dependent on applied voltage, and higher ion
removal is achieved with higher voltage. The high electrical voltage results in high
electrosorption capacity because of strong Coulombic interaction between the
electrode and charged Na*and Cl~ions [40, 320]. However, the electrosorption
capacity of the electrode at 0.9 V was exactly the same as the electrosorption
capacity at 0.8V. Thus the optimum working voltage for all PEDOT/RVC electrodes
as electrosorption electrodes was ascertained to be 0.8V and was selected for
subsequent studies on the effect of flow-rate on ions removal in the CDI system; as

reported in the next section.
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Adsorption processes of PEDOT-20min/RVC composite electrode at different
voltages and using a 35 ml/min flow-rate for 75 ppm NaCl solution

143 sag
e,
—_ .
= e e, 0.7 V vs Ag/AgCl
9 e Wit "W TP
v ey, Y —— b S
= \\‘\ — ™~ 7&“ S 0.6 V vs Ag/AgCl
£ 133 T s U o
‘-: o - -"-._._._\_.‘_-_
5 0.8V vs Ag/AgCl TN e N R S
= \‘!‘-—H_‘_‘*% g
E S— s
S ana. ==~ UUNEY
S ——— L
123 0.9V vs Ag/AgCl e S i
0 0.5 1 1.5 2 2.5
a Time (min)

22

*

19

16

13

Electrosorption
(mg/g)

10

0.6 0.7 0.8 0.9

b Potential (V) vs Ag/AgCl

Figure 3.15: (a) Effect of applied voltage on electrosorption at a PEDOT-
20min/RVC composite electrode using a 35 ml/min flow-rate and 75 mg/L NaCl
feed solution. (b) Plot of electrosorption capacity as a function of electrical voltage.

3.3.7.2 Effect of flow-rate on ions removal

The effect of flow-rate on electrosorption performance of CDI was
investigated using PEDOT-20min/RVC composite electrode by testing at seven
different flow-rates (Figure 3.16). It is clear from the figure that at a lower flow-rate,
such as 15 ml/min, the solution has a high conductivity 130.22 uS/cm because too
low a pump rate will introduce a low pump force that is lower than the
electrosorption force and therefore decrease the electrosorption amount [268]. The
NaCl conductivity decreased when the flow-rate was increased up to 80 mL/min;
which had a conductivity of 116.20 uS/cm after 2.5 min. This indicates accelerated
adsorption of ions on the surface of the PEDOT/RVC electrode from the NaCl

solution. However, it can be seen that the conductivity did not change significantly
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when the flow-rate was increased from 80 mL/min up to 120 mL/min. This was due
to the equilibrium between the electrostatic force of the electrode and the driving
force in the flow-rate which did not significantly change when the flow-rate was
increased. In this chapter the results showed that 80 mL/min was the optimum flow-
rate.

Thus, methodical investigations have been done that demonstrated that an
electrical voltage of 0.8 V and flow-rate of 80 ml/min were the optimum conditions
and key factors which affected the NaCl ion removal performance onto the sites of
the PEDOT/RVC electrode. These conditions were then applied to investigate the

effect of PEDOT loading on NaCl ion removal efficiency as reported in the next

section.
Adsorption behaviour of PEDOT-20min/RVC composite electrode at various
flow-rates using 0.8 Volt and 75 ppm NaCl solution.
R (O
e z
T AEEe e 15 ml/min 25 ml/min

- S8 - M s / /
3135 | ..z'. '_‘.-“,.: ~~~~~~~ "'
9 e gy A
3_ LR, e W TR e N

131 - s ks < .
-E 1 80 ml/min '-:'J. =
= 127 il
L= Totge

g 120 ml/min

119 - T T

ik, L B
------- St
115 ‘ ; : ; |
0 0.5 1 15 2 25
Time (min)

Figure 3.16: Effect of flow-rate on the electrosorption behaviour of PEDOT-
20min/RVC composite electrode. Applied voltage: 0.8 V. Concentration of NaCl
feed solution: 75 mg/L.
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3.3.8 Effect of PEDOT loading of PEDOT/RVC electrode on ions removal

The CDI system was investigated with respect to the influence of increased
loading of PEDOT into RVC electrodes on the ion removal performance (Figure
3.17). All experiments were performed with an electrical voltage of 0.8 V and a
flow-rate of 80 mL/min through the CDI system, using 60 mL of the 75 mg/L NaCl
solution, and solution temperature was maintained at 293 K. The adsorption
processes at first took 5 minutes and the drop in conductivity increased with
increasing amounts of PEDOT into the RVC electrode. This indicates that the
increase of the amount of PEDOT loading leads to increase in the interaction
between the charged surface of the electrode and charged Na* and CI~ ions. The
conductivity would gradually approach a constant minimum level, indicating that
saturation was achieved. Notably, the highest drop in conductivity was around 54.21
uS/cm using the PEDOT-120min/RVC composite electrode. Furthermore, when the
CDI system was under 0 V of applied voltage, the electrode can be quickly
regenerated, that is, the adsorbed ions were desorbed from the electrodes due to the
disappearance of electrostatic force. The discharge time was approximately 8
minutes; to release all the ions from the electrodes and return the solution
conductivity to its initial level. These results suggest that the CDI process using
PEDOT coated RVC electrodes have promise as an effective technology for

desalination.
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Adsorption and release behaviour of various PEDOT coated RVC electrodes at
0.8V, using 80ml/min flow-rate and 75 ppm NaCl
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Figure 3.17: Effect of PEDOT loading of PEDOT/RVC electrode on ions removal
efficiency using a CDI system. Applied voltage: 0.8 V. NaCl feed solution
concentration: 75 mg/L. Flow-rate: 80 ml/min.

3.3.9 Electrosorption performance of PEDOT coated RVC electrode

This section calculates the electrosorption capacity of all electrodes applied in
the previous Section (3.3.8.). The mass of PEDOT in the RVC electrodes, which
have 4.2 cm® geometric volumes and 32.5 cm? geometric areas, are 13, 29, 71, 117
and 240 mg, respectively (as described in Section 3.3.1.4.). The variation of solution
conductivity was monitored using a multi-function conductivity meter. Accordingly,
the correlation between conductivity (uS/cm) and concentration (mg/L) was
calibrated prior to experiments (Equation 2.9.).

The electrosorption performance of all PEDOT coated RVC electrodes are

shown in Figure 3.18. The electrosorption per gram decreased with increasing mass
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of PEDOT. Clearly, when the PEDOT-10min/RVC electrode had 13 mg of PEDOT,
the electrosorption was 52.84 mg/g, and when PEDOT-120min/RVC electrode had
240 mg of PEDOT, the electrosorption was 6.52 mg/g (using Equation 3.5.). As
mentioned before, our aim focuses on increasing the performance of the electrode in
terms of geometric volume and area. Therefore, the electrosorption capacity per unit
geometric volume and geometric area were calculated using Equation (3.6) and (3.7)
respectively and are presented in Table 3.4 as mg/cm® and mg/cm? respectively. It is
clear that, in these terms, electrosorption increased with increasing amounts of
PEDOT on the RVC electrodes. When the PEDOT-10min/RVC electrode had 13 mg
of PEDOT, the electrosorption was 0.05 mg/cm? or 0.16 mg/cm?, and when PEDOT-
120min/RVC electrode had 240 mg of PEDOT, the electrosorption was 0.12 mg/cm?
or 0.41 mg/cm®. It is worth mentioning that the electrosorption capacity of PEDOT-
56/RVC electrode (6.52 mg/g) has better desalination performance than carbon
materials such as activated carbon (1.42 mg/g), activated carbon nanofibre (4.64
mg/g), carbon nanotube (2.33 mg/g), ordered mesoporous carbon (0.54 mg/g),
composite carbon nanotubes with carbon nanofibre (3.32 mg/g), reduced graphite
oxide (3.23 mg/g) and composite ordered mesoporous carbon with carbon nanotubes
(0.63 mg/g) [50, 265, 266, 320-322]. In summary, although the electrosorption
performance of the PEDOT-10min/RVC electrode is best in term of mg/g of ion
removal, it is the PEDOT-120min/RVC electrode that affords the best ion removal in
term of geometric area or geometric volume of electrode; ie it removes the most ions
in electrode terms. This is advantageous when the size of the electrode becomes a

major consideration in designing a CDI system.
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The electrosorption capacity of a PEDOT coating on RVC electrodes was

calculated according to the following equations [209, 264, 268]:

M mass = [(Co—Cr)* V] /' m (Eq 3.5)
M volume = [(Co—C)* V] / Z (Eq3.6)
M area = [(Co— Cp* V] / A (Eq3.7)

Where M mass, M voume and M areq are the electrosorption capacity of the working
electrode in term of mg/g, mg/cm® and mg/cm?® respectively. Co is the initial
concentration of solution (mg/L), Cs is the final concentration of solution (mg/L)
after adsorption, V is the volume of solution (L), m is the mass of materials (g), Z
and A are volume of electrode and the geometric area, respectively.

Electrosorption performance of various PEDOT coated RVC electrodes at
0.8V, using 80ml/min flow-rate and 75 ppm NaCl.
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Figure 3.18: Effect of PEDOT loading of PEDOT/RVC electrodes on electrosorption
as reported in terms of mass of PEDOT, and geometric volume of the PEDOT/RVC
electrode.
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Table 3.4: Electrosorption performance of PEDOT/RVC composite electrodes with
different PEDOT loadings.

PEDOT/ RVC Electrosorptlon3 capacity 2
composite electrode mg/g mg/ cm mg/ cm
of PEDOT of electrode of electrode
PEDOT-10min/RVC 52.84 0.16 0.05
PEDOT-20min/RVC 30.86 0.19 0.06
PEDOT-50min/RVC 16.36 0.28 0.09
PEDOT-70min/RVC 11.62 0.32 0.11
PEDOT-120min/RVC 6.52 0.37 0.12

Example calculation of the electrosorption capacity of electrode in terms of (mg/q)

and (ma/cm®):

For a mass of electrode of 0.05 g (2.16 cm® geometric volume and 17.88 cm?

geometric area), volume (v) and conductivity of NaCl solution of 0.06 L and 143.00
puS/cm respectively, and conductivity of NaCl solution after adsorption of 138.59
puS/cm, the electrosorption capacities are calculated as follows:

Section (2.4.3.) gives the equation for conductivity as (Cond = 1.9067 * Conc) so
(Conc= Cond/ 1.9067). Hence:

Initial concentration, Co= (143.00)/ 1.9067 = 75.00 mg/L
Final concentration, C; = (138.59)/ 1.9067 = 72.69 mg/L

Therefore from equation (3.5): Mmass = [(Co— Cp* V] / m
S0, Mmass = [(75 — 72.69) * 0.06] / 0.05 = 2.77 mg/g

Or from equation (3.6): Myojume = [(Co — Cy)* V] /Z

50, Myotume = [(75 — 72.69) * 0.06] /2.16 = 0.06 mg/cm®
Or from equation (3.7): Marea = [(Co — Cy)* V] /Z

50, Marea = [(75 — 72.69) * 0.06] /17.88 = 0.008 mg/cm’
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3.3.10 CDI stability

Regeneration of PEDOT-120min/RVC electrodes is a very important factor
affecting their practical use in a CDI system. Figure 3.19 shows the
electrosorption/regeneration cycles of PEDOT-120min/RVC electrode, which was
conducted by repeating several charging and regeneration cycles. When no oxidation
and reduction reaction occurs in electrosorption, the current is mainly consumed for
charging the electrode to electroadsorb ions from the bulk solution [323]. As can be
seen, the polarization of the electrode at 0.8 V leads to a decrease of solution
conductivity. The conductivity sharply decreased because ions migrate onto the
oppositely charged surface, and then continues to gradually decrease until the
electrical double layer is completely formed at the electrode/electrolyte interface
[267]. Moreover, the regeneration can be achieved upon electrode depolarization at
0.0 V. It can be noted that the process of regeneration can be carried out easily in a
short time and the same pattern can be found in four repeated electrosorption—
desorption cycles; each cycle takes 13 min, ie 5 min adsorption of ions and 8 min
release of ions. Also, the recycling stability was very high for the reason that the
decay of electrosorption capacity has not been observed. It demonstrates that the
electro-adsorbed ions can be desorbed by removing an electric field, and then the
PEDOT-120min/RVC electrode can be reused. Consequently, the electrosorption of
ions using this electrode is a reversible process and that the amount of electro-
adsorbed ions can be controlled, via manipulation of the electrical double layer

formation at the electrode/ electrolyte interface.
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Recycling behaviour of PEDOT-120min/RVC electrode at 0.8V
using 80 mL/min flowrate between electrodes.
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Figure 3.19: Multiple electrosorption—desorption and current response cycles for
PEDOT-120min/RVC electrode upon polarization and depolarization at 0.8 V and
0.0 V, respectively. NaCl feed solution concentration: 75 mg/L.

3.3.11 Effect of NaCl concentration on electrosorption capacity

In this section the electrosorption behavior of PEDOT-120min/RVC
electrode in various NaCl concentrations, 25, 50, 75, 100, 200, 300, 400 and 500
mg/L for 1 cycle desalination time (13 min) was investigated (Figure 3.20). This
experiment was carried out at an electrical voltage of 0.8 V at a flow-rate of 80
ml/min through a CDI cell. The amount of NaCl removed increases as the initial
concentration is raised, which is due to the enhanced mass transfer rate of ions inside
the micropores and reduced overlapping effect by higher concentration of solution
[324-326]. The electrosorpition sharply increases at concentrations up to 100 mg/L

and continues to increase up to 500 mg/L. The electrosorption capacity of PEDOT-
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120min/RVC electrde was 2.23, 4.31, 6.45, 8.58, 12.11, 14.41, 15.69 and 16.15 mg/g

at 25, 50, 75, 100, 200, 300, 400 and 500 mg/L of NaCl solution respectively.

The electrosorption capacity of PEDOT-120min/ RVC composite electrode in
various NaCl concentrations at 80 ml/min flow-rate and 0.8 V applied voltage
using a three-electrode system
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Figure 3.20: Electrosorption capacity of PEDOT-120min/RVC composite electrode
at varous concentrations of NaCl feed solution. Applied voltage: 0.8V. Flow-rate: 80
ml/min.

3.3.12 Water production by CDI system

In this chapter, experiments were performed using a 75 mg/L NaCl feed
solution. Therefore, water production calculations are hereby based on this feed
concentration. From the above Section (3.3.11.), it can be concluded that, 1 g of
PEDOT coated on 17.5 cm® RVC electrode (PEDOT-120min/RVC composite
electrode) adsorbed 6.45 mg NaCl during 13 min using initial concentration of

solution 75 mg/L and the solution concentration after 1 desalination cycle became
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68.55 mg/L. In addition, the amount of salt electrosorbed will change with solution
concentration as shown by the relationship between the electrosorption capacity and
solution concentration (Figure 3.20). Figure 3.20 also shows that the electrosorption
capacity, , however, appears to be linearly related to the NaCl concentration below
100 mg/L and this is confirmed by the straight line fit shown in Figure 3.21 (a) which

affords Equation 3.8.
Electrosorption (mg/g) = 0.086 * Concentration (Eq 3.8)

From this equation (Eq 3.8), the concentration change after each desalination cycle
will be known and this information can be used to obtain Figure (3.21 (b)). Figure
3.21 (b) shows the concentration change after each desalination cycle to reach less
than 1 mg/L using 1 g of PEDOT which is coated on 17.5 cm® RVC electrode
(PEDOT-120min/RVC composite electrode). It is clear that the total desalination
process requires 49 cycles to reduce the concentration of solution from 75 mg/L to
less than 1 mg/L. This means that water production, employing this electrode, needs
637 min (13 min * 49 cycles) to produce 1L of water containing NaCl concentration
of less than 1 mg/L. Thus, the water produced per day is 2.26 L using 1 g PEDOT
coated on 17.5 cm*® RVC electrode or 129,176 L using 1m® of same composite
electrode (PEDOT-120min/RVC composite electrode). However, for low salt diet
patients a salt concentration not exceeding 20 mg/L is recommended. Therefore, if a
salt concentration of 20 mg/L is adopted as the goal, the water production will
require 15 cycles that will require a total period of 195 min. This will translate to a
water production of 421,978 L using 1m*® of composite PEDOT-120min/RVC

composite electrode.
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Figure 3.21: (a) Calibration curve of electrosorption vs concentration of NaCl feed
solution. (b) Concentration of feed solution vs desalination cycles number for full
desalination process to produce water of less than 1 mg/L NaCl concentration.
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3.4 Conclusion

In this study, PEDOT/RVC composite electrodes with varying amounts of
PEDOT loadings were considered for application as 3D microstructure electrodes.
PEDOT was successfully deposited by electropolymerization on RVC and used for
the first time as materials and electrodes in CDI technology. The aim of this chapter
was achieved as demonstrated by the improved performance of the CDI electrode in
terms of unit geometric volume and geometric area. It was shown that they have
better desalting performance than carbon materials. The PEDOT/RVC electrode
exhibited desirable macroporosity and microporosity characteristics that allow free
movement of large amounts of salt ions. Thus, the adsorption/ regeneration of NaCl
at PEDOT/RVC electrodes was facile with high efficiency achieved. Furthermore,
the water production by 1m* PEDOT-120min/RVC electrode from 75 mg/L NaCl
feed solution was calculated to be 421,978 L/day of water of 20 mg/L NacCl final
concentration. It has been shown that the capacitance of PEDOT-120min/RVC
electrode compared with a bare RVC electrode had increased by a factor of 2230,
and the electrochemical properties were ideal. The capacitance of PEDOT was found
to be very high compared with other PEDOT studies. Raman spectroscopy and cyclic
voltammetry suggests a strong interaction between the RVC and the backbone of the
PEDOT chain. This improves the surface area and conductivity of the PEDOT/RVC

composite electrode. Furthermore, all other aims of this chapter were achieved.
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4 NOVEL SWCNT LOADED POROUS
RVC ELECTRODES FOR CAPACITIVE
DEIONIZATION.
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4.1 Introduction

The successful use of 3D PEDOT/RVC in CDI systems led to the use of RVC
electrodes again, in the work reported in this chapter, to build 3D nanoweb
functionalized SWCNT electrode structures by coating the RVC with SWCNT using
a dip coating method. The realisation of a high removal efficiency for capacitive
deionization (CDI) is directly related to electrode materials with a high capacitance,
large specific surface area for ion accumulation, good electrical conductivity, and
suitable pore size. To date, carbon materials have been extensively studied as CDI
electrodes [39, 327-337]. In particular carbon nanotubes (CNTs) have been used as
CDiI electrodes because they afford novel additional functional properties, such as
structure, surface area, activity, and conductivity [20, 338-340]. These electrodes
were made to be used as two dimension (2D) sheet electrodes. It is necessary to
develop CNTs electrodes to be more effective electrodes in a CDI system. One of the
effective ways is that CNTs electrodes could be constructed as three-dimensional
(3D) structures. The advantages of this approach are high porosity, increased surface

area, and efficient pathways for ion diffusion [341].

Reticulated vitreous carbon (RVC) has a three-dimensional (3D) structure
and it can be used as a platform to support carbon materials. Here the RVC electrode
is used to support a SWCNT coating for use as a 3D electrode in a CDI system. The
resultant structure should increase the stability of composite electrodes towards high
flow-rate pressure with low resistance to liquid flow, increase the possibility of ions
to reach all electrode surfaces in a short time for electrosorption, and shorten the time

of ions desorption from the electrode surface.
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In this chapter, commercial SWCNT were functionalized to introduce carboxylic
acid groups by acid treatment in order to facilitate dispersion in DMF and to convert
SWCNT into hydrophilic materials to reduce the flow resistance of aqueous solutions
through the electrodes. The SWCNT were characterised using Raman and Visible
spectra. This acid treated SWCNT (a- SWCNT) was dispersed in DMF by sonication
and the sonication time was optimized. In addition, the energy of sonication of each
mg of a-SWCNT material was selected. The purpose of forming a-SWCNT solutions
was in order to coat and fill the RVC electrode which was cleaned by dilute acid. a-
SWCNT material coated RVC electrodes, with various coating levels up to filled
electrode pores, were characterised for their morphology and electrochemical
properties. These electrodes were tested in a capacitive deionization system and the
performance of these electrodes in the system was investigated under various
working conditions such as: flow-rate and bias potential which were optimized.
Moreover, the effect of feed-stream directly through the electrode or between
electrodes, and the effect of distance between electrodes in the CDI system were
investigated. Furthermore, investigations of the electrosorption isotherm such as
Langmuir and Freundlich models to describe how ions interact with electrodes, and
electrosorption dynamics to evaluate the performance of electrodes. The basic and
improved designs of flow-through cell made by 3D printing was also considered. All
of these are very important to develop electrodes and effective technology for

desalination.
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4.1.1 Aims of the work in this chapter

The aims of the research described in this chapter can be summarized as follows:

» Prepare SWCNT materials to be used to build 3 D composite electrodes in a
CDI system.

» Use RVC electrodes as substrates to reduce the resistance of solution flow
through the electrodes.

» Improve the performance of the CDI system’s adsorption/desorption cycle
time by changing the electrode orientation in the CDI system hence directing
the solution flow directly through the electrodes (Figure 4.1 (b)) as opposed

to a flow between the electrodes (Figure 4.1 (a)).

bl
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— water _> water
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W

Figure 4.1: Schematic diagram of (a) flow-between and (b) flow-through electrodes
systems in a CDI cell.
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4.2 Experimental

4.2.1 Chemicals and Materials

Commercial single-walled carbon nanotubes (Hipco-CCNI /Lot # p1001)
were purchased from Carbon Nanotechnologies, Inc (Houston, TX) and were used as
received. The following chemicals obtained from Sigma-Aldrich were also used as
received: -N, N-Dimethylformamide (DMF) (AR grade), concentrated nitric acid
(70%) and sodium chloride (AR grade). The reticulated vitreous carbon (compressed
60, 45 and 30 ppi (pores per inch)) was purchased from ERG Materials and
Aerospace Engineering and cleaned before use. Membrane filters (0.2 um GTTP)
was purchased from MILLIPORE and was used as received. Milli-Q water with a

resistivity of 18.2 mQ cm™ was used in all preparations.
4.2.2 Methods

4.2.2.1 Functionalization of carbon nanotubes

As received SWCNT material was functionalized by a reflux method. In a
typical procedure, 20 mg of the material was transferred into a round-bottom flask
filled with 40 mL of 6 M nitric acid (HNO3) and equipped with a magnetic stirring
bar and a reflux condenser. The flask was immersed in an oil bath at a temperature of
120 °C for 6 hours. The acid treated SWCNT was then filtered and washed with
water until the filtrate was neutral, then washed with 10 mL of methanol, followed
with 10 mL of DMF. The functionalized material, henceforth referred to as acid
treated SWCNT (a-SWCNT) was dried in an oven at a temperature of 105 °C for 48

hours.
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4.2.2.2 Dispersion of a-SWCNT

A dispersion of 15 ml containing a-SWCNT 0.2% w/v in N,N-
dimethylformamide (DMF), one of the best solvents reported for SWCNT
dispersions [342] was obtained by using a Branson homogenizer, Sonifier model S-
450D equipped with a 13 mm step disruptor horn and a 3 mm tapered microtip,
operating at a 20 kHz frequency and 25% amplitude as the power output (100 W) ,
with pulse of two seconds on and one second off. The dispersion was sonicated in a
water-ice bath to prevent the suspension from overheating. Homogeneity and
birefringence of the dispersion were checked using an Olympus BH-2 microscope in
transmission mode between crossed polarizers. In addition, the optimization of
sonication time, sonication energy and solution stability will be discussed in the

Results and Discussion section.

4.2.2.3 Pre-treatment of the RVC electrode

All reticulated vitreous carbon (RVC) electrodes (length 4 cm * width 1.8 cm
* thickness 0.3 cm (2.16 cm®) were cut from a block of RVC material, and were
cleaned as described in Section 3.2.3.2. All RVC electrodes were weighed after

drying.

4.2.2.4 a-SWCNT dip coated RVC Electrode

The dip coating method, which was used in our work, was kept simple and
low cost [343]. All RVC electrodes which have 2.16 cm® volumes were immersed
slowly into the 0.2 % w/v a-SWCNT solution to allow the air to escape and prevent
the formation of air pockets; during this time the solution was seen to fill the whole

RVC electrode via capillary action within a few seconds. After that all electrodes
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were removed from the solution to dry them at room temperature before drying them
in an oven at 100 °C for 2 hours. This procedure was repeated several times to study
the maximum loading level of a-SWCNT on the RVC substrate. Figure 4.2 shows a
schematic diagram of the full process of dip coating RVC in a-SWCNT solution. The
process of the RVC electrode being soaked in solution and drying afterward in an
oven overnight is shown schematically. The substrate, after dip coating, was dried
at 100 °C in an oven for 2 h and then in a vacuum oven at 50 °C for 2 h to remove all
organic solvents remaining in the micropores of the electrode. The weights of a-
SWCNT loadings on the RVC electrodes were determined by weighing the

electrodes before and after dip-coating.

Blank RVC foam

i X .

a-SWOCINT
coated RVC

=
IDryv overnight .

a-SWOCNT dispersed in DME

Figure 4.2: The full process of dip coating RVC in a-SWCNT solution.

4.2.2.5 Electrochemical characterisation

The capacitance of a-SWCNT was determined by cyclic voltammetry (CV).
A a-SWCNT/RVC composite electrode was used as the working electrode (WE) in 1
M NaCl aqueous solution and scanned in the voltage range between -0.2 to 1.0 V
useing a three-electrode system; RVC electrode and Ag/AgCl (3M NaCl) were used

as counter electrode (CE) and reference electrode (RE), respectively. The scan rates
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used were 5, 10, 20, 50, 100 and 200 mV/s, respectively. Contacts to the WE and CE

were made using Pt wire.

4.2.2.6 Physical characterisation

The morphology of the a-SWCNT coated RVC electrodes were analysed by
use of a field emission scanning electron microscope (FESEM) at specific voltages
of 0.5 KV. Furthermore, a-SWCNT functionalization was characterised by: (1)
Visible absorption spectra obtained using quartz cuvettes and (2) Raman spectra
obtained with a Raman spectrometer equipped with a visible Raman microscope and
CCD detector. The excitation wavelength was 632.81 nm and spectra were obtained

over 30 s at 1.0 cm™ ! resolution.

4.2.2.7 Measurement of amount of ion removal from the NaCl aqueous

solution

NaCl concentration was determined by measuring the electrical conductivity

of NaCl solution as described in Section 2.4.3.

4.2.2.8 Construction of a capacitive deionization cell

Capacitive deionization experiments were carried out in a flow-through
system as described in Section (3.3.7.) and the details can be found in Section

(3.3.7.1).
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4.3 Results and discussions

4.3.1 Characterisation of SWCNT after functionalization

Raman spectroscopy and Visible spectrophotometry were used to investigate

the SWCNT surface after acid treatment.

4.3.1.1 Raman spectroscopy

Raman spectroscopy is a powerful technique for the characterization of the
structure of carbon nanotubes[344]. It is known that the general characteristics of a
Raman spectrum of CNTs have two bands appearing at 1582 cm™ (G band) and 1350
cm™ (D band). The shape and intensity of the D band corresponds to the sp®
hybridized carbon atoms, and the G band is associated with the tangential vibration
modes of CNT sidewall C-C bonds. The intensity ratio (R) of these D and G peaks
(Io/lg) is often used to estimate the quality of the structure of the CNT sample [345-
351]. In addition, the dominant second-order feature in SWCNT Raman spectra is
the G’ band which is located at about 2600 cm™* and this is sensitive to charge
transfer effects due to structural modifications of the nanotube walls induced by the
attachment of different chemical species. Also, the M band appearing at about 1755
cm ' is a second-order peak tentatively assigned to a combination mode of the G and
the radial breathing mode (RBM) bands [344, 345]. The radial breathing mode
(RBM) can be used to determine the nanotube diameter (d;) through its frequency
(oRBM) [219, 352]. These features are unique to carbon nanotubes and occur at
frequencies between 120 and 350 cm™* for SWCNT for diameters in the range
®RBM = A/d; + B, where A = 234 cm 'nm and B = 10 cm™, and where B is an
upshift in ®RBM assigned to tube-tube interactions. For typical SWNT bundles in
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the diameter range d; = 1.5 = 0.2nm and if the nanotube diameter is greater than 2
nm, the RBM spectrum is difficult to observe [219, 344, 352]. The mean diameter of

SWCNT can be calculated by Equation (4.1):

de= 22 (Eq4.1)

w

Figure 4.3 shows the Raman spectra of raw single-walled carbon nanotubes
(SWCNT) and after acid treatment with 6 M HNO3.The intensity of the G band in
raw SWCNT is considerably higher than the D band, due to the disorder-induced
phonon mode of the carbon sixfold rings breathing vibration. On the other hand, the
intensity of the G band after acid treatment decreases and the D band intensity
slightly increases. The higher ratio explains the higher amorphous carbon content
and defect formation. The intensity ratio of D and G bands of the raw and treated
CNT samples are 0.0615 and 0.7452, respectively, (Table 4.1). It is worth
mentioning that the M band almost completely disappeared. This observation leads
to a conclusion that SWCNT after acid treatment have low amorphous carbon
content and defects. Figure 4.3 also shows the RBM band of the raw and acid treated
SWCNT. It can be observed that the absolute intensities of the radial breathing mode
are drastically reduced after oxidation. The length of the raw SWCNT decreased
after acid treatment; from 1.30 to 1.27 nm, 1.16 to 1.13 nm and 0.98 to 0.96 nm,
respectively, as shown in Table 4.1. These changes indicate chemical alteration of

the SWCNT.
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Figure 4.3: Raman spectra of single-walled carbon nanotubes before and after
treatment by 6M HNOg for 6 hours at 120 °C.

Table 4.1 : Single-walled carbon nanotube (SWCNT) diameter and ratio of D to G
bands before and after acid treatment

(SWCNT)  (cm™) dy(nm) In/lg
Raw 191 1.30 0.0615
213 1.16
254 0.98
Treated 196 1.27 0.7452
219 1.13
258 0.96

4.3.1.2 Visible spectrophotometry

Visible spectrophotometry in the wavelength range from 400 nm to 750 was
used to monitor sidewall perturbation of SWCNT before and after nitric acid
treatment [353, 354]. The Visible absorption spectra of SWCNT and acid treated
SWCNT (a-SWCNT) samples are shown in Figure 4.4. The boxes in the figure

represent the approximate boundaries for metallic and semiconducting transitions
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(the van Hove transitions). For metallic nanotubes, M,; represents the electronic
transitions between the valence band and conduction band, and in semiconducting
nanotubes, S,, is the electronic transition between the second valence to conduction
bands [40, 355]. The SWCNT sample shows three distinct peaks at 505, 660 and 730
nm and they correspond to the second pair of van Hove singularities of the
semiconducting and metallic nanotubes [354, 356-359]. The a-SWCNT sample does
not show any distinct peaks in Figure 4.4. This implies that nitric acid treatment
introduces structural defects or functional groups on SWCNT, which result in
electronic band transition changes [354]. The changes observed in the van Hove
singularities vanish in the spectra, and can be attributed to re-hybridization at carbon
(sp? to sp®) because the m electrons in the highest occupied molecular orbitals
(HOMOs) are used to form new bonds to accommodate the carboxyl group [353,

354, 359].

Visible absorption spectrum of SWCNT and a-SWCNT
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Figure 4.4: The Visible absorption spectra of dispersions containing 0.2%w/v
pristine SWCNT and a-SWCNT which were measured after a 20- Fold dilution.
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4.3.2 Dispersion of a-SWCNT in DMF

The optimum time of sonication required to effectively disperse CNTs needs
to be determined, since excess sonication can shorten or create defects in the tubes
that are detrimental to their inherent properties [232, 241, 360]. Visible spectroscopy
can be used to study the dispersal process by monitoring the variation in absorbance
during dispersal to determine the effectiveness of the dispersion and subsequently the
stability [356, 357, 361]. In order to investigate the effect of sonication time on the
dispersion of a-SWCNT in DMF, the sample was prepared as a 15 ml dispersion
containing a-SWCNT 0.2% w/v in DMF; which is one of the best solvents reported
for dispersing SWCNT [342]. In this experiment, a high concentration was used with
a view to achieving high loading of a-SWCNT on the RVC electrodes. This leads to
an increase in the viscosity of the solution which impedes efficient dispersion.
Therefore, an increase in energy is needed to counteract this. Figure 4.5 (a) and (b)
show the Visible spectra of a-SWCNT dispersions as a function of sonication time
and the corresponding optical absorbance at A (660 nm) was plotted as a function of
sonication time, respectively. It can be seen that, the a-SWCNT spectra becomes
more pronounced (higher absorbance) with longer sonication time, indicating that an
increasing amount of a-SWCNT became dispersed with time. However, the
absorption of the dispersion did not change dramatically after sonication beyond 30
min, indicating that the solution was saturated. The minimum amount of time
required to effectively disperse the a-SWCNT was 30 min. The inset images in
Figure 4.5 (a) suggest that homogenous dispersions have been obtained after 30 min
sonication time. Also, it was observed that when the sonication time was increased,

the colour of the solution became progressively black. From Figure 4.5 (c), the
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minimum amount of energy required to effectively disperse 30 mg of the a-SWCNT
was 180 KJ at 30 min. This means that 6 kJ was expended per mg of a-SWCNT in a
0.2% wi/v solution. The sonication energy in Figure 4.5 (c) was calculated using

equation (2.1).
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Figure 4.5: Effect of increasing sonication time on: (a) the Visible absorption
spectrum of a dispersion containing 0.2% w/v a-SWCNT which was measured after a
20-fold dilution, where inset photo images are of 0.2% w/v containing a-SWCNT
before sonication and after 30 minutes sonication and optical microscope image after
5 min and 30 min sonication time; and (b) Absorbance at 660 nm. (c) Effect of
increasing sonication time on sonication energy. Arrows in (a) indicate the direction
of increase in sonication time.
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4.3.3 Optimization of RVC electrodes coated with a-SWCNT

The general purpose of this work is the optimization of the reticulated vitreous
carbon (RVC) electrodes of different porosities coated with a-SWCNT. RVC
electrode has a free void volume between 90% and 97%. Thus, RVC electrodes have
a low flow resistance. Figure 4.6 (a, b, and c) shows photo images of three RVC
electrodes with porosities of 60, 45 and 30 ppi (nominal pores per inch). It is clear
that the free void volume of the RVC electrodes increases with decreasing ppi grade.
The average pore sizes of the RVC electrodes were calculated from SEM images by
measuring the distance between green lines in Figure 4.6 (d, e, and f) and they were
350, 700 and 900 um for 60, 45 and 30 ppi, respectively. RVC electrode properties,
discussed in Chapter 1, are dependent on the ppi grade. If the amount of pores per
inch (ppi) increases, the electrode area per unit electrode volume will increase as
well. According to previous reported properties of RVC [63, 87, 362], which are
good surface area, conductivity and good mechanical strength, it is envisaged that the
RVC electrode that has the largest number of pores per inch would be the best
electrode for use in a CDI system. Therefore, in order to confirm that the smaller
pores electrode is the best electrode for loading of a-SWCNT for use in a CDI
system, we investigated the influence of all electrode capacitances of RVC electrodes
with different pore sizes coated with the same amount of a-SWCNT. All RVC
electrodes had the same geometric volume (dimensions of 4.0cm*1.8cm*0.3cm) and
the same amount of a-SWCNT was coated, around 6 mg. The effect of different
pores per inch was investigated in aqueous solution. Figure 4.6 (g) shows the

capacitances of all electrodes that were calculated (using Equation 3.2.) from cyclic
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voltammograms obtained at the potential scan rate of 5 mV/s. It can be seen that the
highest specific capacitance was 267.24 F/ g for a-SWCNT coated RVC electrode
with 60 pores per inch, and the specific capacitance decreased with a decrease in the
amount of pores per inch. This is because the RVC electrode with 60 ppi has higher
surface area per volume of electrode. The RVC 60 ppi electrode coated with a-
SWCNT (6 mg) will be discussed in detail in its electrochemical behaviour
evaluation using cyclic voltammetry (Section 4.3.6). In conclusion, therefore, 60 ppi
RVC electrodes were selected as substrates to load a-SWCNT for use as electrodes in

a CDI system.

Specific capacitance of a-SWOCNT coated various pores
per inch RVC electrodes
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Figure 4.6: (a,b,c) Photo images and (d,e,f) SEM micrographs of 60, 45 and 30 ppi
RVC samples, respectively. (g) The specific capacitance of a-SWCNT coated RVC
electrodes of various porosities in 1 M NaCl solution calculated from cyclic
voltammograms recorded in a voltage range between -0.2 to 1.0 V using a three-
electrode system vs Ag/AgCl at 5SmV/s scan rate.
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4.3.4 Optimization of the loading level of a-SWCNT on RVC electrode

Figure 4.7 shows that the percentage of loading of a-SWCNT increased with

repeated electrode immersion in the a-SWCNT solution. RVC electrodes, number 1,

2, 3 and 4 were repeatedly immersed in the solution 2, 5, 10 and 20 times,

respectively, and the amounts of a-SWCNT loaded onto RVC to form a-SWCNT/

RVC composite electrodes were found to be 6 mg (3.63%wt), 23 mg (12.50 %wt),

34 mg (17.43% wt) and 50 mg (23.85% wt), respectively (Table 4.2). In the

laboratory it was observed that the pores of this RVC electrode at 23.85%wt loading

was completely filled by a-SWCNT as seen in the inset image in Figure 4.7 when

tested with a light. All these electrodes, however, allowed liquid to flow through

because the SWCNT filling itself is porous.

Table 4.2: RVC (2.16 cm ®) electrodes before and after a-SWCNT coating.

Sample 1 2 3 4
RVC (mg) 159 | 161 161 162
After coating (mg) 165 184 195 212
Amount of a-SWCNT (mg) in sample 6 23 34 50
Amount of a-SWCNT in sample (% w/w) | 3.63 | 12.50 | 17.43 | 23.58

a-SWCNT load percentage
(%owt)

o

completely filled (23.58 %wt a-SWCNT coated RVC electrode).

o

10

is

Number of dip coatings

Figure 4.7 a-SWCNT loading of RVC as a function of number of dip coatings in a-
SWCNT dispersion. Insets: images of RVC electrode before coating and after being
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4.3.5 Scanning Electron Microscopy of a-SWCNT

The surface morphology of the a-SWCNT coated RVC electrode was
examined using scanning electron microscopy (SEM). SEM images of the 23.58 %wt
a-SWCNT coated RVC electrode is shown in Figure 4.8. It can be concluded that the
a-SWCNT dispersed very well in DMF because no aggregation is seen on the surface
and RVC pores appeared filled completely (Figure 4.8 (a)). The appearance of the
top surface is like textile (Figure 4.8 (b)) because the nanotubes are irregularly
spread on the RVC electrode and its pores, partly parallel and partly perpendicular to
the surface. The SEM images in Figure 4.8 (c, d and e) show the a-SWCNT tubes
became stronger and tougher due to the closer contact which improved ion transfer
between nanotubes, which is consistent with previously reported results [363-365].
In addition, it shows that the void spaces or “pores” between the matted SWCNT
tubes are of macroscale, and these void spaces can be considered as macropores, and
are areas through which ions diffusion can freely take place. From the SEM image,
SWCNTSs nano-network structures act as useful nano-spacers for diminishing the
aggregation of SWCNT. This 3-D porous structure exposes an extensive surface area
that facilitates ions diffusion leading to a high performance of electrosorption. It
maximises surface area, potentially allowing large capacitances to be obtained [366].
This also will lead to an increase in ions capture and conductive properties of a-

SWCNT.
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Figure 4.8: Scanning electron microscopy (SEM) images (a, and b) top surface, (c)
cross-section and (d and e) 45 view of 23.58%wt a-SWCNT loading.

4.3.6 Electrochemical behaviour evaluation using cyclic voltammetry

In order to evaluate the electrochemical properties of the a-SWCNT coated
RVC electrode, cyclic voltammetry was applied as it is one of the most widely used
techniques to study electrochemical reactions. In this chapter, it is used to determine
the effect of filling the pores of RVC by a-SWCNT on the capacitance, the effect of
increasing scan rate on electron transfer and capacitance, and the stability of the
electrode using 1 M NaCl solution recorded in the voltage range between -0.2 to 1.0

V vs Ag/AgCl in a three-electrode system with a RVC counter electrode.
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4.3.6.1 The capacitance of RVC electrode before and after loading with a-

SWCNT

The capacitance of the RVC electrode in 1M NaCl solution using three-
electrode systems was discussed in Section (3.3.6.1.) and it was calculated using
Equation (3.3) to be 0.002 F/cm?®. Figure 4.9 (a) shows the cyclic voltammograms of
1 cm® RVC electrode and the same electrode filled with 23.58 %wt a-SWCNT under
the same conditions. The peak current (i,) of 23.58 %wt a-SWCNT coated RVC
electrode compared to a bare RVC electrode has increased by a factor of 1375. This
is related to the large surface area of a-SWCNT compared to a bare RVC electrode
according to the Randle-Sevcik relationship [304]. The specific capacitance of 23.58
%wt a-SWCNT coated RVC electrode was 2.75 F/cm?®. Figure 4.9 (b) shows that the
specific capacitance of the electrode increased with increasing amounts of a-SWCNT
in geometric volume. The specific capacitance was 0.56 F/cm® 1.02 F/cm® and 1.31
F/cm® for the electrode that had 3.63 %wt, 12.50 %wt and 17.43 %wt a-SWCNT
coated on the RVC electrodes, respectively. The specific capacitance of 3.63 %wt,
12.50 %wt and 17.43 %wt a-SWCNT coated on the RVC electrodes compared to a
bare RVC electrode has increased by a factor of 280, 510 and 655, respectively.
Figure 4.9 (a) shows that the pseudo-capacitive behaviour at 0.5 V for the RVC
electrode coated by a-SWCNT. This behaviour referred to the function group which

created by the nitric acid treatment on SWCNT surface [368].
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a Cyclic voltammograms of RVC electrode and 23.58% wt a-SWCNT
coated RVC electrode at 20 mV/s scan rate from in 1M NaCl solution.
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Figure 4.9: (a) Comparison cyclic voltammograms of 1 cm® bare RVC electrode and
same size of 23.58 %wt a- SWCNT coated RVC electrode in 1 M NaCl scanned at
20 mV/s, and using a RVC counter electrode and Ag/AgClI reference electrode in a
three-electrode system and (b) Effect of a- SWCNT loading of a- SWCNT/RVC
composite electrodes on specific capacitance.

4.3.6.2. Effect of increasing scan rate on the electrode capacitance

The capacitive behaviour of the a-SWCNT resulted mainly from
electrochemical double-layer charging along with a negligible contribution of
pseudo-capacitance. In this study, the effect of different scan rates on electrode
capacitance was investigated in 1M NaCl aqueous solution. Figure 4.10 (a) shows
the cyclic voltammograms of 3.63 %wt a-SWCNT coated RVC working electrode
obtained with various potential scan rates. It can be noted that electrochemical
reactions occur in the potential range of (-0.2 to 0.4 V) for scan rates of 5 mV/s,
resulting in redox peaks at about 0 and 0.2 V. However, the shape of the CVs at scan
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rates 5 to 20 mV/s are close to rectangular and as we know, the achievement of a
rectangular-shaped CV is the suggested ultimate goal in electrochemical double-layer
capacitors (EDLC) [314]. The absence of Faradaic reactions at 0.5V indicates that
the current response here absolutely comes from the electric double layer EDL
formation [367]. The enhanced capacitance compared with raw SWCNT relates to
the increased surface charge density from oxygen atoms with more negative
electronic affinity [368]. According to the characteristics of the CV, it can be
deduced that the contribution of carboxyl and carbonyl groups to CNTs is in the
pseudo-capacitance, which increases apparent capacitance [341, 369]. It is clear that,
the polarization caused by a high scan rate leads to the anodic peaks shifting toward
high potential and the cathodic peaks moving toward negative potential
simultaneously [341]. However, when the scan rate was increased to 50 mV/s, the
curves were characterized by non-rectangular shape that indicated resistance-like
electrochemical behaviour. This leads to a continuous decrease in the capacitance of
electrodes with increasing scan rate.

Figure 4.10 (b) presents the capacitances of various a-SWCNT coated RVC
electrodes as a function of the scan rate. It is observed that increasing the amount of
a-SWNT in the RVC electrode led to a decrease in the specific capacitance of a-
SWCNT. For example, the highest specific capacitance was 267.24 F/g for 3.63 %wt
a-SWCNT and the lowest specific capacitance was 139.65 F/g for 23.58 %wt a-
SWCNT at a scan rate of 5 mV/s. It seems also that a-SWCNT coated RVC
electrodes gave, in all electrodes, a high capacitance at low scan rate, but its
capacitance markedly decreased at high scan rates. For instance, the specific

capacitance of 3.63 %wt a-SWCNT coated on RVC was 267.24 F/g, 239.58 F/qg,
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207.40 F/g, 132.69 F/g, 84.77 F/g and 51.15 F/g at 5, 10, 20, 50, 100 and 200 mV/s,
respectively (Table 4.3). It is expected that the capacitive volume should increase
with increasing scan rates because it is found in all cases of carbon nanotubes [221,
314, 341, 367, 368, 370-372]. This characteristic has been attributed to the resistance
of the electrolyte and the inner resistance of ion diffusion with certain carbon micro-
pores being surface partially accessible to electrolytes. This becomes significant
under relatively high scan rates due to the differential depletion of the electrolyte
concentration [372-374]. It can be seen that the specific capacitance trend of 3.63
%wt electrode sharply decreases when the scan rate is above 20 mV/s. For other
electrodes, the specific capacitance trend decrease is more pronounced, when the
scan rate is increased above 50 mV/s. The specific capacitance values of all
electrodes were calculated using Equation (3.2.).

Figure 4.13 (c and d) show cyclic voltammograms of a-SWCNT composite
electrodes with different loadings of a-SWCNT in terms of current per gram of a-
SWCNT and current per geometric volume of electrode respectively. It is observed
that increasing the amount of a-SWNT in the RVC electrode led to a decrease in the
current per gram of a-SWCNT (Figure 4.10 (c)) but, in contrast, led to an increase in
the current per geometric volume of electrode (Figure 4.10 (d)). Hence, the effect of
the geometric volume of the electrode on the results will now be discussed. The
calculated capacitance per unit geometric volume of porous electrode are presented
in Figure 4.10 (e) and Table 4.3 as F/cm®. This is not the same as per unit volume of
active material (ie SWCNT) alone. The capacitance of the electrode per geometric
volume (F/cm®) was calculated using Equation (3.3). Figure 4.10 (e) shows that the

capacitances of various a-SWCNT coated RVC electrodes increase with increase in
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the amount of a-SWCNT in the geometric volume. The specific capacitance,
obtained at 20 mV/s, was 0.56 F/cm® 1.02 F/cm®, 1.31 F/cm® and 2.75 F/cm? for the
electrode that had 3.63 %wt, 12.50 %wt, 17.43 %wt and 23.58 %wt a-SWCNT
coated on the RVC electrodes, respectively. This indicates that the surface area of a-
SWCNT coated in the RVC electrode had increased. In addition, the effect of the
geometric area of the electrode on the results will now be considered. The calculated
capacitance per unit geometric area of porous electrode are presented in Table 4.3 as
F/cm?. The capacitance of electrode per geometric area (F/cm?) was calculated using
Equation (3.4.). The increase of SWCNT loading level could increase the active area
resulting in higher specific capacitance. In Table 4.3, the capacitance obtained at 20
mV/s was 0.07 F/cm?, 0.12 F/cm?, 0.16 F/cm? and 0.33 F/cm? for the electrode that
had 3.63 %wt, 12.50 %wt, 17.43 %wt and 23.58 %wt a-SWCNT coated on the RVC
electrodes, respectively. This indicates that the surface area of a-SWCNT coated in

the RVC electrode had increased.
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Cyclic voltammograms of 3.63 % wt of a-SWCNT in 1 M NaCl solution
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Figure 4.10: (a) Cyclic voltammograms of 3.63 %wt a-SWCNT coated RVC
electrode, and (b) specific capacitance of various a-SWCNT coated RVC electrodes
at various scan rates in 1 M NaCl solution in the voltage range between -0.2 to 1.0 V
vs Ag/AgCI using a three-electrode system. Cyclic voltammograms of a-SWCNT
coated RVC electrodes at 20 mV/s, in terms of (c) current per gram of a-SWCNT,
and (d) current per geometric volume of electrode. (e) Capacitance of the electrodes
per gram of a-SWCNT and per geometric volume of the electrode.
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Table 4.3: Specific capacitance of various a-SWCNT coated RVC electrodes by F/g
of a-SWCNT, F/area of electrode and F/ volume of electrode, in 1 M NaCl solution

at various scan rates.

Sample 3.63 %wt a-SWCNT coated RVC
Scan rate (mV/s) 5 10 20 50 100 200
(F/9) 267.24 239.58 207.40 132.69 84.78 51.15
Specific
) (Flcm?) 0.09 0.08 0.07 0.03 0.03 0.02
Capacitance
(Flcm®) 0.72 0.64 0.56 0.36 0.23 0.14
Sample 12.50 %wt a-SWCNT coated RVC
Scan rate (mV/s) 5 10 20 50 100 200
(F/9) 165.20 150.33 132.16 99.12 56.17 34.69
Specific
) (Flcm?) 0.21 0.18 0.12 0.07 0.04 0.02
Capacitance
(Flcm®) 1.76 1.46 1.02 0.55 0.31 0.17
Sample 17.43 %wt a-SWCNT coated RVC
Scan rate (mV/s) 5 10 20 50 100 200
(F/9) 153.79 138.94 125.20 100.77 61.07 41.23
Specific
) (Flcm?) 0.29 0.23 0.16 0.08 0.04 0.02
Capacitance
(Flcm®) 2.42 1.93 1.31 0.67 0.37 0.19
Sample 23.58 %wt a-SWCNT coated RVC
Scan rate (mV/s) 5 10 20 50 100 200
(F/g) 139.65 131.27 117.70 103.34 68.43 51.67
Specific
) (Flcm?) 0.39 0.37 0.33 0.29 0.19 0.14
Capacitance
(Flem?) 3.23 3.04 2.75 2.39 1.58 1.20
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4.3.6.2 Cycling stability of a-SWCNT/RVC electrodes

The electrochemical cycling performance of the electrodes with various
amounts of a-SWCNT coated on the RVC electrode was investigated for 200 cycles
by cyclic voltammetry, as shown in Figure 4.11. It is clear that they all exhibit
excellent cycling performance during the first 200 cycles and the results show that a
lower amount of a-SWCNT on the RVC electrode exhibits a much better stability.
After 200 cycles, the 3.63 %wt, 12.50 %wt, 17.43 %wt and 23.58 %wt a-SWCNT
coated RVC electrodes maintained 98%, 95%, 94% and 91% of their capacitances
respectively. The main initial loss of stability can be attributed to the decrease in the
redox activity of the redox process. The decrease in the capacitance of each electrode
can be attributed to the decrease of the pore structure of the electrode and to the
increase of the ratio of C to O attributed to the phenolic hydroxyl groups on the
electrodes [369]. Consequently, the capacitance decreased with the cycle number due
to the increase in the number of oxygen-containing functional groups on the
electrode. The results show that a lesser amount of a-SWCNT on the RVC electrode

exhibits a much higher discharge capacity and excellent cycling stability.
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Cycling stability of various a-SWCNT coated RVC electrodes at 20 mV/s scan rate in 1M

NaCl solution using a three-electrode system.
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Figure 4.11: The electrochemical cycling stability of a-SWCNT coated RVC

electrodes, with different a-SWCNT loadings, in 1 M NaCl solution recorded after
200 cycles in the voltage range between -0.2 to 1.0 V vs Ag/AgCl using a three-

electrode system at 20 mV/s scan rate.

4.3.7 Effect of working conditions on ion removal efficiency

sites of a-SWCNT, ie flow-rate and electrical voltage, were systematically
investigated in this work. These experiments were carried out with 60 mL of the 75
mg/L NaCl solution (143.00 uS/cm measured conductivity) using a RVC electrode

and Ag/AgCI electrode as counter and reference electrodes, respectively, and the

The key factors that affect the performance of ion removal of NaCl onto the

solution temperature was maintained at 293 K.
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4.3.7.1 Effect of applied voltage

The 3.63 %wt a-SWCNT/RVC was used as working electrode in the CDI
system. The magnitude of the applied voltage ranged from 0.9 V to 15 V.
Conductivity variations of the NaCl solution with applied voltage and operating time
are shown in Figure 4.12 (a); and Figure 4.12 (b) represents the electrosorption
capacity (calculated as explained in Section (3.3.9.)) as a function of electrical
voltage. The ion removal characteristics were affected by various applied voltages.
Once the electric field was applied, the salt concentration dramatically dropped
because ions were attracted by oppositely charged electrodes [33]. As the applied
voltage increased in the range of 0.9 V to 1.5 V, the ion removal amount increased
and the electrosorption capacity gradually rose from 3.15 mg/g to 8.92 mg/g. It is
obvious that the electrosorption capacity is dependent on applied voltage, and higher
ion removal is achieved with higher voltage. As expected, high electrical voltage
results in high electrosorption capacity because of strong Coulombic interaction
between the electrode and charged Na*and Cl~ions [40, 320]. When the electrical
voltage was at 1.5 V, no visible gas bubbles appeared in the target solution,
indicating that there was not any electrolysis of water taking place [268]. Electrolysis
of water was not found when the voltage between the two electrodes was more than
1.2V because of the existence of the resistance in the whole circuit [375]. It is
noticeable that the conductivity of NaCl solution decreases once the cell voltage is
applied, to approximately 141.34 uS/cm, 141.61 uS/cm, 142.43 puS/cm and 142.67
uS/cm at 1.5V, 1.3V, 1.1V and 0.9 V, respectively. The CDI process was very
efficient at 1.5 V because of enhanced electrostatic forces, with a much poorer

performance at 1.1 V. When the conductivity almost did not vary, it indicated that
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the ions were adsorbed maximally [33]. When the electric field was switched off, the
conductivity returned to its initial value, demonstrating that the electrosorption was a

reversible process. It is known that the CDI process is closely related to the electrical

voltage.
Adsorption and release behaviour of various 3.52% a-SWCNT
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Figure 4.12: (a) Conductivity variations of NaCl solution with applied voltage and
operating time. (b) The electrosorption as a function of applied voltage.

4.3.7.2 Effect of flow-rateon electrosorption

The effect of increasing flow-rates on the electrode’s ability to adsorb ions
was investigated over a range of the flow-rates ranging from 25 mL/min to 75
mL/min through a CDI cell. Figure 4.13 shows the ion removal characteristics at
various flow-rates. It is obvious that the efficiency of NaCl ions removal using
3.63%wt a-SWCNT and 12.50%wt a-SWCNT coating RVC electrodes decreased

when the flow-rate was increased above 50 mL/min as shown in Figure 4.13 (a and
143



b). The maximum conductivity decrease of the NaCl from an initial value of 143
uS/cm, using the 3.63%wt a-SWCNT/RVC and 12.50 %wt a-SWCNT/RVC
electrodes in the CDI unit system, was to around 140.72 puS/cm and 140.14 puS/cm
respectively, at a flow-rate of 25 and 50 mL/min. The conductivity at a flow-rate of
75 mL/min was decreased to 141.33 and 140.82 pS/cm using the 3.63%wt a-
SWCNT/RVC and 12.50 %wt a-SWCNT/RVC electrodes, respectively. These
results indicate that flow-rates above 50 mL/min would lead to lower electrosorption.
This is because too high a pump rate will introduce a high pump force that is greater
than the electrosorption force and therefore decrease the electrosorption amount
[209, 268]. In addition, the conductivity characteristics related to flow-rates did not
significantly change when the flow-rate was increased from 25 to 50 mL/min. This
was due to the equilibrium between the electrostatic force of the electrode and the
driving force in the flow-rate [209, 268]. Therefore, the electrosorption amount did
not significantly change in both cases. It is clear that when the loading level of a-
SWCNT increased in the RVC electrodes to 17.43%wt and 23.58%wt (Figure 13 (c
and d)), the efficiency of the conductivity at low flow rate (25 ml/min) was worse.
The reason is that a low pump rate would result in an obvious co-ions effect which
will depress the electrosorption process [209, 268]. Furthermore, the results showed
that 50 mL/min was the optimal flow-rate as shown in Figure 4.13 (c and d).

Thus, methodical investigations have been done that showed an electrical
voltage of 1.5 V and flow-rate of 50 ml/min are the optimum conditions and key
factors which affected the NaCl ion removal performance onto the sites of a-
SWCNT. These conditions were then applied to investigate the effect of a-SWCNT

loading on NaCl ion removal efficiency as reported in the next section.
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NaCl adsorption and release behaviour of various a-SWCNT coated RVC
electrodes at 1.5 V and at various flow-rates.
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Figure 4.13: Variations of the conductivity of NaCl solution with various applied
flow-rates and operating time. (a) 3.63 %wt, (b) 12.50 %wt, (c) 17.43 %wt and
23.58%wt a-SWCNT coated RVC electrodes.

4.3.8 Effect of a-SWCNT loading on electrosorption

The CDI system was investigated with respect to the influence of increased
loading of a-SWCNT of a-SWCNT/ RVC composite electrodes on the ion removal
performance. The loading levels were 3.63, 12.50, 17.43 and 23.58 %wt,
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respectively. All experiments were performed with an electrical voltage of 1.5 V and
a flow-rate of 50 mL/min through the CDI system, using 60 mL of the 75 mg/L NaCl
as feed solution, and the solution temperature was maintained at 293 K.

Figure 4.14 (a) depicts the CDI process at various a-SWCNT coated RVC
electrodes. As expected, once the electrical voltage was applied, the conductivity
decreased for all electrodes because ions were attracted by opposite charges on the
electrodes [33]. Then the conductivity would gradually approach a constant
minimum level, indicating that saturation was achieved. These adsorption processes
at first took 6 minutes. It is clear that the drop in conductivity of the solution
increased with increasing amounts of a-SWCNT on the RVC electrode. This
indicates that the increase in the amount of a-SWCNT leads to increase in the
interaction between the charged surface of the electrode and charged Na* and CI~
ions. Notably, the highest drop in conductivity was around 4.41 pS/cm using the
electrode which had 23.58 %wt a-SWCNT. For other electrodes the conductivity
decreased from 143.00 uS/cm to 141.34 uS/cm, 140.32 uS/cm and 139.29 uS/cm
with a-SWCNT loadings of 3.63 %wt, 12.50 %wt and 17.43 %wt, respectively.
Furthermore, when the CDI system was under 0 V of applied voltage, the electrode
can be quickly regenerated, that is, the adsorbed ions were desorbed from the
electrodes due to the disappearance of electrostatic forces. The discharge time was
approximately 30 minutes; to release all the ions from the electrodes and return the
solution conductivity to its initial level. These results suggest that the CDI process
using a-SWCNT coated RVC electrodes has promise as an effective technology for

desalination.
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Electrosorption removal of NaCl by our CDI system was measured from the
data in Figure 14 (a). Accordingly, the correlation of conductivity (uS/cm) with
concentration (mg/L) was calibrated prior to experiment see previous Equation (2.9.).
The electrosorption performance of a-SWCNT is shown in Figure 14 (b). The
electrosorption decreased with increasing mass of a-SWCNT. Clearly, when the
3.63%wt a-SWCNT/RVC electrode had 6 mg of a-SWCNT, the electrosorption was
8.39 mg/g, and when the 23.58%wt a-SWCNT/RVC electrode had 50 mg of a-
SWCNT, the electrosorption was 2.77 mg/g. On the other hand, if the electrosorption
of electrodes in terms of geometric volume or geometric area of the a-SWCNT
coated RVC electrodes was considered, the electrosorption increased with increasing
amounts of a-SWCNT. When the 3.63%wt a-SWCNT/RVC electrode had 6 mg a-
SWCNT, the electrosorption was 0.003 mg/cm?® or 0.02 mg/cm®, and when the
23.58%wt a-SWCNT/RVC electrode had 50 mg a-SWCNT, the electrosorption was
0.008 mg/cm? or 0.06 mg/cm®. Also it is clear that the electrosorption became more
stable above an electrode loading of 12.50 %wt a-SWCNT. Table 4.4 shows more
details of the electrosorption in terms of mass, area and volume for each a-SWCNT
coated RVC electrode.

In summary, although the electrosorption performance of the electrode with
3.63 %wt a-SWCNT loading is best in terms of mg/g of ion removal, it is the
electrode with 23.58 %wt a-SWCNT loading that affords the best ion removal in
terms of geometric area or geometric volume of electrode; ie it removes the most
ions in electrode size terms. This is advantageous when the size of the electrode
becomes a major consideration in designing a CDI system. Having designed a simple

CDI system and investigated its electrosorption performance, attention was then
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turned towards refining the CDI system with an improved cell design. This work is

now reported in the next section.

Adsorption and release behaviour of various a-SWCNT coated RVC electrodes at 1.5 Volt,
using S0ml/min water flowrate between electrodes
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Figure 4.14: (a) Adsorption and release behaviour and (b) the electrosorption
capacity in terms of mass of a-SWCNT and in terms of geometric volume of
composite electrode of various loadings of a-SWCNT on RVC electrode using the
CDI system.

Table 4.4: Electrosorption capacity of various a-SWCNT coated RVC electrodes

_ Electrosorption capacity
a-SWCNT in . )
Sample | cample (% w) mg/g mg/ cm mg/ cm
of a-SWCNT of electrode of electrode
1 3.63 8.39 0.02 2.8E-03
2 12.50 3.69 0.03 4.8E-03
3 17.43 3.42 0.05 6.5E-03
4 23.74 2.77 0.06 7.6E-03
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4.3.9 Effect of CDI cell configuration on ions removal efficiency

CDI systems are most often designed such that the feed stream to be
desalinated flows primarily between the two porous electrodes [44, 51, 167, 209].
This separation between electrodes must serve as both a flow channel and a structure
to prevent electrical shorts between the two porous electrodes. Flow-between (FB)
electrodes in CDI systems require long desalination times [376]. Therefore, an
attempt was made to change the location of the electrodes so as to flow the feed
stream directly through the electrode pores to reduce desalination time. This flow
system, now called flow-through electrode (FT) cell often uses low hydraulic
resistance and high surface area porous electrodes, consisting of micron-scale and
nano-scale pores [376]. According to Suss et al [376], when carbon aerogel is used in
a FT cell, the mean sorption rate increases 4 to 10 times higher than typically
achieved with a FB cell. This is because the the FT cell allows ion transport from the
microscale pore bulk to the nano-scale pores which maximize the surface area [376].
Figure 4.15 (a and b) is a schematic representation of a typical FB charging
electrodes configuration through a porous separator element and FT capacitive
desalination cell taht allows the feed solution to flow directly through the electrode

pores, respectively.
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Figure 4.15: Schematic diagram of flow-between and flow-through electrodes in CDI
cell.

Further experiments, therefore, were carried out to compare the performance
of the FB cell with that of the FTE cell. All experiments used 60 mL of the 75 mg/L
NaCl solution that was re-circulated at 50 mL/min as feed solution in the CDI system
under an applied voltage of 1.5 V. An a-SWCNT 50 mg coated RVC electrode
(23.58 %wt) was used as the working electrode. Also, the distance between
electrodes in both configurations was 5 mm. Figure 4.16 shows the effect of feed
stream directly through the electrode or between electrodes on desalination time. It is
clear that for one desalination cycle, 39 minutes were required for the flow between
electrodes configuration and 18 minutes for the flow directly through electrodes
configuration. In fact, the time required for desalination decreased more than two
times when the flow-through electrodes configuration was applied. In both systems,
the adsorption process took 6 minutes, and the rest of the time was required to
regenerate the electrodes. This means that the release of salt from the electrode
required 12 minutes and 33 minutes for flow-through electrodes and flow-between

electrodes, respectively. This improvement in the salt removal and regeneration
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process can be attributed to the facilitated ion transport at the electrode solution
interface and faster electron transport within the electrode that resulted in the 3 times
faster desalination cycle when the solution was flowed directly through the
electrodes. It is very important to draw attention to the shape of the conductivity
curve although the amount of conductivity decrease was the same in both systems.
The conductivity after 6 minutes in both systems was 138.59 puS/cm. This can be

attributed to the flowing force of ion transport to the electrode interface that was

same in both systems.

Behaviour of a 23.58%wt a-SWCNT coated RVC electrode when configured for flow-between
and flow-through system in a CDI cell using 50 mL/min flow-rate, 75 ppm NaCl, and 1.5V cell
voltage.
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4.3.10 New design for flow-through cell

The three times faster desorption cycle in a CDI system using flow-through
electrodes encouraged efforts to design a new CDI cell with a flow-through electrode
system. Figure 4.17 shows the schematic of a new design made in our laboratory. It
was built on a Connex 350 3D printer, by Objet. This time the flow-through cell was
produced using MED610 material printed over a period of three hours. This cell was
rectangular shaped outside and the dimensions were 50 mm *70 mm*28 mm in
height, length and width, respectively (Figure 4.17 (a)). Each side had one 4 mm
diameter hole in the middle that served as inlet and outlet ports for re-circulating the
fluid flow by pumping. When entering the cell, the solution was passed through a
flow distributor chamber, 40 mm *20 mm* 10 mm in height, length and width
respectively, that had 45 (0.35 mm diameter) holes in the exit side that helped to
direct flow onto the whole electrode surface (Figure 4.17 (b)). A similar chamber
was constructed for the outlet end. The cell was designed inside to fit a series of
electrodes and separate between them. The dimensions of each location and each
separating space were 50 mm * 22 mm* 5 mm and 50 mm * 20 mm* 5 mm in
height, length and width, respectively. This flow-through cell can hold up to 5

electrodes at any one time.

The total volume of solution was increased in this cell to 70 ml while the old
cell was 60 ml. This means that the total amount of NaCl salt dissolved in our
solution (75 mg/L = 143.00 pS/cm) increased from 4.50 mg to 5.25 mg. It is very
important to mention that the volume of solution is one parameter in the

electrosorption capacity equations (Eq 3.5, Eq 3.6 and 3.7). This means that the
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volume of electrosorption capacity will increase in the new cell compared with the
old cell if the electrode adsorption saturate at the same conductivity value. For
example, if the adsorption of the electrode (50 mg) saturate after the NaCl
conductivity dropped from 143.00 to 138.59 uS/cm (3.31 mg/L), then the absolute
amount of NaCl adsorbed by the electrode in the new cell is 0.16 mg and in the old
cell is 0.14 mg; resulting in electrosorption capacities of 2.77 mg/g and 3.23 mg/g

respectively.

.l.......*@,."’

Figure 4.17 : Schematic of a flow-through cell (a) and cross-section of flow
distributor chamber (b).

4.3.11 Effect of flow-rate and voltage on ions removal efficiency

In the new system, the total volume of solution was increase to 70 ml. The
concentration and the electrical voltage were as for the previous experiments; 75
mg/L NaCl solute ion and 1.5 V. The flow-rate was investigated to study the NaCl
removal using the best performance electrode in the old system which was the 23.58
%wt a-SWCNT coated RVC electrode. The distance between electrodes was 5 mm.
According to the old system, the best performance for water purification was at 50

ml/min flow-rate. This information led to this investigation of electrode performance
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at flow-rates below and above 50 ml/ min as shown in Figure 4.18. It is obvious from
the results that the best conductivity decrease was achieved when the flow-rate was
50 mL/min. When the flow-rate was above or below 50 ml/min, the conductivity
decrease was less, leading to lower electrosorption capacity. This is due to the fact
that a low pump rate would result in an obvious co-ions effect which will depress
the electrosorption process, while a high pump rate will introduce a high pump force
that is greater than that of electrosorption force and therefore decrease the
electrosorption amount [268]. Thus, an optimized flow-rate for the CDI process was

found to be 50 mL/min.

In the next sections, all experiments were performed with 70 mL of the 75
mg/L NaCl solution at 50 mL/min flow-rate through the CDI system under the

applied voltage of 1.5 V.

NaCl adsorption behaviour of 23.58 %wt a-SWOCNT coated RVC electrodes at 1.5
Volt, and various flow rates through electrodes
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Figure 4.18: Conductivity variations of NaCl solution with various flow-rates, as a
function of operating time.
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4.3.12 Effect of distance between the electrodes on efficiency of electrosorption

It is known that increasing the space between a pair of electrodes results in an
increase in electrical resistance between the electrodes that, in turn, leads to decrease
in the electrical current [377, 378]. Therefore the next phase of studies was directed
towards the effects of current density and space between electrodes on the efficiency
of electrosorption. The space between electrodes was varied from 5 mm to 15mm
then to 25 mm, respectively, and the counter electrode was RVC electrode, and the
working electrode was 23.58 %wt a-SWCNT coated RVC electrode. Figure 4.19
shows the current and conductivity behaviour of 23.58 %wt a-SWCNT coated RVC
electrodes for various gaps between electrodes. It was as expected, the current
density decreased with an increase in the gap between electrodes. When the distance
between electrodes was 5, 15 and 25 mm, the current at the start was found to be
4.56, 2.20 and 1.11 mA, respectively (Table 4.5). Table 4.5 also gives more details
about start current, current stability, charge of electrode, the time of highest
conductivity, and the energy output for each distance between electrodes.
Furthermore, the energy output of the CDI system was affected by an increase in the
space between electrodes. It is clear that if the space increases, the energy output
increases. The energy output at 5, 15, and 25 mm was 0.67, 0.91 and 1.42 J/C,

respectively. The energy can be calculated according to Equation (4.2) [379].

E=Q*V (Eq 4.2)

Where E is energy (J), Q is charge (C) and V is constant voltage (V).
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It is very interesting that the ion removal characteristics were affected by
various distances between electrodes. As the distance increased, the ion removal
amount was not affected in the range of distances from 5mm to 15 mm but was less
when the gap between electrodes was 25 mm. However the adsorption time required
increased when the distance was increased in all cases. One deionisation cycle took 7
min at 5 mm distance between electrodes but when the distance was increased to 15
mm the ions adsorption/ desorption cycle took 55 min as shown in Figure 4.19.
According to the above, the best design should have a small space between
electrodes because this will: reduce the time of water purification, afford efficient
energy output, decrease the electrical resistance between the electrodes and increase

the electrical current.

Table 4.5: The current of the CDI system for different inter-electrode distances used
1.5V applied voltage.

Distance | Time required Initial Stable Charge Energy
between | for adsorption current current ©) )
electrodes (min) (mA) (mA)
(mm)
5 6 4.56 1.02 0.45 0.67
15 25 2.20 0.27 0.61 0.91
25 60 1.11 0.16 0.95 1.42
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Current and conductivity behaviour of 23.58%wt a-SWCNT coated RVC
electrodes at 1.5 Volt, at various distances between electrodes
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Figure 4.19: The effect of distance between electrodes (5 mm, 15 mm and 25 mm) on
the current and conductivity behaviour of 23.58 %wt a-SWCNT coated RVC
electrode at 1.5 Volt and 50 ml/min flow-rate.

4.3.13 Adsorption/ desorption performance of a-SWCNT loaded RVC

electrodes

Having determined that the optimum distance between electrodes is 5 mm,
the optimum applied voltage is 1.5 V and optimum flow-rate is 50 mL/min, as
reported in the previous section, these conditions were used in further studies to
compare the desalination performance of a range of electrodes with different
amounts of a-SWCNT coated on the RVC. Figure 4.20 (a) shows the CDI process at
all loading levels of a-SWCNT in RVC electrodes. It is clear that the electrosorption
behaviours of all electrodes in the new cell followed the old cell in Section (4.3.8.);

ie the drop in conductivity increases with increasing amounts of a-SWCNT on the
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electrode. At the a-SWCNT 23.58 %wt coated RVC electrode, a better
electrosorption performance was achieved and the conductivity significantly dropped
about 4.41 uS/cm in the electrosorption process. For all electrodes the conductivity
would gradually approach a minimum constant level, indicating that saturation had
occurred. These adsorption processes took 6 minutes. During discharging of the CDI
system under 0 V of applied voltage, the solution conductivity returned to about its
initial value (143 uS/cm), meaning ions were released from the double layer region
back into the solution because of the disappearance of electrostatic forces (as
discussed in Section (4.3.8.)). The regeneration by discharging the CDI cells was
completed at 0 V after 18 min for the electrode with the highest amount of a-
SWCNT in the sample (23.58 %wt). This result is in keeping with earlier results
reported in Figure 4.14 (a).

Figure 4.20 (b) shows the electrosorption of various a-SWCNT coated RVC
electrodes in terms of the mass of a-SWCNT and the volume of electrode. It is clear
from the figure that the electrosorption decreased with the increase in weight of a-
SWCNT loading. Clearly, when the sample had 3.63 %wt a-SWCNT the
electrosorption capacity was 10.40 mg/g and when the sample had 23.58 %wt a-
SWCNT, the electrosorption capacity was 3.23 mg/g. On the other hand, if the
electrosorption of electrodes was considered in terms of geometric area or geometric
volume, the electrosorption increased with increase in the amount of a-SWCNT. For
example, when the sample had 3.63 %wt a-SWCNT, the electrosorption was 0.03
mg/cm® or 0.003mg/cm? and when the sample had 23.58 %wt a-SWCNT, the
electrosorption was 0.08 mg/cm?® or 0.009 mg/cm?, (Table 4.6). Table 4.6 also gives

more details about electrosorption in terms of mass, geometric area, and geometric
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volume for each a-SWCNT coated RVC electrode which were calculated according

to Equation (3.5), Equation (3.6) and Equation (3.7).

Table 4.6: Electrosorption capacity of various a-SWCNT coated RVC electrodes.

< | 2-SWCNT in Electrosorptlon3 capacity 2
ample | sample (wt %) mg/g mg/ cm mg/ cm
of a-SWCNT of electrode of electrode
1 3.63 10.40 0.03 3.5E-03
2 12.50 3.99 0.05 5.1E-03
3 17.43 3.67 0.06 7.2E-03
4 23.58 3.23 0.08 9.4E-03

NaCl adsorption and release behaviour of various a-SWCNT coated RVC electrodes at 1.5
Volt, using 50ml/min water flow-rate through electrodes
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Figure 4.20: (a) Adsorption and release behaviour, and (b) the electrosorption
capacity in terms of mass of a-SWCNT and the geometric volume of electrode of
various a-SWCNT coated RVC electrode coatings of a-SWCNT (wt%): 3.63%,
12.50%, 17.43% and 23.58%.
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4.3.14 Comparison between new cell (flow feed through electrode) and old cell

(flow feed between electrode)

This section compares the results of electrosorption capacity and the time of
one desalination cycle, obtained with various a-SWCNT coated RVC electrodes, for
the two different flow cells (flow feed through electrodes and flow feed between
electrodes), as shown in Table 4.7. All these data are obtained from section 4.3.8.
and section 4.3.13 using 75 mg/L NaCl feed solution. It is clear that, the
electrosorption capacity of all electrodes in the new cell was increased. For example,
the electrosorption capacity for 3.63 %wt a-SWCNT was increased from 8.39 mg/g
to 10.40 mg/g using flow feed between electrodes and flow feed through electrodes,
respectively. This means that electrosorption capacity increased 23.96% (see
example calculation below). In fact, the time required for one desalination cycle
decreased around three times after using flow feed through electrodes. The time of
one desalination cycle decreased from 30 min to 10 min, from 36 min to 12 min,
from 37 min to 15 min, and from 39 min to 18 min using 3.63 %wt a-SWCNT,
12.50%wt a-SWCNT, 17.43%wt a-SWCNT and 23.58%wt a-SWCNT coated RVC

electrodes, respectively.
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Table 4.7: Electrosorption capacities and the time of one desalination cycle of
various a-SWCNT coated RVC electrodes obtained by comparing the performance
between flow feed between (FB) electrodes and flow feed through (FT) electrodes
with NaCl feed solution (75 mg/L)

# Enhancement
a-SWCNT in
in RVC Flow Electrosorption electrosorption Time of one
electrode directi desalination cycle
(Wt %) irection mg/g
of % min
a-SWCNT
3.63 FT 10.40 23.96 10
FB 8.39 30
12.50 FT 3.99 8.13 12
FB 3.69 36
17.43 FT 3.67 7.31 15
FB 3.42 37
2358 FT 3.23 16.61 18
FB 2.77 39

# see example calculation below

Example calculation enhancement related of electrosorption capacity in new cell

using flow feed through (FT) electrodes compared with flow between (FB)

electrodes.

For the 3.63% a-SWCNT/RVC electrode, the electrosorption capacity 1 desalination
cycle is considered.

Thus:

Electrosorption capacity for the FT cell = 10.40 mg/g
Electrosorption capacity for the FB cell = 8.39 mg/g
Therefore,

(electrosorption using FT cell - electrosorption using FB cell)

Enhancement = ( ) * 100

electrosorption using FB cell

__ ((10.40 -8.39)

) %100 = 23.96%.
8.39
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4.3.15 CDI cycling stability

Regeneration of a-SWCNT coated RVC electrodes is a very important factor
affecting practical use in CDI systems. 23.58 %wt a-SWCNT electrode was used in
this study because it afforded the highest electrosorption capacity in terms of
geometric volume using the flow feed through cell. Figure 4.21 shows the
electrosorption/regeneration cycles of the 23.58 %wt a-SWCNT coated RVC
electrode, which was conducted by repeating several charging and regeneration
cycles. When no oxidation and reduction reaction occurs in electrosorption, the
current is mainly consumed for charging the electrode to electro-adsorb ions from the
bulk solution [323]. As can be seen, the polarization of the electrode at 1.5 V leads to
a decrease of solution conductivity. The conductivity sharply decreased because ions
migrate onto the oppositely charged electrode surface, and then continues to
gradually decrease until the electrical double layer is completely formed at the
electrode/electrolyte interface [267]. Moreover, the regeneration can be achieved
upon the electrode depolarization at 0.0 V. It is noted that the process of regeneration
can be carried out easily in a short time and the same pattern can be found in four
repeated electrosorption—desorption cycles, each cycle takes 17 min, ie 6 min ion
adsorption and 11 min release of ions. Also, the recycling stability was very high for
the reason that the decay of electrosorption capacity has not been observed. It
demonstrates that the electro-adsorbed ions can be desorbed by removing an electric
field, and then the a-SWCNT coated RVC electrode can be reused. Consequently, the
electrosorption of ions using this electrode is a reversible process and that the amount
of electro-adsorbed ions can be controlled, via manipulation of the electrical double

layer formation at the electrode/ electrolyte interface.
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Recycling behaviour of 23.58 %wt a-SWCNT coated RVC electrodes at 1.5 Volt,
using S0ml/min flow-rate through electrodes
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Figure 4.21: Multiple electrosorption—desorption cycles of 75 ppm NaCl solution for

23.58 %wt a-SWCNT coated RVC electrode. Polarization and depolarization was
performed at 1.5 V and 0.0 V, respectively.
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4.3.16 Electrosorption dynamics

The pseudo first-order, pseudo second-order, and intraparticle diffusion
dynamic models for NaCl adsorption onto the 23.58 %wt a-SWCNT coated RVC
electrode at a voltage 1.5 V and flow-rate of 50 ml/min using flow feed through cell
are shown in Figure 4.22. The electrosorption of NaCl onto the electrode was very
rapid within the first minute, then it became dynamic adsorption and after three
minutes the electrode gradually approached saturation as shown in Figure 4.22 (a).
The time required to reach sorption equilibrium was 6 minutes which may be due to
the higher rate of diffusion of ions onto the a-SWCNT particle surface. When the
Weber and Morris model, applying Equation (2.17), [258] is used to study
intraparticle diffusion of ions into the electrode, it is clear that the plot of g, versus

t9> shows three multi-linear regions as shown in Figure 4.22 (b).This behaviour is
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quite common in an electrosorption process [208, 209, 268, 324, 380] and it indicates
that more than one step is effective in the electrosorption process. When voltage was
applied, the first stage adsorption was occurring rapidly because the surface diffusion
was transported from the bulk solution to the external surface of the sorbent [381].
The second linear stage represents a gradual adsorption stage where intraparticle
diffusion of sorbate molecules move into the interior of sorbent particles, and the
third linear stage indicates that a low adsorption stage has occurred where
intraparticle diffusion starts on the interior sites of the sorbent [381]. In general, the
slope of the line in stage 2 is called the intraparticle diffusion rate constant, kiq [382].
The rate parameters, kiq, together with the correlation coefficients are listed in Table

4.8, they are 1.66 mg/gmin®° and 0.981, respectively.

Pseudo-first-order and pseudo-second-order processes were studied within
the first three minutes in Figure 4.22 (c) and (d), respectively. To evaluate the
Kinetics of the electrosorption process, the pseudo first-order and pseudo second-
order models were tested to interpret the experimental data. The slopes and intercepts
of plots of log (ge—qt) versus t were used to determine the first-order rate constant k;
and equilibrium adsorption density ge is shown in Figure 4.22 (c). The linear fit has a
relatively high r? value however close inspection of the model fit and experimental
observations in Figure 4.22 (c) suggests that application of Equation (2.12) is
appropriate as experimental observations are linear when plotted in this manner. A
comparison of the results with the correlation coefficients is shown in Table 4.8. The
correlation coefficients for the pseudo-first- order kinetic model obtained was 0.994

and the rate constant (ki) of the pseudo-first-order was 0.82 min™. Also the
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theoretical ge values found from the pseudo-first-order kinetic model gave reasonable

values (3.19 mg/g).

Pseudo second-order adsorption parameters ge and k; in Eq. (4.15) were
determined by plotting t/q; versus t as shown in Figure 4.22 (d). This figure shows
poor agreement between experimental data and the second-order kinetic model used
Equation (2.15). Table 4.8 lists the computed results obtained from the second-order
kinetic model. The correlation coefficient for the second-order kinetic model
obtained was poor (0.950) and the rate constant (k;) of the pseudo-second-order was
0.12 g/mg min. The calculated ge values also did not give reasonable values with the
experimental data; it was 4.72 mg/g. Furthermore the correlation coefficients (R?) for
the pseudo first-order kinetic model fits are 0.996, much higher than the correlation
coefficients derived from pseudo second-order model fits. Given the good agreement
between model fit and experimentally observed equilibrium adsorption capacity, in
addition to the large correlation coefficients, this suggests that NaCl adsorption has
obeyed pseudo first -order kinetics rather than pseudo second -order kinetics and that
NaCl ions were not adsorbed onto the a-SWCNT surface via chemical interaction
[381]. Similar trends have been reported in the literature for the adsorption of NaCl

ions from aqueous solutions by other adsorbents [208, 209, 268, 320, 324, 332, 380].

Table 4.8: Comparison between the adsorption rate constant, ge, estimated and
Correlation Coefficients associated with pseudo-first-order and pseudo-second-order
Rate Equations and Intraparticle Diffusion.

pseudo-first-order pseudo-second-order intraparticle
diffusion
Qe Ki R | g«mg/g) K, R* | h(mg/g Kid R?
mg/g) | (min™) (9/mg min) (mg/g
min) min®®)
3.19 0.82 | 0.994 4.72 0.123 | 0.950 2.74 1.66 0.981
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Electrosorption of NaCl onto 23.58% a-SWCNT coated RVC electrodes at 1.5 Volt,
used 50ml/min water flow-rate
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Intraparticle diffusion model for NaCl onto23.58% a-SWCNT coated RVC electrodes at
1.5 Volt, used 50ml/min water flow-rate
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Figure 4.22: The (a) electrosorption, (b) intraparticle diffusion, (c) adsorption
Kinetics pseudo-first-order, and (d) adsorption kinetics pseudo-second-order, of NaCl
onto23.58 %wt a-SWCNT coated RVC electrode at 1.5 V and 50 mL/min flow-rate.
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4.3.17 Electrosorption isotherms

Electrosorption isotherms are essential to estimate the electrosorption
behaviour of Carbon electrodes. This experiment was carried out at an electrical
voltage of 1.5 V with different initial concentrations of NaCl at a flow-rate of 50
ml/min through a CDI unit cell, to obtain the electrosorption isotherm. The
electrosorption of NaCl onto a-SWCNT (23.58 %wt) coated RVC electrode was
evaluated at a constant temperature of 298 °K for the isotherm. The initial
concentrations of NaCl solutions were 25 mg/L, 50 mg/L, 75 mg/L, 100 mg/L, 200
mg/L, 300 mg/L, 400 mg/L and 500 mg/L, respectively, as shown in Figure 4.23.The
electrosorption of a-SWCNT was affected at different initial solution concentrations.
When the solution was very dilute, the adsorbed NaCl amount inclines to zero. The
removal amount of NaCl increases as the initial concentration is raised, which is due
to the enhanced mass transfer rate of ions inside the micropores and reduced
overlapping effect by higher concentration of solution [324-326]. The electrosorption
capacity of SWCNT (23.58 %wt) coated RVC electrode was 8.89 mg/g at 500 mg/L

feed concentration.

Langmuir (Eq. 2.18) and Freundlich (Eq. 2.19) isotherms were used to fit the
experimental data for electrosorption of Na* and CI™* onto the electrodes. Table 4.9
shows the determined parameters and regression coefficients R?, K_ and K of
Langmuir and Freundlich isotherms respectively for NaCl electrosorption using a-
SWCNT (23.58 %wt) coated RVC electrode as electrosorption electrode. It was
found that the electrosorption for this electrode obeys both the Langmuir isotherm

and the Freundlich isotherm models, according to the R? values (better than 99.9%
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confidence level). The regression coefficients were 0.997 and 0.989 for the Langmuir
isotherm and Freundlich isotherm, respectively. This phenomenon suggests that the
monolayer adsorption was the primary adsorption mechanism during the
electrosorption process [209, 332]. The K. and Kg values of a-SWCNT electrode
was 0.01 and 0.28, respectively. Normally, a higher value of n between 1 and 10
represents more beneficial adsorption [268] and the value of n in this electode was
1.77. Hence, the a-SWCNT electrode with high value of n exhibits a high potential
electrosorption capability. In such a system, the adsorbed layer is extremely thin and
the amount adsorbed is only a fraction of the monolayer capacity. Therefore, the
electrosorption of the a-SWCNT/RVCelectrode in CDI follows the monolayer
adsorption [208]. Additionally, in order to estimate the maximum electrosorption
amount of a-SWCNT, the parameter qm in the Langmuir isotherm model was
considered as the maximum adsorption capacity, so the results suggest that the
maximum adsorption capacity was improved as the bias concentration rose. The
equilibrium electrosorption capacity of this electrode, at a polarization of 1.5 V and a

flow-rate of 50 ml/min, was 13.08 mg/g.
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Figure 4.23: The electrosorption isotherm for 23.58 %wt a-SWCNT coated RVC
electrode at 1.5 V and 50 ml/min NaCl flow-rate.

Table 4.9: Determined parameters of regression coefficients R?, K. and K¢ of
Langmuir and Freundlich isotherms for NaCl electrosorption by using a-SWCNT
(23.58 %wit) coated RVC electrode as electrosorption electrode.

Isotherm parameter Value
Langmuir Jm 13.08
KL 0.01

R 0.997
Freundlich K 0.28
n 1.77

R 0.989
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4.3.18 Comparison of present work with previous published research studies

In this section, a-SWCNT coated RVC electrodes electrosorption capacities
were compared with several other carbon materials such as activated carbon (AC),
activated carbon nanofibre web (ACF) [265], carbon nanotubes (CNT) [321],
composite carbon nanotubes with carbon nanofibre (CNT/CNF) [322], reduced
graphite oxide (rGO) [320], and carbon aerogels (CA) [50] that have been studied as
CDI electrode materials. Table 4.10 lists the electrosorption capacity, mass and
dimensions of electrode materials, and other basic information for CDI systems of all
previous carbon electrode materials. It can be observed that all researchers measured
electrosorption capacity by mg of NaCl per gram of active material and they ignored
measuring it by geometric area or geometric volume. This leads to comparison of all
electrosorption capacities by the weight of activated carbon materials in the
electrode. However, our research was focussed on improving the electrosorption
capacity in terms geometric area and geometric volume. It can be seen that 3.63 %wt
of a-SWCNT coated RVC gave the highest amount of electrosorption capacity
(10.40 mg/g) than that of other electrode materials. Also the electrode that had 23.58
%wt a-SWCNT coated on the RVC still had high electrosorption capacity (3.23
mg/g) compared with CNT electrode material (2.33 mg/g). It is worth mentioning
that the time required for one adsorption cycle in the CNT electrode material, which
was 100 min, was decreased more than 16 times when the a-SWCNT coated RVC
electrode was used (6 min). This means that the amount of pure water produced is
increased more than 16 times when the a-SWCNT coated RVC electrode is used.

The electrosorption capacity of activated carbon nanofibre web (ACF) was

consistently higher than that of AC, CA, CNT, CNT/CNF, rGO and all a-SWCNT
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coated RVC electrodes except the 3.25 %wt SWCNT coated RVC, as shown in
Table 4.10. Unfortunately, this ACF electrode functioned with very low flow-rate
(5ml/min) and needed a long time to complete one cycle of adsorption (150 min).
The main differences between the CDI electrodes include the energy consumed in
the CDI system. It is known that the energy consumed increases with increase in the
time required for the adsorption processes and increase in the cell voltage [379].
Table 4.10 shows the applied cell voltages and time for one adsorption cycle. It is
noted that the applied cell voltage for all a-SWCNT coated RVC electrodes was 1.5
V as also for the AC, CA and rGO electrodes. The differences between these
electrodes were the time for one adsorption cycle which was 6 min for a-SWCNT
coated RVC electrode, 30 min for AC and rGO, and 840 min for CA. It is observed
that the energy consumed in the CDI system with a-SWCNT coated RVC electrode
is much less compared with other electrodes. Also, if one compares the time per
adsorption cycle of a-SWCNT coated RVC (6 min) with other electrodes in Table

4.10, one can see that the time is much shorter which leads to energy saving.
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Table 4.10: Comparison of electrosorption capacity of various carbon electrodes and
electrodes developed in this thesis.

Carbon electrodes Electrodes developed in this thesis
(SWCNT/RVC) using new cell
AC | CA | CNT | CNT/ | rGO | ACF | 3.63 | 12.50%wt | 17.43 | 23.58
CNF Yowt Yowt Yowt
Electrosorption | 1.42 | 256 | 233 | 3.32 | 3.23 | 464 | 10.40 3.99 3.67 3.23
capacity
(mg/g)
Electrosorption - - - - - - 0.029 0.043 0.058 | 0.075
capacity
(mglcm®)
Electrosorption - - - - - - 0.039 0.057 0.078 0.10
capacity
(mglcm?)
Mass of 150 | 430 | 0.12 | 0.85 | 150 | 0.31 | 0.006 0.023 0.034 | 0.050
materials (g)
Electrode length | 14*7 | 16*8 | 8*8 8.7 14*7 | 7*5 4*1.8
& width (cm) Diame
ter
Electrode 0.3 0.8 | 0.03 0.3 0.3 0.2 3.0
thickness (mm)
Applied voltage | 1.5 15 1.2 1.2 1.5 1.6 15
V)
Flow-rate 20 400 40 14 20 5 50
(ml/min)
Solution volume | 200 | 500 50 40 200 50 70
(ml)
Initial 145 | 101 | 100 100 145 | 192 143
conductivity of
NaCl solution
(uS/cm)
Time of 30 840 | 100 45 30 150 6
electrosorption
cycle (min)
Reference [320] | [50] | [321] | [322] | [320] | [265]
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4.4  Conclusions

In summary, SWCNT material was functionalized by reflux method in nitric
acid, and it was characterised by Raman spectroscopy and Visible spectra. The
concentrate (0.2 % wi/v) of functionalized SWCNT (a-SWCNT) was dispersed in
DMF solvent by ultrasonic probe and the sonication energy was 6 KJ per mg. After
that, RVC electrodes were loaded with a-SWCNT to different levels including until
pores of the RVC were filled. A unique 3D electrode has been constructed and
explored as a novel CDI electrode. All 3D electrodes were evaluated for their
electrochemical properties by cyclic voltammetry. SWCNT coated RVC electrode
was used as electrode in CDI methodical investigations that showed that an electrical
voltage of 1.5 V and flow-rate of 50 ml/min were the optimum conditions and that
they were key factors which affected the NaCl ion removal performance onto the
sites of a-SWCNT. The CDI system was investigated with respect to the influence of
increased loading of a-SWCNT of a-SWCNT/ RVC composite electrodes on the ion
removal performance. These results suggest that the CDI process using a-SWCNT
coated RVC electrodes have promise as an effective technology for desalination.
Subsequently, an improved CDI system was designed to accept solution flowing
through the electrodes and its effect on desalination cycle time was studied. It is clear
that for one desalination cycle, 42 minutes was required for the flow-between
electrodes configuration and 18 minutes for the flow through electrodes
configuration. The three times faster desorption cycle in a CDI system using flow-
through electrodes encouraged efforts to design a new CDI cell with a flow-through
electrode system. The electrosorption capacity of all electrodes in the new cell was

increased and the time required for one desalination cycle decreased as well. The
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electrosorption capacity for 3.63 %wt a-SWCNT was increased from 8.39 mg/g to
10.40 mg/g using flow feed between electrodes and flow feed through electrodes,
respectively. This means that electrosorption capacity increased 23.96%. In fact, the
time required for one desalination cycle decreased around three times after using
flow feed through electrodes. In addition, the ion removal characteristics were
affected by various distances between electrodes. As the distance increased, the ion
removal amount was not affected in the range of distances but the adsorption time
required increased when the distance was increased in all cases. It observed that
NaCl adsorption has obeyed pseudo first -order kinetics rather than pseudo second -
order Kinetics. It was found that the electrosorption for 23.58%wt a-SWCNT
electrode obeys both the Langmuir isotherm and the Freundlich isotherm models.
This phenomenon suggests that the monolayer adsorption was the primary adsorption
mechanism during the electrosorption process. The maximum electrosorption
capacity result for 23.58 %wt a-SWCNT electrode was 8.89 mg/g at 500 mg/L feed
concentration, as compared with a theoretical maximum value of 13.08 mg/g
calculated using the Langmuir isotherm model. In conclusion, all the aims of this

chapter were achieved.
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5 PERFORMANCE ENHANCEMENT
OF CAPACITIVE DEIONIZATION
(CDI) SYSTEM BY MODIFIED 3D

SWCNT/RVC ELECTRODES USING
MICROWAVE IRRADIATED
GRAPHENE OXIDE (MW GO).

175



5.1 Introduction

The CNT/RVC electrode described in Chapter 4 was a success as an
electrode in a CDI system because it had increased stability at high flow-rate
pressure, increased the possibility of ions to reach all of the electrode surface in a
short time for electrosorption, and shortened the time of ions desorption from the
electrode surface. The goal of the work in this chapter is to increase the
electrosorption capacity of CNT/RVC electrode. This can be achieved by firstly
improving the pore structure and surface area. Both play a significant key role in the
electrical double-layer capacitance in a CDI system. This could occur by uniform
distribution of macropores that provide better electrochemical accessibility, and
facilitates rapid and easy ion transport.

Graphene material has recently become a material of interest in various
applications such as capacitive deionization (CDI), supercapacitor, optical detection,
electrochemical biosensing, nanoelectronic circuits, energy, battery, and analytical
applications [208-212, 383-393]. This is because graphene has an impressive
theoretical surface area (2630 m?/g) [177, 178], high theoretical specific capacitance
(550 F/g) [212, 394], a theoretical electrical conductivity as high as 7200 S/m [207],
mean pore diameter and total pore volume reaching to 4.38 nm and 0.44 cm®/g,
respectively [212] and other interesting properties. These intriguing properties enable
graphene to be considered for significant enhancement of carbon nanotube coated
RVC electrodes by acting as conductive bridges for the pores between the CNT
particles. Moreover, according to Zhang et al. graphene sheets decreased the
aggregation of the CNTs bundle and thereby increase the actual accessible area

[167]. In addition, the CNT with graphene will build 3D multilayer architecture
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pores inside the film which are responsible for providing many more available spaces
to accommodate ions during electrosorption [211, 395].

CNTs and graphene combinations have been used to prepare electrodes for
CDI systems [167, 211, 212]. Significant property enhancement has been observed in
these materials where graphene sheets are intercalated with CNTs to enhance the
electron transfer between the graphene sheets as the salt solutions are inherently
resistive. In addition, the spacing between the graphene sheets is increased which
improves solution flow and facilitates access of ions to these electrode materials.
When these composite electrodes are compared with CNT or graphene electrodes
alone, the electrical conductivity, accessible surface area, specific capacitance
volumes, electrochemical stability and electrosorption capacity are improved
resulting in low energy consumption for the CDI system. All of them used the
Hummer’s method to prepare GO from graphite and were exfoliated by low power
sonication or thermal treatment. These electrodes were made to be used as two
dimension (2D) sheet electrodes with no significant electrode thickness (0.02 cm).

In this chapter, the electrodes were made as novel three-dimensional (3D)
electrodes with electrode thickness (0.3 cm) using reticulated vitreous carbon (RVC)
electrode as substrate. In addition, graphene oxide (GO) nanosheets were synthesised
through a modified Hummer’s method and microwave irradiation was used as a fast
way to reduce and exfoliate (GO) nanosheets. After that, the microwave irradiated
graphene oxide (mwGO) was dispersed with functionalized CNT in amide solvent
(DMF) at various ratios and then used to coat RVC electrodes by a dip coating
method. The sonication time was optimized by monitoring with Visible spectra. In

addition, the energy of sonication of each mg of composite material was selected.
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Composite electrodes were characterised for their morphology and electrochemical
properties. These electrodes were tested in a capacitive deionization system using a
feed stream flowing directly through the electrodes. The performance of these
electrodes in the system was investigated under various working conditions such as:
flow-rate and bias potential which were optimized. Furthermore, investigations of the
electrosorption isotherm such as Langmuir and Freundlich models to describe how
ions interact with electrodes, and electrosorption dynamics to evaluate the
performance of electrodes. All of these characteristics are very important for

developing electrodes and effective technology for desalination.

5.1.1 Aims of the work in this chapter

The aims of the research described in this chapter can be summarized as follows:

» Synthesis of graphene oxide (GO) nanosheets through a modified Hummer’s
method and use microwave irradiation to reduce and exfoliate (GO)
nanosheets.

» Prepare composites of microwave irradiated graphene oxide (mwGO) with
functionalized single-walled carbon nanotubes (a-SWCNT) to improve the
conductivity, surface area and ions diffusions in the CNT material.

» Build novel 3D CNT/mwGO/RVC composite electrodes without binder,
which would usually reduce the specific capacitance.

» Test the electrosorption performance of 3D CNT/mwGO/RVC composite
electrodes and compare with the best performing 3D CNT/RVC electrode

from Chapter 4.
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5.2 Experimental

5.2.1 Chemicals and Materials

Commercial single-walled carbon nanotubes (Hipco-CCNI /Lot # p1001)
were purchased from Carbon Nanotechnologies, Inc (Houston, TX) and graphite
powder was purchased from Bay Carbon, Inc. which was used as received. The
following chemicals obtained from Sigma-Aldrich were also used as received: -N, N-
Dimethylformamide (DMF) (AR grade), concentrated nitric acid (70%) (AR grade),
potassium permanganate (KMNO,) (AR grade), ethanol (C,HsO) (AR grade), and
sodium chloride (AR grade). In addition, the following chemicals obtained from
Univar were also used as received: concentrated sulphuric acid (H,SO4, 98%,w/vV)
(AR grade), hydrogen peroxide (30% aqueous H,0;) (AR grade), and concentrated
(36%, wi/v) hydrochloric acid (HCIl) (AR grade). The reticulated vitreous carbon
(compressed 60 ppi (pores per inch)) was purchased from ERG Materials and
Aerospace Engineering and used as received. Membrane filters (0.2 pum pore size
GTTP) was purchased from MILLIPORE and cleaned. Milli-Q water with a

resistivity of 18.2 mQ cm™ was used in all preparations.
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5.2.2 Methods

5.2.2.1 Functionalization of carbon nanotubes

As received SWCNT material was functionalized by a reflux method as

described in Section 4.2.2.1.

5.2.2.2 Synthesis of graphene oxide (GO)

Graphene oxide was synthesised using a modified Hummer’s method as
outlined by Marcano et al. [197]. In detail, 1 g of graphite powder was added to 60
ml of concentrated H,SO,4 and mixed thoroughly for a few minutes. Then 3.5 g of
KMNO, was added in small aliquots so as the temperature did not exceed 100 °C.
This mixture was left stirring overnight for 18 h. From 300 to 500 ml of distilled H,O
was added (ice bath condition) to hydrolyse the intercalation compound that forms
graphite oxide. Lastly, 30% aqueous H,O, (drop wise, approximately 3 ml) was
added until a complete colour change was observed. Finally, the mixture was filtered
and washed with HCI solution, water, and ethanol. After vacuum filtration the slurry

was dried in a vacuum oven overnight at 50 °C.

5.2.2.3 Exfoliation and reduction of graphene oxide using microwave

irradiation

Exfoliated and reduced GO (mwGQO) were formed by using a conventional
microwave oven (1200 W). After irradiation, the GO glowed red hot accompanied by
fuming and sparking, leading to a remarkable volume expansion caused by the
violent expulsion of the volatile species from the interlayer spaces of the graphene

intercalation compounds [396, 397].
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5.2.2.4 Dispersion of microwave irradiated graphene oxide (mwGO) and acid

treated Single-Walled Carbon Nanotubes (a-SWCNT)

A dispersion of 5 ml containing mwGO 0.1% w/v in DMF, one of the best
solvents reported for GO dispersions because it can be coupled to an amphiphilic
oligoester to produce amphiphilic graphene oxide that is dispersible [194, 397], was
obtained by using a Branson homogenizer, Sonifier model S-450D equipped with a
13 mm step disruptor horn and a 3 mm tapered microtip, operating at a 20 kHz
frequency and 25% amplitude as the power output (100 W) , with pulse of two
seconds on and one second off. The dispersion was sonicated in a water-ice bath to
prevent the suspension from overheating. In addition, the optimization of sonication
time, sonication energy and solution stability will be discussed in the Results and
Discussion section (Section 5.3.4.2). Furthermore, functionalised SWCNT 0.2% wi/v

was dispersed in DMF and optimised as described in Section 4.2.2.2.

5.2.2.5 Preparation of a-SWCNT/mwGO composite coating solution.

The fabrication of a-SWCNT/mwGO composite material coated RVC
electrode involves the following steps (Figure 5.1). The dispersion containing a-
SWCNT and mwGO solution were mixed via a combination of probe sonication for
30 minutes at 30% amplitude (1s on / 2s off pulse) and bath sonication for 30
minutes [167] and as optimised for the individual components. The a-
SWCNT/mwGO composites were prepared using the weight ratios 90% a-SWCNT:
10% mwGO, 80% a-SWCNT: 20% mwGO and 70% a-SWCNT: 30% mwGO which
were the weight ratios optimised in our laboratory, one of which (90% a-SWCNT:

10% mwGO) afforded the highest specific capacitance for the composite material in
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an electrode and that also gave the highest capacity for electrosorption. This is

discussed later in the Results and Discussion section.

Modified Hummer's
method

Graphene oxide

(G0)

SWCNT
powder

Graphite flakes
powder

\ 4
Microwaveirradiation

lM{l graphene oxide
S (@wGO)

v
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a-SWCNI

powder

A-SWCNT/mwGO
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coating solution
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Sonicated a-SWCNT
solution

Sonicated mwGO
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Figure 5.1: Schematic diagram of the preparation process of composite a-
SWCNT/mw GO coating solution.

5.2.2.6 Pre-treatment of the RVC electrode

The best pores per inch (ppi) RVC electrode used as substrate for loading
carbon material for use in a CDI system was optimized in Section 4.3.3. It was the 60
ppi RVC electrode because it leads to an increase in the conductivity of the electrode
which readily allows the movement of electrical charge, and has higher capacitance
and surface area. Therefore, 60 ppi RVC electrodes were selected as substrates to
load a-SWCNT/mwGO composite material for use as electrodes in a CDI system. All
RVC electrodes (length 4 cm * width 1.8 cm * thickness 0.3 cm) (2.16 cm®) were cut
from a block of RVC electrode, and were cleaned as described in Section 3.2.2.2. All

RVC electrodes were weighed after drying.
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5.2.2.7 a-SWCNT, mwGO, and a-SWCNT/mw GO composite dip coated RVC

electrodes

All electrodes which are a-SWCNT, mwGO, or a-SWCNT/mwGO
composites with RVC, were made by the dip coating method as described in Section
4.2.2.4. They were immersed slowly into the composite solution to allow the air to
escape and prevent the formation of air pockets. Figure 5.2 shows a schematic
diagram of the full process of dip coating RVC in a composite solution of 9 CNT: 1
mw GO. In addition, the process of the RVC electrode being soaked in solution and
drying afterward in an oven overnight is shown schematically. The substrate, after
dip coating, was dried at 100 °C in an oven for 2 h and then in a vacuum oven at
50 °C for 2 h to remove all organic solvents remaining in the micropores of the

electrode.

Table 5.1 presents the weights of material loadings on the RVC electrodes as
determined by weighing the electrodes before and after dip-coating. The 9 a-
SWCNT/ mwGO composite material weights coated on RVC electrodes were 10, 30
and 50 mg, and all the other composite materials weights coated on RVC electrodes
were 50 mg including a-SWCNT and mwGO material coated RVC electrodes. A
maximum of 50 mg loading was used because previous work (Chapter 4) showed
that 50 mg was the highest amount of CNT material that can be loaded into the RVC
electrode and it afforded the highest capacitance and electrosorption capacity in
terms of geometric volume. Initial investigations were done (Table 5.1 (a)) to

determine which electrode material gave the best performance with maximum 50 mg
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loading. Subsequent experiments (Table 5.1 (b)) were performed on the best

electrode to confirm that 50 mg loading indeed gave the best result.

In future discussions, these composite electrodes, depending on the ratio of a-
SWCNT in the sample, will be identified as 9-CNT/mwGO/RVC (9 a-SWCNT: 1
mwGO coated RVC electrode), 8-CNT/mwGO/RVC (8 a-SWCNT: 2 mwGO coated
RVC electrode), 7-CNT/mwGO/RVC (7 a-SWCNT: 3 mwGO coated RVC
electrode), CNT /RVC (10 a-SWCNT: 0 mwGO coated RVC electrode), and

mwGO/RVC (0 a-SWCNT: 10 mwGO coated RVC electrode).

Table 5.1: Details of carbon materials coated on RVC (2.16 cm®) electrodes.

Ratio in coating solution
samples a-SWCNT mw GO Material weight (mg)
(a)

CNT/RVC 10 0 50
9-CNT/mwGO/RVC 9 1 50
8-CNT/mwGO/RVC 8 2 50
7-CNT/mwGO/RVC 7 3 50

mwGO/RVC 0 10 50
(b)
9-CNT/mwGO/RVC
1 9 1 10
2 9 1 30
3 9 1 50
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Figure 5.2: Schematic diagram of the preparation process of ratio 9:1 composite a-
SWCNT/mw GO coated RVC electrode.

5.2.2.8 Electrochemical characterisation

The capacitance of a-SWCNT, mwGO, and a-SWCNT/mwGO composite
electrodes were determined by cyclic voltammetry (CV). A a-SWCNT/RVC,
mwGO/RVC or a-SWCNT/mw rGO/RVC composite electrode was used as the
working electrode (WE) in 1 M NaCl aqueous solution and scanned in the voltage
range between -0.2 to 1.0 V using a three-electrode system; RVC electrode and
Ag/AgCl (3M NaCl) were used as counter electrode (CE) and reference electrode
(RE), respectively. The scan rates used were 5, 10, 20, 50, 100 and 200 mV/s,

respectively. Contacts to the WE and CE were made using Pt wire.
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5.2.2.9 Physical characterisation

The morphology of the a-SWCNT, mwGO, and a-SWCNT/mwGO
composite coated RVC electrodes were characterised using a field emission scanning
electron microscope (FESEM) at a specific voltage of 1.0 KV. Furthermore, a-
SWCNT and GO functionalization characterization was done by: (1) Visible
absorption spectra obtained using quartz cuvettes, (2) Raman spectra measured with
a Raman spectrometer equipped with a visible Raman microscope and CCD detector
at the excitation wavelength of 632.81 nm where spectra were obtained over 30 s at
1.0 cm™ ! resolution, and (3) X-ray photoelectron spectroscopy (XPS) to determine
the functional groups in carbon binding to carbon, and hydrogen and oxygen in GO
and mwGO. The XPS binding energy spectra were recorded at the pass energy of 20
eV in the fixed analyser transmission mode. X-ray diffraction (XRD) was employed
in order to understand the crystallinity of the structure and to determine the interlayer
distance between nanosheets. The XRD measurements were taken with CuKa
radiation (A= 0.154) operating at 40 KeV and with a cathode current of 20 mA. In
addition, the thermal stability of the graphite, GO and mwGO materials was
determined by thermogravimetric analysis (TGA). Experiments were performed by
using a Q500 (TA Instruments) apparatus at a ramp rate of 5 °C/min in air, with a
combined gas flow of 10 ml min* Nitrogen (N) and 90 ml min* air from 25 °C to

800 °C.
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5.2.2.10 Measurement of amount of ion removal from the NaCl aqueous

solution

NaCl concentration was determined by measuring the electrical conductivity

of NaCl solution as described in Section 2.4.3.

5.2.2.11 Construction of a capacitive deionization cell

Capacitive deionization experiments were carried out in a new design of a
flow-through electrodes system as described in Section (4.3.11.). In the system, the
total volume of solution was 70 ml of the NaCl solution, the distance between
electrodes was 5 mm, and solution temperature was maintained at 293 K. A RVC

electrode was used as counter electrode.
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5.3 Results and discussion
5.3.1 Characterisation of a-SWCNT after functionalization

a-SWCNT were prepared and characterised as described in Section (4.3.1.1.) and

(4.3.1.2.).

5.3.2 Dispersion of a-SWCNT in DMF

The Visible spectra of a-SWCNT dispersions as a function of sonication time
between 350 and 750 nm were discussed in Section (4.3.2.1.). In addition, the
minimum amount of energy required to effectively disperse the a-SWCNT was 180
KJ at 30 min as described in Section (4.3.2.2.), and the stability of dispersion was

also discussed in Section (4.3.2.3.).

5.3.3 Chemical conversion of graphite to graphene oxide

The most common source of graphite used for chemical reactions, including
its oxidation, is flake graphite, which is a naturally occurring mineral that is purified
to remove heteroatomic contamination [398]. The reaction of graphite with sulfuric
acid (H,SOg) in the presence of KMnQO, is shown in Equation (5.1). Graphite
bisulfate (GB) (C3,HSO;.2H,S0,), was prepared using a chemical method in the
presence of strong oxidants by the intercalation of graphite with a mixture of

potassium permanganate and concentrated sulfuric acid [399].

5C,, + KMnO, + 17H,S0,

- C$,HS0;. 2H,S0, + MnSO, + 4KHSO, + H,0 Eq5.1
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At the same time, rapid bubbling occurs due to the release of carbon dioxide from the

reaction according to Equation (5.2) [399]:

5C+ 4KMnO, + 8H,S0, — 5 CO, + 4MnS0O, + 4KHSO, + 6H,0 Eq 5.2

Water was added to hydrolyse the intercalation compound to form graphite
oxide. H,O, was added after hydrolysis to decompose permanganate ions into
manganese (IV) ions where after the manganese (IV) ions were removed by vacuum
filtration. The result was washed with HCI solution to ensure no undesirable
manganese hydroxides were formed, which can get trapped in between the
graphene/graphite layers [400]. The inset in Figure 5.3 (b) shows an optical image of

graphene oxide, after washing and vacuum drying, at the bottom of a glass vial.

5.3.3.1 Surface chemistry of graphene oxide (GO)

Energy-dispersive X-ray (EDX) spectra, Fourier-Transform Infrared (FTIR)
spectra, and X-ray diffraction patterns (XRD) were used to confirm the successful

oxidation of the graphite flakes to form GO using strong acid.

5.3.3.1.1 Energy-dispersive X-ray spectroscopy

Figure 5.3 (a and b) show the SEM images and corresponding EDX spectra
of graphite flakes powder and as-prepared GO respectively. The smooth leaf
structure of graphite flakes was completely changed into the uniform rough and
porous structure containing valleys and elevated regions which reflect vast amounts
of sheet stacking after the chemical oxidation process, which can be clearly seen
from the scanning electron microscopy (SEM) images of graphite and as-prepared

GO given as insets in Figure 5.3 (a) and (b), respectively. The crystal structures of
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graphite flakes powder and as-prepared GO are identified using X-ray diffraction
(XRD) patterns (Figure 5.3 (c)). Graphite flakes exhibit a strong and sharp peak at
26.6° indicating a higher ordered structure, that corresponds to a basal spacing dog, =
0.343 nm (described by Bragg's Law (Eq 2.8.). The pattern of graphene oxide, on the
other hand, exhibits a 001 reflection at low-angle region (10.8%) corresponding to a
basal spacing of dgo; = 0.820 nm and the broader peak at 26 =20.7° corresponding to
the (doo2 = 0.435 nm) crystal plane of graphite and amorphous carbon [198, 401].
These results are similar to those of other GO precursors [198, 402] and it can be
attributed to the introduction of oxygen-containing functional groups into the carbon
lattice during the oxidation [403]. The interlayer spacing of GO is higher than the
interlayer spacing of graphite flakes (d-spacing= 0.343 nm). In addition to SEM
images and XRD, the corresponding EDX spectra in Figure 5.3 (b, for GO) reveal
the formation of a new structure with a higher oxygen content of 30.1 wt % O (the
oxygen content of graphite is too low to be detected (Figure 5.3 (a)) and lower C/O
ratio of 2.3; indicating the oxidation of graphite flakes and formation of GO. The
higher oxygen content of GO than that of graphite is due to the formation of epoxide,
carboxylic acid and hydroxyl groups on the edges and the basal planes of the carbon
structure, respectively [404]. In addition to the C and O atoms in Figure 5.3 (b), no
peaks exist in the EDX spectra of GO; which indicates that no impurities, presence of
sulphur and manganese, have been left as residuals of H,SO,4 and KMnQO, used in the

preparation procedure.

190



Energy-dispersive X-ray spectroscopy
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Figure 5.3: (a and b) Energy-dispersive X-ray (EDX) spectra, (c) the X-ray
diffraction (XRD) patterns of the graphite flakes powder and graphene oxide (GO)
film respectively, and (d) Fourier-Transform Infrared (FT-IR) spectrum for graphene
oxide film. Inset shows scanning electron microscopy (SEM) and optical images of
the (a) graphite flakes powder and (b) the GO film.
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5.3.3.1.2 Fourier-Transform Infrared spectroscopy (FTIR)

The Fourier-Transform Infrared (FTIR) spectrum of the graphene oxide
obtained in these steps confirms the successful oxidation of the graphite as evidenced
by the presence of oxygen-containing functional groups as shown in Figure 5.4 (d).
The presence of different types of oxygen functionalities in graphene oxide was
confirmed by the broad and wide peak at 3386 cm™ that can be attributed to the -OH
stretching vibrations of the hydroxyl (C-OH) groups and water, and the epoxy (C-O-
C) groups peak at 1228 cm™ [405-407]. These groups usually are present throughout
the basal planes of GO [408]. In addition, the sharp intense peak at 1587cm™ can be
ascribed to (C=C) benzene rings, and the absorption bands at 1720 and 1047 cm™ can
be ascribed to the stretching vibration of carboxyl (C=0) and alkoxy (C-O) groups
[204, 407, 409, 410], respectively, which usually were distributed at the edges of

these two dimensional nanostructures [408].

5.3.4 Microwave assisted exfoliation and reduction of graphene oxide

Microwave irradiation as a convenient and rapid heating source has been used
to prepare exfoliated graphite (EG) [396, 397] and exfoliated graphene oxide [198].
In addition, microwave assisted reduction of GO can be achieved by treating the GO
precursor in a microwave oven for less than 1 min [198, 411]. This facile and
efficient process has provided a straightforward method to generate what we will call
mwGO (microwave exfoliated graphene oxide). Therefore, microwave irradiation
was used to exfoliate and reduce graphene oxide. The GO powders were treated in a

microwave oven for 10 s. Upon microwave irradiation, a large volume expansion of
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the GO film, accompanied by ‘violent fuming” was observed. As can be seen from
the inset in Figure 5.4 (e), the GO powder in the glass vial (inset Figure 5.4 (d)) has
dramatically expanded yielding a black and fluffy mwGO powder. Zhu et al.
demonstrated that further treatment of the mwGO powders with the microwave
induced sparking and even burning [411]. The scanning electron microscopy (SEM)
in Figure 5.4 (b) shows that the graphene sheets expanded, leading to the
development of an accordion type structure of highly 3D macropores folded with
each other, forming an interconnected network with minimal re-stacking compared
with GO before microwave irradiation in Figure 5.4 (a) [198, 396] that are
transparent to the electron beam and ions salts. In addition, the SWCNT can be
sandwiched into the layers more easy [412]. Furthermore, the XRD spectra, Figure
5.4 (c), shows one distinct broad peak for mw GO at 26 =20.7° corresponding to the
(doo2 = 0.435 nm) crystal plane of graphite and the sharp peak at 26 =10.8° is much
more suppressed as a result of the rapid expansion of GO layer. This result is similar
to those of other mw GO precursors [198] and it can be ascribed to the removal of
some of functional groups of graphene oxide and successful exfoliation of graphene
[167, 403, 413-415]. In addition to XRD and SEM images, the corresponding EDX
spectra reveal the formation of a new structure with the lower oxygen content of 9.9
wt % O and higher C/O ratio of 9.1 indicating the reduction of graphene oxide and
formation of reduced graphene oxide (rGO). The lower oxygen content of rGO than
that of GO is due to the release of epoxide, carboxylic acid and hydroxyl groups on

the edges and the basal planes of the carbon structure, respectively.
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X-Ray diffraction patterns of graphene oxide and microwave irradiation
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Figure 5.4: (a and b) Scanning electron microscopy (SEM) images of GO and
mwGO, respectively, (c) the X-ray diffraction (XRD) patterns of GO and mwGO and
(d and e) Energy-dispersive X-ray (EDX) spectrum of graphene oxide (GO) film and
microwave irradiated graphene oxide. Inset shows optical images of the (d) GO film
and (e) mwGO.
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5.3.4.1 Surface chemistry of graphene oxide (GO) after microwave irradiation.

The chemical changes brought about by microwave irradiation in graphene
oxide were investigated by Raman spectra, thermogravimetric analysis (TGA), XPS,
and XRD spectra to confirm the graphene oxide (GO) reduction and exfoliation by

microwave irradiation.

5.3.4.1.1 Raman spectra

Raman spectroscopy is a powerful diagnostic tool, the most direct and non-
destructive technique to characterize the structure and quality of carbon materials
[416-419] and in particular to investigate the defects and ordered and disordered
structure of graphite and graphene. Many scientific papers mention that there are
three typical peaks always attributed to D, G and 2D bands of graphite, graphene
oxide and reduced graphene oxide that are observed at about 1350, 1580 and 2680
cm %, respectively [419-425]. The 2D band is always a strong band in graphene even
when there is no D band present, and it does not represent defects. Figure 5.5 shows
the Raman spectra of natural graphite flakes, as-prepared GO, and GO after
microwave irradiation. It is clear from the Raman spectra that graphite exhibits two
peaks at G and 2D bands. The chemical oxidation on graphite to produce graphene
oxide (GO) results in the appearance of a D band at a lower wavenumber than that of
the G band coupled with the disappearance of the 2D band peak. The D band peak of
GO is associated with the breathing modes of rings or k-point phonons of Ajq
symmetry of graphene oxide occurring at 1321 cm*; while the G band peak,
associated with first order scattering of the stretching vibration mode E»y observed

for carbon sp® atoms domains, occurs at 1587 cm™* [426]. The integrated intensity
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ratio (Ip/lg) of these two Raman bands has been demonstrated to depend upon the
physical state of the graphitic carbon, and can reveal the ordered and disordered
crystal structures of graphene. As expected, after microwave irradiation, there is a
slight shift in both D and G band peaks to 1330 cm™* and 1590 cm™* respectively,
and the ratio of the Ip/lg band decreased from 1.26 to 1.08. This decrease suggests a
slight reduction of the GO [422-425]. In addition, the reduction of GO by microwave
irradiation has good advantage over chemical reduction by ultrasonic dispersion or
rapid thermal expansion followed by chemical reduction because chemical reduction
often involve highly toxic chemicals, require long reduction time, or require high-

temperature treatment [427, 428].

Raman spectroscopy of graphite, graphene oxide and
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Figure 5.5: Raman spectroscopy of flake graphite, graphene oxide and microwave
reduced graphene oxide.
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5.3.4.1.2 X-ray photoelectron spectroscopy (XPS) spectra

X-ray photoelectron spectroscopy (XPS) was employed to investigate the
surface chemical states of graphene oxide (GO) and microwave irradiated graphene
oxide (mwGQO) powder by observing changes in the binding energy of C1s peaks.
Figure 5.6 shows a comparison of XPS spectra that depict the range of binding
energies scanned from 280 to 294 eV, which presents information on the main
chemical components in our samples from the detected peaks (C1s spectra) of both
samples. It can be seen that in Figure 5.6 (a), the C1ls XPS spectrum of graphene
oxide clearly indicates a considerable degree of oxidation with three components
corresponding to carbon atoms in different functional groups [415]: the non-
oxygenated C at 284.4 eV corresponds to Cls of sp? (C=C), the carbonyl carbon
(C=0) at 287.2 eV, and the carboxylate carbon (O-C=0) at 288.4 eV. Based on the
XPS analysis, the as-prepared GO had an atomic ratio for carbon/oxygen of 2.91.
After microwave irradiation of GO (Figure 5.6 (b)), the percentage of C=C band
increased from 34.21% to 56.47%, revealing remarkable restoration of the graphitic
structure of reduced GO, while the C/O atomic ratio of mwGO was found to be 5.32.
The XPS results show that the oxygen containing groups have been significantly
removed by the exposure to the microwave irradiation as reported for graphite oxide
and graphene oxide [198, 405, 411]. It must also be noted that the slight shift of the
de-convoluted peaks for mwGO is due to the enhanced regular structure as compared

to the GO [197].
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Figure 5.6: X-ray photoelectron spectroscopy (XPS): comparison of the C1s spectra
for (a) graphene oxide (GO) and (b) microwave irradiated graphene oxide (mwGO).

5.3.4.1.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was used to study the thermal stability of
natural graphite flakes, graphene oxide (GO), and microwave irradiated graphene
oxide (Figure 5.7). The thermogravimetric analysis (TGA) curves were based on the
mass loss during the heating in air. It is clear that pristine graphite is very thermally
stable, only 4.8 wt% mass loss occurred upon heating to 600 °C as mentioned in the
Song et al. paper [429]. For graphene oxide (GO), three significant weight loss
events are apparent, as shown in Figure 5.7. The first one is below 120 °C, related to
the weight loss of intercalated water that was not removed from drying. The second
one, between 120 °C and 300 °C, corresponds to the removal of oxygen-containing
functional groups, such as C-O, C=0 and O-C=0 [197, 403, 430]. This major weight
loss is related to degradation and decomposition, whereas the third weight loss that
occurs at approximately 530 °C is due to the bulk pyrolysis of the carbon skeleton

[403, 431]. This pyrolysis is also observed in mwGO at 565 °C and in graphite at 680

198



°C. The TGA analysis indicates incomplete reduction of the functional groups by

microwave because roughly 15 wt% of oxygen containing groups did not undergo

reduction.
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Figure 5.7: Thermogravimetric analysis (TGA) of natural graphite flakes, graphene
oxide (GO), and microwave irradiated graphene oxide.

5.3.4.2 Dispersion of mwGO in DMF

In recent years, sonication has been extensively used as an exfoliation and
dispersion strategy to produce graphene sheets in a liquid phase [432]. The first
parameter to be investigated was the effect of sonication time on the dispersion of
mwGO in DMF. The sample was prepared as a 15 ml dispersion containing mwGO
0.1% wi/v in DMF; which is the best solvent reported for GO dispersions because it
gave the highest spacing between GO sheets of up to 1.05 nm and the smallest GO
sheet thickness, down to 0.83 nm [433]. The optimum time of sonication required to

effectively disperse mwGO needed to be determined because excess sonication can
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shorten or create defects in the sheet. Visible spectroscopy was used to study the
dispersal process by monitoring the levelling of the absorption intensity; as a quick
and simple way to investigate the stabilization of mwGO in the dispersion. The
Visible spectra of mwGO dispersions, as a function of sonication time, between 300
and 1100 nm are shown in Figure 5.8 (a). All mwGO solutions were diluted 5 times
by DMF before measuring their Visible spectra; using 1 cm path length quartz
cuvettes for all the measurements and the baseline for DMF. The corresponding
optical absorbance of the supernatant at 660 nm was plotted as a function of
sonication time, and is represented in Figure 5.8 (b). Peak intensities were read
directly from the as-measured absorption spectrum. It can be seen that, the mwGO
bands become more pronounced with longer sonication time, indicating that an
increasing amount of mwGO became dispersed with time. The minimum amount of
time required to effectively disperse the mwGO was 35 min. However, the
absorption of the dispersion did not change dramatically after sonication beyond 35
min, indicating that the solvent was saturated. In addition, the inset photographs in
Figure 5.8 (a) show the mwGO dispersion before and after 35 min sonication time. It
can be observed that when the sonication time was increased, the colour of the
solution became progressively black indicating that homogenous dispersions have
been obtained. It is known that energy is a factor that affects complete dispersion.
The Visible absorbance of mwGO dispersions as a function of sonication energy is
shown in Figure 5.8 (c). The figure shows the sonication energy used to disperse 15
mg of mwGO in 15 ml DMF. It is clear that the energy increased with sonication
time. The energy was 12 KJ at 2 min and was 90 KJ at 15 min. The minimum

amount of energy required to effectively disperse the mwGO was 210 KJ at 30 min
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because the absorbance of the dispersion remained constant beyond the sonication
energy of 210 KJ. This energy, shown in Figure 5.8 (c), was for 35 mg in DMF (0.1
% wi/v). This means that 14 kJ was expended per mg of mwGO in a 0.1% w/v

solution. The sonication energy (E) in joules was calculated using equation (2.1).
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Figure 5.8: Effect of increasing sonication time on: (a) the Visible absorption
spectrum of a dispersion containing 0.1% w/v mwGO which was measured after a 5-
fold dilution, where inset photo images are of 0.1% w/v containing mwGO before
sonication and after 35 minutes sonication, and (b) Absorbance at 660 nm vs
sonication time. Arrows in (a) indicate the direction of increase in sonication time.
(c) Effect of increasing sonication energy on absorbance at 660 nm for 0.1 % wi/v

mwGO dispersions.
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5.3.5 Electrodes surface morphology

Figure 5.9 shows the surface morphology of the 9-CNT/mwGO/ RVC, 8-
CNT/mwGO/ RVC, 7-CNT/mwGO/ RVC, mwGO/ RVC electrodes using scanning
electron microscopy (SEM). The deposition in all composite electrodes are clearly
visible and are homogeneously on the surface and pores of the RVC substrate as
shown in Figure 5.9 (a, f and i). The representative SEM image which was taken
from a 45° view of the 9-CNT/mwGO/ RVC electrode in Figure 5.9 (b) shows that
the appearance of the top surface of the composite material coating is like a textile
because the CNTs and mwGO are regularly spread on the RVC electrode and its
pores, partly parallel and partly perpendicular to the surface. In addition, CNTs are
dispersed in a highly tangled fashion with each other and systematically distributed
like a web, showing the obvious domination of CNTs in the composite and with the
CNTs uniformly wrapped on/ in between the curled graphene sheets. The cross-
section of the composite electrode shown in Figure 5.9 (c) indicates a layered
structure and the CNTs are uniformly sandwiched between the GO sheets making a
multilayered 3D network structure with a highly porous architecture inside the
electrode where graphene nanosheets conductively bridge the pores between the
CNT particles. In addition, it reveals that CNTs and graphene sheets are distributed
evenly throughout the resultant structure. It is clearly apparent that many gaps
interface between graphene sheets and CNTs to form an open pore system (Figure
5.9 (d)) favourable for easy electrolyte ions access to the surface of mwGO and
CNTs to form electric double layers [434] and may increase surface area [435]. This
Is due to the enhanced van der Waals forces and friction, which is consistent with

previously reported results [363-365]. In addition, Figure 5.9 (d) shows that the void
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spaces or “pores” between the matted CNT tubes are in the order of microns, and
these void spaces can be considered as macropores and are areas through which ions
diffusion can freely take place thus enhancing electrosorption. From the SEM image,
CNTs nano-network structures act as useful nano-spacers for diminishing the face-
to-face aggregation of CNTs. This 3-D porous structure exposes extensive surface
areas that facilitate the ions diffusion leading to a high performance of
electrosorption [436]. Moreover, the strands of CNTs adhere to each other to form
smaller aggregation bundles (10-30 nm) compared with usual CNTs diameters (50-
80 nm) [437] and bundles of CNTs in CNT/RVC electrode (25-50 nm). This
decrease in aggregation bundles of CNTs is expected when combining graphene
sheets with CNTs according to data reported by Zhang et al. [167]. The tightly
wrapped nanotube bundles lead to a reduced electrode resistance [438] and
maximises surface area, potentially allowing large capacitances to be obtained [366].
These will lead to an increase in ions capture and conductive properties of 9-
CNT/mwGO/RVC electrode.

It is obvious from the top view of 8-CNT/mwGO composite materials (Figure
5.9 (g)) that nanotube bundles are still dominant and highly tangled, wrapped in the
composite. The strands of CNTs adhere to form bigger aggregation bundles
compared with 9-CNT/mwGO composite materials. The cross-section of this
composite electrode shown in Figure 5.9 (h) indicates a layered structure and the
CNTs are uniformly sandwiched between the GO sheets making a multilayered 3D
network structure with good porous architecture inside the composite electrode.
Obviously, the graphene nanosheets restacking and gaps interfacing between

graphene sheets and CNTs to form a favourable open pore system was decreased.
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This leads to difficult electrolyte ions access to the surface and minimises surface
area when compared with 9-CNT/mwGQO composite material. This phenomenon
could possibly be due to the minimization of surface area and specific capacitance. It
is clear that, from Figure 5.9 (j), when the mwGO ratio reaches to 3 in the composite,
the graphene nanosheets dominate in the composite and the cross-section surface was
completely changed into the 3D uniform rough multilayer and porous structure
containing voids with carbon nanotubes distributed in them; but are difficult to
clearly image. This structure leads to reduced electrolyte accessibility to the surface
area. In contrast, Figure 5.9 (k) shows the top surface of mwGO/RVC electrode. The
top surface of mwGO has rippled and crumpled structures and wrinkled structures
with clear aggregation, and the stacked structure of the nanosheets in the cross-
section image of mwGO (Figure 5.9 (I)) can be clearly observed. The cross-section
SEM reveals a curled morphology consisting of rippled structures. As a result,
graphene sheets with curled or wrinkled morphologies will present the greatest
difficulty for electrolyte access to the surface area. Therefore, the specific
capacitance in mwGO/RVC is expected to be the smallest, comparing amongst all

composite electrodes.
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Figure 5.9: Scanning electron microscopy (SEM) images (a) top surface, (b) 45°
view, (c, d, e) cross-section of 9-CNT/mwGO/RVC electrode; (f) top surface, (g) 35°
view, (h) cross-section of 8-CNT/mwGO/RVC electrode; (i) top surface, (j) 45° view
of 7-CNT/mwGO/RVC electrode; and (k) top surface, (I) 45° view of mwGO
electrode.
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5.3.6 Electrochemical behaviour of electrodes studied using cyclic

voltammetry

In order to evaluate the electrochemical properties of all of the coated RVC
electrodes, cyclic voltammetry (CV) was applied as it is one of the most widely used
techniques to study electrochemical reactions. In this chapter, it is used to determine
the effect of increasing the ratio of mwGO in CNT/mwGO/RVC electrodes on the
capacitance, the effect of increasing scan rate on electron transfer and the stability of
electrodes using 1 M NaCl solution recorded in the voltage range between -0.2 to 1.0
V vs Ag/AgCI in a three-electrode system. A RVC electrode was used as counter
electrode, and mwGO/RVC, CNT/RVC, 7-CNT/mwGO/RVC, 8-CNT/mwGO/RVC

and 9-CNT/mwGO/RVC electrodes were used as working electrodes, respectively.

5.3.6.1 Capacitive behaviours of mwGO/RVC, CNT/RVC, and various

CNT/mwGO/RVC composite electrodes.

Electrochemical capacitance has been widely examined as the most common
factor to govern the capacitance. The capacitive behaviour of these electrodes
resulted mainly from electrochemical double-layer charging along with a negligible
contribution of pseudo-capacitance. The capacitance of all materials coated RVC
electrodes were investigated by integrating the curve area of the CV curve. Figure
5.10 presents the CV curves of mwGO, CNT and various ratios of mwGO in
CNT/mwGO composite materials coated RVC electrodes at 5 mV/s scan rate in
terms of current per gram of materials. In all cases, the CV curves have one pair of

redox peaks that occurs in the potential range of (-0.2 to 0.4 V), probably owing to a
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small quantity of oxygen-containing functional groups in all electrodes [395]. In
addition, the CV curves obtained are quasi-rectangular, with distortions also apparent
indicating a pseudo capacitance type behaviour with no significant Faradaic reaction
being observed for any electrode; indicating that ions are adsorbed on the electrode
surface by forming an electric double layer due to Coulombic interaction rather than
electrochemical reaction [210, 314, 315, 367]. It is worth noting that in Figure 5.10
the current density of mwGO is much lower than that of CNT and CNT/mwGO.
Therefore, the specific capacitance of mwGO coated RVC electrode has the lowest
specific capacitance (87.21 F/g) amongst all the electrodes. This specific capacitance
was very small compared with other studies for reduced graphene oxide under the
same conditions (140 F/g) [209, 212]. The low specific capacitance of mwGO
indicates low exposure of surface area since specific capacitance is proportional to
the electrolyte-accessible surface area. This experimental result could be explained
by that the graphene sheets are loosely stacked or folded with each other to construct
interconnected 3D macropores in mwGO/RVC electrode as shown in SEM image
(Figure 5.2 (b)) that leads to formation of aggregates, and the distance between
interlayers of sheets (0.435 nm) is too small to allow the hydrated sodium ions
(radius = 0.358 nm) access. This leads to the poor exposure of surface area for
forming the electric double layer with electrolytes. Therefore, the mwGO
agglomerates show a relatively low specific capacitance.

The CV curve of CNT/RVC electrode was discussed in Section (4.3.6.3.)
and the specific capacitance at 5 mV/s was calculated using Equation (3.2) to be
139.65 F/g. This capacitance was increased when the mwGO material was combined

with CNT material at less than 2 parts in 10, as shown in Figure 5.10. The inset in
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Figure 5.10 shows that the highest specific capacitance was obtained from the 9-
CNT/mwGO/RVC electrode and the calculated specific capacitance was 179.39 F/g,
which represents a 29 % increase compared with the CNT/RVC electrode. This
enhancement could be attributed to the synergistic effect of CNT and mwGO. The
incorporation of mwGO into CNT forms an advantageous network structure that
conductively bridges the pores between the CNT particles, which can facilitate rapid
transport of the electrolyte ions within the electrode materials and increase the
surface area of electrode. This surface area increased because of the large external
active surface area of mwGO sheets and because of the diameter of bundling of
CNTs in CNT/mwGO/RVC composite electrode being smaller than 25 nm. This is
smaller than the diameter of bundling of CNTs alone, which was discussed in

Section (4.3.5.).

Cyclic voltammograms of various electrodes at S mV/s scan rate in
1M NaCl solution.
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Figure 5.10: Comparison cyclic voltammograms and (inset) specific capacitance for

mwGO/RVC, CNT/RVC, 7-CNT/mwGO/RVC, 8-CNT/mwGO/RVC and 9-

CNT/mwGO/RVC electrodes in 1 M NaCl solution recorded in the voltage range

between -0.2 to 1.0 V vs Ag/AgCI in a three-electrode system at 5 mV/s scan rate.
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The inset in Figure 5.10 shows that the trends of the specific capacitance of
electrodes decrease with further increase in mwGO content in the CNT/mwGO/RVC
composite electrodes. The specific capacitances of 8-CNT/mwGO/RVC and 7-
CNT/mwGO/RVC electrodes, which were calculated using Equation (3.2), were
156.47 and 132.60 F/g, respectively. The decrease in specific capacitance could be
ascribed to the low specific surface area of mwGO. Furthermore, excessive mwGO
will cover most of the CNT surface, which makes the transport of the electrolyte ions
into the porous structure of CNT difficult, resulting in a low specific capacitance. It
is interesting to note that the specific capacitance of the CNT/RVC electrode was
higher than the specific capacitance of 7-CNT/mwGO/RVC electrodes. These
specific capacitance results suggest that the electrosorption capacity performance of
9-CNT/mwGO/RVC electrode will be better than all other electrodes. Moreover, the
specific capacitance result of mwGO/RVC electrode, being lower than that of the
other electrodes, suggests to not apply this electrode in the CDI system selected for
experiments because the electrosorption capacity will be very small compared with

CNT/RVC and CNT/mwGO/RVC composite electrodes.

5.3.6.2 The effect of increasing loading level on capacitive behaviours.

In the previous section it was reported that the highest specific capacitance
was obtained at the 9-CNT/mwGO/RVC electrode. This led to the selection of this
electrode for study on the effect of increasing loading level of composite materials in
geometric area terms and geometric volume terms on its capacitive behaviours. In
this study, the capacitive behaviours of all 9-CNT/mwGO/RVC electrodes which had

similar geometric volume (2.16 cm®) of RVC electrodes with various amounts of
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composite materials coated, 10, 30 and 50 mg, were investigated by CV. The
maximum loading amount of composite material was set at 50 mg because it was
observed in the laboratory that at this level the pores of the RVC electrode was

completely filled; as evidenced by the top view SEM image (Figure 5.9 (a)).

Figure 5.11 (a and b) show cyclic voltammograms, at 5 mV/s, of composite
electrodes with different loadings of 9-CNT/mwGO composite material in terms of
current per gram of composite material and current per geometric volume of
electrode respectively. It was expected that the CV behaviours of all composite
electrodes would be in keeping with earlier results reported for the CNTs electrodes
in Sections (4.3.6.3.); ie increasing the amount of composite material in the RVC
electrode led to a decrease in the current per gram of 9-CNT/mwGO composite
(Figure 5.11 (a)) but, in contrast, led to an increase in the current per geometric
volume of electrode (Figure 5.11 (b)). The capacitance results per unit gram of
composite material and per unit geometric volume of electrode are presented in
Figure 5.11 (c) as F/g and F/cm® respectively. The capacitance of the electrode per
mass (F/g) and geometric volume (F/cm®) were calculated using Equation (3.2.) and
Equation (3.3.), respectively. It is observed in Figure 5.11 (c) that increasing the
amount of 9-CNT/mwGO composite material in the RVC electrode led to a decrease
in the capacitance of 9-CNT/mwGO composite material. For example, the highest
specific capacitance was 298.98 F/g for the 10 mg of composite material loaded and
the lowest specific capacitance was 179.39 F/g for 50 mg composite loaded,
determined at a scan rate of 5 mV/s. On the other hand, Figure 5.11 (c) also shows
that the capacitances in terms of geometric volume of these electrodes increase with

increase in the amount of composite. The capacitance, obtained at 5 mV/s, was 1.39
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F/cm®, 2.93 F/cm® and 4.13 F/cm?® for the electrode that had 10, 30 and 50 mg 9-

CNT/mwGO composite coated on the RVC electrodes, respectively.

Furthermore, the capacitance of electrode per geometric area (F/cm?) was
calculated using Equation (3.4.). It is expected that increasing the amount of
composite material in the electrode would lead to a decrease in the porosity of the
RVC electrode which, in turn, would lead to an increase in the geometric area. This
results in an increase in the capacitance of the electrode. The capacitance obtained at
5 mV/s was 0.17 F/cm? 0.36 F/cm? and 0.50 F/cm? for the electrode that had 10, 30
and 50 mg 9-CNT/mwGO composite material coated on the RVC electrodes,
respectively. These results indicate that the surface area of composite material coated

in the RVC electrode had increased.

From these results and Chapter 4 results, it can be generalised that the
specific capacitance in geometric area and volume increases with increasing amounts
of material on the electrode. However, the capacitance is significantly higher when

expressed in terms of geometric volume.
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Figure 5.11: Cyclic voltammograms of 9-CNT/mwGO composite coated RVC
electrodes in 1 M NaCl solution recorded in the voltage range between -0.2 to 1.0 V
vs Ag/AgCI using a three-electrode system at 5 mV/s, in terms of (a) current per
gram of composite, and (b) current per geometric volume of electrode. (c)
Capacitance of the electrodes per gram of composite and per geometric volume of
the electrode.

5.3.6.3 Effect of increasing scan rate on the electrode capacitance

The effect of different scan rates on electrode capacitance was investigated in
aqueous NaCl solution. Figure 5.12 presents the CV curve of 9-CNT/mwGO/RVC
electrode as a function of the scan rate. The shape of the CVs at scan rates 5 and 50
mV/s (Figure 5.12 (a)) are close to rectangular and as we know, the achievement of a
rectangular-shaped CV is the suggested ultimate goal in high electrochemical
double-layer capacitors (EDLC) [314]. According to the characteristics of the CV, it
can be deduced that the contribution of carboxyl and carbonyl groups to CNTSs is in
the pseudo-capacitance, which increases apparent capacitance [341, 369]. This
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suggests that there is an intimate contact between the electrolyte and the active
material, and which results in excellent charge transfer kinetics due to the porous and
cross-linked structure formed. It is clear that the polarization caused by a high scan
rate leads to the anodic peaks shifting toward high potential and the cathodic peaks
moving toward negative potential simultaneously [341]. However, when the scan
rate was increased above 50 mV/s (Figure 5.12 (a)), the curves were characterized by
non-rectangular shapes that indicated resistance-like electrochemical behaviour. This
is because the electrode is very porous which hinders the migration of NaCl to the
pores and this becomes pronounced at increasing scan rates of CV [341]. This leads
to a continuous decrease in the capacitance of electrodes with increasing scan rate
(Figure 5.12 (b)); which is discussed in Section 4.3.6.3. This characteristic has been
attributed to the resistance of the electrolyte and the inner resistance of ion diffusion
with certain carbon micro-pores whose surface is only partially accessible to
electrolytes. This becomes significant under relatively high scan rates due to the
differential depletion of the electrolyte concentration [372-374]. It can be seen that
the specific capacitance trend of the electrode sharply decreases when the scan rate is
above 50 mV/s. It is expected that the capacitive volume should increase with
increasing scan rates because it is found in all cases of carbon nanotubes and
graphene composite with carbon nanotubes [221, 314, 341, 367, 368, 370-372].
Furthermore, the stability of the CV curve was very high; 99% stable after 200 cycles
as shown in Figure 5.12 (c). In addition, Table 5.2 shows the specific capacitance for
all electrodes at various potential scan rates in terms of F/g of material, F/ cm?
geometric area of electrode and F/cm® geometric volume of electrode, in 1 M NaCl

solution at various scan rates; which were calculated using Equations (3.2, 3.3. and
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3.4.). Itis clear for all electrodes that a high capacitance is obtained at low scan rate,
but the capacitance markedly decreased at high scan rates. For instance, the specific
capacitance of 9-CNT/mwGO/RVC electrode was 179.39 F/g (0.50 F/cm? or 4.13
F/cm®) and 67.79 F/g (0.19 F/cm? or 1.57 F/cm®) at 5 and 200 mV/s scan rates,
respectively. It is apparent from Table 5.2 that the behaviour of specific capacitance
in terms of geometric volume and geometric area followed the specific capacitance
in term of mass of materials with respect to scan rate. This was expected because the
mass of materials was similar in all electrodes (50 mg). It is interesting to note that
the specific capacitance per geometric area of the mwGO coated RVC electrode at 50
mV/s scan rate was 0.17 F/cm?. This specific capacitance increased around 9 times
compared with the same mwGO prepared as buckypaper (0.019 F/cm?), tested under
the same conditions using 1M NaNOj solution [198].

It is important to note that the capacitance of the RVC electrode per
geometric volume under the same conditions at a scan rate of 20 mV/s was discussed
in Section (4.3.6.1.). The RVC was 0.002 F/cm?® and the capacitance had increased
by a factor of 1060 when the same electrode was filled completely by functionalized
CNT material. It can be observed from Table 5.2 that the capacitance of the RVC
electrode had increased by a factor of 1775 when filled completely with 9-
CNT/mwGO material.  This is related to the large surface area of 9-
CNT/mwGO/RVC compared to a RVC electrode according to the Randles-Sevcik

relationship [304].

216



Cyclic voltammograms of 9-CNT/mwGO/RVC electrode in 1M NaCl solution.
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Figure 5.12: (a) Cyclic voltammograms and (b) specific capacitance at various scan
rates, and (c) the cyclic voltammograms stability scanned at 20 mV/s using 9-
CNT/mwGO/RVC electrode in 1 M NaCl solution recorded in the voltage range
between -0.2 to 1.0 V vs Ag/AgCI in a three-electrode system.
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Table 5.2: Specific capacitance of various electrodes in terms of F/g of material, F/area of
electrode and F/ volume of electrode, in 1 M NaCl solution at various scan rates.

Sample mwGO/RVC
Scan rate (mV/s) 5 10 20 50 100 200
- F/ 87.21 75.87 69.77 61.05 47.97 34.88
Specific (Flo)
Capacitance (Flem?) 0.24 0.21 0.19 0.17 0.13 0.10
(Flem?) 2.02 1.75 1.61 1.41 1.11 0.81
Sample CNT/RVC
Scan rate (mV/s) 5 10 20 50 100 200
- (Flg) 139.65 131.27 117.70 103.34 68.43 51.67
Specific
Capacitance (Flem?) 0.39 0.37 0.33 0.29 0.19 0.14
(Flem?) 3.23 3.04 2.75 2.39 1.58 1.20
Sample 9-CNT/mwGO/RVC
Scan rate (mV/s) 5 10 20 50 100 200
. (Flg) 179.39 167.69 153.42 133.79 89.20 67.79
Specific
Capacitance (Flem?) 0.50 0.47 0.43 0.37 0.25 0.19
(Flem?) 413 3.88 3.55 3.09 2.06 1.57
Sample 8-CNT/mwGO/RVC
Scan rate (mV/s) 5 10 20 50 100 200
- (Flg) 156.47 143.95 131.43 112.66 73.54 57.89
Specific
Capacitance (Flem?) 0.44 0.40 0.37 0.31 0.21 0.16
(Flem?) 3.62 3.33 3.04 2.61 1.70 1.34
Sample 7-CNT/mwGO/RVC
Scan rate (mV/s) 5 10 20 50 100 200
- (Flg) 132.60 112.71 106.08 92.82 59.67 39.78
Specific
Capacitance (Flem?) 0.37 0.31 0.30 0.26 0.17 0.11
(Flem?) 3.07 2.61 2.45 2.15 1.38 0.92
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5.3.7  Adsorption performance of 9-CNT/mwGO coated RVC electrode.

Having determined that the optimum applied voltage was 1.5 V and optimum
flow-rate was 50 mL/min, as reported in Chapter 4 for CNT/RVC electrode, these
conditions were used in further studies to compare the desalination performance of a
range of electrodes with different amounts of 9-CNT/mwGO composite materials
coated on the RVC electrode. All experiments were performed with the total volume
of NaCl solution kept at 70 ml and the concentration was 75 mg/L (143 uS/cm).
Figure 5.13 (a) shows the CDI process at all loading levels of composite in a similar
geometric volume (2.16 cm®) of RVC electrodes; 10, 30 and 50 mg loadings. It was
expected that the electrosorption behaviours of all composite electrodes would be in
keeping with earlier results reported for the CNT electrodes in Sections (4.3.8. and
4.3.13.); ie the drop in conductivity of the test saline solution would increase with
increasing amounts of material on the electrode because ions were attracted by
oppositely charged electrodes when an electric field was applied [33]. A better
electrosorption performance was achieved at 50 mg coated RVC electrode and the
conductivity significantly dropped by about 5.21 pS/cm in the electrosorption
process. Figure 5.13 (b) shows the electrosorption of various 9-CNT/mwGO/RVC
electrodes in terms of the mass of 9-CNT/mwGO and the volume of electrode which
were calculated according to Equation (3.5) and Equation (3.6) (calculated as
explained in Section (3.3.9.)). It is clear from the figure that the electrosorption
decreased with composite material increase in weight. Clearly, when the RVC
electrode was loaded with 10 mg of composite, the electrosorption capacity was 9.91
mg/g and when same electrode was loaded with 50 mg of composite, the

electrosorption capacity became 3.82 mg/g. On the other hand, if the electrosorption
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of electrodes was considered in terms of geometric volume, the electrosorption
increased with increase in the amount of composite material. For example, when the
RVC electrode was loaded with 10 mg of composite, the electrosorption was 0.05
mg/cm® and when the RVC electrode was loaded with 50 mg of composite, the
electrosorption was 0.09 mg/cm®. This result and Chapter 4 results lead to
generalization that the electrosorption capacity increases with increasing amounts of
material on the electrode. Thus, the effect of loading of composite materials 8-
CNT/mwGO and 7-CNT/mw GO onto RVC electrodes on the ion removal was not

investigated.

Absorption behaviour of various composite 9-CNT/mwGO/RVC
electrodes at 1.5V, using 50 ml/min flow-rate.
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Figure 5.13: (a) Adsorption behaviour, and (b) the electrosorption capacity in terms
of mass of composite material loading and the geometric volume of electrode of
various 9-CNT/mwGO/RVC electrodes. Loadings (mg): 10, 30 and 50.
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5.3.7.1 Optimization of conditions for ion removal efficiency

From the results obtained in Chapter 4 for the a-SWCNT/RVC electrode that
afforded an optimized ion removal efficiency at a 50 ml/min flow-rate and 1.5 V cell
voltage, the best NaCl removal performance for a capacitive deionization (CDI)
system using the 9-CNT/mwGO/RVC electrode was determined with respect to
variations about this flow-rate and this electrical voltage. The electrode that had 50
mg of composite coated on the RVC was selected for this study because it had the
highest electrosorption capacity in terms of geometric volume. The flow-rates below
and above 50 ml/ min and the cell voltage just below 1.5 V were investigated as
shown in Figure 5.14 (a and b). Cell voltages above 1.5 V were not investigated
because saving energy is one of our targets. It is obvious from the results that the best
solution conductivity decrease was achieved when the flow-rate was 50 mL/min,
When the flow-rate was above or below 50 ml/min, the conductivity decrease was
less, leading to lower electrosorption capacity. This is due to the fact that a low
pump rate would result in an obvious co-ions effect which will depress the
electrosorption process, while a high pump rate will introduce a high pump force that
is greater than that of electrosorption force and therefore decrease the electrosorption
amount [268]. In addition, the ion removal characteristics were affected by various
applied voltages. As the applied voltage increased, the ion removal amount increased
and a higher ion removal was achieved with 1.5 V. Thus, the optimized flow-rate and

cell voltage for the CDI process were found to be 50 mL/min and 1.5 V, respectively.
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Adsorption behaviour of 50 mg composite 9-CNT/mwGO/RVC clectrode at 50
= ml/min flow-rate, at various voltages, used 75 mg/L NaCl solution.
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Figure 5.14: Conductivity variations of NaCl solution with various (a) applied
voltages and (b) applied flow-rates, with respect to operating time; using the 9-
CNT/mwGO/RVC electrode loaded with 50 mg composite material.

5.3.8 Capacitive deionization (CDI) system

5.3.8.1 Adsorption/ desorption performance of various ratios of CNT/mwGO

loaded RVC electrodes.

The CDI system was investigated with respect to the influence of increasing
ratios of mwGO in CNT/mwGO composite materials coated RVC electrodes on the
ion removal performance. The ratio levels were 10:0, 9:1, 8:2 and 7:3 CNT:mwGO,
respectively, and the mass of materials coated on all RVC electrodes was 50 mg. All
experiments were performed with the same previous conditions as in Section (5.3.8.);
at 1.5 V and 50 mL/min flow-rate with 6 min adsorption processes. Figure 5.15 (a)

shows the CDI process for all composite coated RVC electrodes. As expected, once
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the electrical voltage was applied, the solution conductivity dramatically decreased
for all electrodes because ions were attracted by opposite charges on the electrodes
[33]. Then the conductivity would gradually approach a constant minimum level,
indicating that saturation was achieved [211]. During discharging of the CDI system
under 0 V of applied voltage, the solution conductivity returned to about its initial
value (143 uS/cm), meaning ions were released from the double layer region back
into the solution because of the disappearance of electrostatic forces. It is clear that
the highest drop in conductivity was by around 5.2 upS/cm using the 9-
CNT/mwGO/RVC electrode. The second largest drop in conductivity was by around
4.8 uS/cm using the 8-CNT/mwGO/RVC electrode. The drop in conductivity for the
CNT/RVC electrode was higher than that of the 7-CNT/mwGO/RVC electrode. It is
notable that the 9-CNT/mwGO/RVC electrode saturation was achieved after 5min
whereas CNT/RVC electrode saturation was achieved after 6 min. It is interesting
also to note that the regeneration by discharging the CDI cells was completed, at 0 V,
after 13 min for the electrode with the least amount of mwGO ratio in the sample; ie
9-CNT/mwGO/RVC. This means that the time saving of one electrosorption—
desorption cycle with the 9-CNT/mwGO/RVC electrode was 27.78 %; compared
with the CNT/RVC electrode which required 18 min. In addition, the electrosorption
removal of NaCl by the 9-CNT/mwGO/RVC electrode in terms of mass of the
electrode (3.82 mg/g) increased 18.27 % compared with that of the CNT/RVC
electrode (3.23 mg/g). This improvement in electrosorption amount in the 9-
CNT/mwGO/RVC electrode can be attributed to complicated and many factors

including: increasing specific surface area, specific capacitance, more accessible
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interlayer, pore microstructure and pore size distribution which can play important
roles in affecting electrosorption capacity [211, 212, 439].

Figure 5.15 (b) shows the electrosorption performances of all electrodes
which were measured from the data in Figure 5.15 (a). The variation of solution
conductivity was monitored instantly by a multi-function conductivity meter.
Accordingly, the correlation of conductivity (uS/cm) with concentration (mg/L) was
calibrated prior to experiments; see previous equation (2.9.). Furthermore, the 8-
CNT/mwGO/RVC electrode also afforded better CDI system performance than the
a-SWCNT/RVC electrode; as evidenced by time saving of 11.11 % and 8.98% better
electrosorption removal of NaCl. Table 5.3 also gives more details of the
electrosorption in terms of mass, area and volume for each composite electrode;
which were calculated according to Equation (3.5), Equation (3.6) and Equation (3.7)
respectively. It is clear that the electrosorption behaviours of all composite electrodes
in terms of area and in terms of volume followed the electrosorption behaviours of
composite electrodes in term of mass of electrode because all the parameters were
held constant; mass of material, electrode area and volume. These results suggest that
the CDI process using 9-CNT/mwGO/RVC electrodes have promise as an effective

technology for desalination.
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Table 5.3: Electrosorption of NaCl by CNT/mwGO/RVC electrodes with various
ratios of CNT, time of one desalination cycle.

*Enhancement Time of one
Ratio of Electrosorption percentage in desalination
electrosorption cycle
a-SWCNT in
electrodes malg | mafem? | mgfem? % min
7 3.01 | 8.4E-03 0.07 17
8 3.52 | 9.9E-03 0.09 8.98 16
9 3.82 | 1.1E-02 0.10 18.27 13
10 3.23 | 9.4E-03 0.08 18

*Comparing with CNT/RVC electrode.
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Adsorption behaviour of CNT/mwGO/RVC electrodes, loaded with 50 mg of
various ratios of CNT/mwGQ, at 50 ml/min flow-rate, 1.5 V applied voltage,
using 75 ppm NaCl feed solution
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Figure 5.15: (a) Adsorption and release behaviour, and (b) the electrosorption
capacity in terms of mass of CNT/mwGO and the geometric volume of electrode of
various ratios 10, 9, 8 and 7 CNT in CNT/mwGO/RVC electrodes.
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5.3.8.2 Electrosorption dynamics

The performance of electrodes adsorptions are evaluated by dynamics study
which describes the solute uptake rate, and evidently this rate controls the residence
time of adsorptive uptake at the solid-solution interface [256, 257]. From Chapter 4,
it was shown that the NaCl adsorption by CNT/RVC electrode had obeyed pseudo
first-order kinetics and that those NaCl ions were not adsorbed onto the CNTs
surface via chemical interaction. Therefore, this section will investigate the
controlling mechanism of electrosorption and the constants of sorption of pseudo
first-order kinetics. The pseudo first-order kinetics model has been discussed in
Section (3.3.15.) as proposed by Lagergren [260], and the conformity between
experimental data and the model predicted values is expressed by the correlation
coefficients (r?, values close or equal to 1). The electrosorption dynamic and pseudo-
first-order dynamic models for NaCl adsorption onto CNT/RVC, 9-
CNT/mwGO/RVC, 8-CNT/mwGO/RVC and 7-CNT/mwGO/RVC electrodes at a
voltage of 1.5 V, flow-rate of 50 ml/min, and constant temperature of 298 °K are
shown in Figure 5.16. The electrosorption of NaCl onto all electrodes except the 9-
CNT/mwGO/RVC electrode was very rapid within the first minute, then it became
dynamic adsorption and after three minutes the electrode gradually approached
saturation as shown in Figure 5.16 (a, b, and d). The time required to reach
adsorption equilibrium was 6 minutes. However, the electrosorption of NaCl onto 9-
CNT/mwGO/RVC electrode was very rapid within the first half minute. This could
be because the external surface area of bundled CNT in this electrode is higher than
other electrodes, thus increasing the possibility of ions to reach the surface easily.

The SEM image of this electrode which was shown in Section (5.4.1) supports this
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reason. After that, the electrosorption of NaCl onto this electrode becomes dynamic
adsorption for four minutes and then followed by electrode saturation as shown in
Figure 5.16 (c). The time required to reach adsorption equilibrium was 5 minutes,
which may be due to the higher rate of diffusion of ions onto the electrodes particle

surface.

The Pseudo-first-order kinetics for all electrodes was studied within the first
four minutes as shown in Figure 5.16 (e, f, g and d), respectively. To evaluate the
kinetics of the electrosorption process, the pseudo first-order model was tested to
interpret the experimental data. The slopes and intercepts of plots of log (ge—qt)
versus t were used to determine the first-order rate constant k; by Equation (2.12). In
all electrodes, methods that are based on linearization of the models and correlation
coefficients (r?) of around 0.99 confirm that all electrodes followed Pseudo-first-
order dynamics. Similar trends have been reported in the literature for the adsorption
of NaCl ions from aqueous solutions by other adsorbents [208, 209, 268, 320, 324,
332, 380]. A comparison of the rate constant k; results, with the correlation
coefficients is shown in Table 5.4. The rate constant (k;) of the pseudo-first-order
kinetics was 0.816, 0.525, 0.555, and 0.639 min® for CNT/RVC, 9-
CNT/mwGO/RVC, 8-CNT/mwGO/RVC and 7-CNT/mwGO/RVC electrodes,
respectively. It is clear that the relationship between the rate constant and
electrosorption is an inverse relationship; when the electrosorption capacity
increased, the rate constant decreased. Also the theoretical ge values found from the

pseudo-first-order kinetics model gave reasonable values (3.19, 3.66, 3.45 and 2.75
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mg/g for CNT/RVC,

9-CNT/mwGO/RVC,

CNT/mwGO/RVC electrodes, respectively).

8-CNT/mwGO/RVC and 7-

Table 5.4: Comparison between the adsorption rate constant (k;) and correlation
coefficients of pseudo-first-order Kkinetics, and the estimated theoretical and
experimental (ge) of maximum electrosorption with pseudo-first-order model.

a-SWCNT: mw R® Ki (min™) Theoretical Experimental
GO ge (Mg/g) ge (Mg/g)
7:3 0.990 0.639 2.75 3.01
8:2 0.987 0.555 3.45 3.52
9:1 0.992 0.525 3.66 3.82
10:0 0.994 0.816 3.19 3.23
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Electrosorption of NaCl by CNT/mwGO/RVC electrodes, loaded with 50 mg of
various ratios of CNT/mwGQO, at 1.5 V applied voltage and 50 ml/min flow-rate
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Figure 5.16: (a, b, c, d) Electrosorption and (e, f, g, h) pseudo-first-order adsorption
kinetics of NaCl electrosorption onto CNT/RVC, 9-CNT/mwGO/RVC, 8-
CNT/mwGO/RVC and 7-CNT/mwGO/RVC electrodes, respectively, at 1.5 V and 50
mL/min flow-rate. Results have been derived from Figure 5.15 (a) (adsorption
process).
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5.3.8.3 CDI cycling stability

Regeneration of electrodes plays a significant role in their commercialisation
for use in CDI systems. In this section, several charging and regeneration cycles for
the 9-CNT/mwGO/RVC electrode, which was selected for this study because it has
highest electrosorption capacity amongst all electrodes, are shown in Figure 5.17.
This experiment was performed with the same previous conditions as in Section
(4.3.7.). Figure 5.17 clearly shows that no oxidation and reduction reactions occur in
electrosorption. This means that the current is mainly consumed for charging the
electrode to electro-adsorb ions from the bulk solution [323], and the electrical
double layer is completely formed at the electrode/electrolyte interface [267]. In
addition, the conductivity changes are reproducible for the five cycles of
electrosorption and desorption, confirming that the CDI could be regenerated very
well without any driving energy and secondary pollution, which is critical for large
scale applications. It is noted that the process of regeneration can be carried out
easily in a short time and the same pattern can be found in four repeated
electrosorption—desorption cycles; each cycle takes 13 min, ie 6 min ion adsorption
and 7 min release of ions. Also, the recycling stability was very high (100%) for the
reason that the decay of electrosorption capacity has not been observed. This high
stability behaviour of the CNT/GO electrode in a CDI system is reported in other

research as well [211].
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Recycling behaviour of 9-CNT/mwGO/RVC electrode at 1.5 V using 50
ml/min flow-rate through electrodes
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Figure 5.17: Multiple electrosorption—desorption cycles of 75 ppm NaCl solution for
9-CNT/mwGO/RVC electrode upon polarization and depolarization at 1.5 V and 0
V, respectively.

5.3.8.4 Electrosorption isotherm

Electrosorption isotherms can be used to describe how ions interact with
carbon electrodes. The Langmuir and Freundlich isotherms are the two most
common isotherms and they were employed for the simulation of the ion adsorption
on the 9-CNT/mwGO/RVC electrode. The electrosorption isotherms of NaCl onto
the 9-CNT/mwGO/RVC electrode were evaluated and compared with those of the
CNT/RVC electrode which were discussed in Chapter 4. This experiment was
carried out using the same conditions of different initial concentrations of NaCl
solutions; 25, 50, 75, 100 , 200, 300, 400 and 500 mg/L, respectively, as shown in

Figure 5.18. It is clear that the electrosorption capacity behaviour of 9-
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CNT/mwGO/RVC electrode followed the electrosorption capacity behaviour of
CNT/RVC electrode. In both electrodes, the removal amount of NaCl increases as
the initial concentration is raised. This is due to the enhanced mass transfer rate of
ions inside the micropores [324-326]. The electrosorption capacity of 9-
CNT/mwGO/RVC and CNT/RVC electrodes were 10.84 and 8.89 mg/g,
respectively, at 500 mg/L feed concentration. This indicates that combining mwGO
with CNT materials increased the number of sites for adsorption in the 9-
CNT/mwGO/RVC electrode under an electric field. Langmuir (Eq. 2.18) and
Freundlich (Eg. 2.19) isotherms were used to fit the experimental data for
electrosorption of Na* and CI" onto the electrodes. The Langmuir isotherm is
applicable to localization of adsorbed ions with a limited adsorption amount [262]
and the Freundlich isotherm is suitable for the description of ion adsorption with a

wide variety of adsorption strength [263].

Table 5.5 shows the comparison between Langmuir and Freundlich isotherms
for NaCl electrosorption using 9-CNT/mwGO/RVC and CNT/ RVC electrodes. It
was found that the electrosorption isotherm in both electrodes obey both the
Langmuir isotherm and the Freundlich isotherm models, according to the R? values
(better than 99.9% confidence level). The regression coefficients for CNT/RVC were
0.997 and 0.989, and for 9-CNT/mwGO/RVC electrode were 0.995 and 0.981 for the
Langmuir isotherm and Freundlich isotherm, respectively. This phenomenon
suggests that monolayer adsorption was the primary adsorption mechanism during
the electrosorption process [209, 332]. The K. values of both electrodes were 0.01,
and Kg values of CNT/RVC and 9-CNT/mwGO/RVC electrodes were 0.28 and

0.32, respectively. Normally, a higher value of n between 1 and 10 represents more
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beneficial adsorption [268] and the volume of n for both electodes was around 1.74.
Hence, the electrodes with high value of n exhibit a high potential for electrosorption
capability. In such a system, the adsorbed layer is extremely thin and the amount
adsorbed is only a fraction of the monolayer capacity. Therefore, the electrosorption
of both electrodes in CDI follows the monolayer adsorption [208]. Additionally, as a
standard procedure, in order to estimate the maximum electrosorption amount of
electrodes, the parameter g, in the Langmuir isotherm model was considered as the
maximum adsorption capacity, so the results suggest that the maximum adsorption
capacity was improved as the bias concentration rose. The equilibrium
electrosorption capacity of this electrode, at a polarization of 1.5 V and a flow-rate of
50 ml/min, was 13.08 and 16.59 mg/g using CNT/RVC and 9-CNT/mwGO/RVC
electrodes, respectively. The results suggest that the maximum adsorption capacity
for NaCl on the 9-CNT/mwGO/RVC electrode was improved compared with
CNT/RVC electrode. The maximum electrosorption capacity at equilibrium, for a
concentration of 500 mg/L NaCl, for CNT/RVC electrode is much higher than the
electrosorption capacity of multi-walled carbon nanotubes (MWCNTS) [332] and
activated carbon (AC) [264]; which were 3.10 mg/g and 9.72 mg/g, respectively.
This indicates that the surface area and average pore size in CNT/RVC electrode are
larger, where the the surface area in MWCNTs and AC electrodes were 153 and
1153 m?/g [264, 332], respectively. In addition, The maximum electrosorption
capacity of CNT/RVC electrode is very close to the electrosorption capacity of
composite carbon nanotubes with carbon nanofibres (CNTs-CNFs) electrode, which
was 13.35 mg/g [324]. The maximum electrosorption capacity results of 9-

CNT/mwGO/RVC and CNT/RVC electrodes are lower than graphene electrode
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which was 21.04 mg/g [208]. This graphene electrode mainly consists of mesopores
with an average pore diameter of about 7.42 nm which is greatly beneficial to a

capacitive deionization system.

The electrosorption isotherm for 9-CNT/mwGO/RVC and CNT/RVC
electrodes at 1.5V and 50 ml/min flow-rate.
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Figure 5.18: The electrosorption isotherms for 9-CNT/mwGO/RVC and CNT/RVC
electrodes at 1.5 V and 50 ml/min flow-rate using different initial concentrations of
NaCl solutions..

Table 5.5: Determined parameters of regression coefficients R?, K. and K¢ of
Langmuir and Freundlich isotherms for NaCl electrosorption by using the 9-
CNT/mwGO/RVC electrode.

Isotherm Parameter Value Value*
9-CNT/mwGO/RVC CNT/RVC

Langmuir Om (Mg/g) 16.59 13.08
KL (L/mg) 0.01 0.01

R? 0.995 0.997

Freundlich Ke (L/mQ) 0.32 0.28
n 1.74 1.74

R? 0.981 0.989

* These results were calculated in Chapter 4, Section (4.3.17.).
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5.3.8.5 Water production by CDI system

In this chapter, experiments were performed using a 75 mg/L NaCl feed
solution. Therefore, water production calculations are here by based on this feed
concentration. From the above Section (5.3.8.4.), it can be concluded that, 1 g of
9:CNT/mwGO composite coated on 43.20 cm® RVC electrode adsorbed 3.82 mg
NaCl during 13 min using an initial concentration of solution of 75 mg/L and the
solution concentration after 1 desalination cycle became 71.18 mg/L. Furthermore, 1
g of CNT coated on 43.20 cm® RVC electrode adsorbed 3.23 mg NaCl during 18 min
using an initial concentration of solution of 75 mg/L and the solution concentration
after 1 desalination cycle became 71.77 mg/L. In addition, the amount of salt
electrosorbed will change with solution concentration as shown by the relationship
between the electrosorption capacity and solution concentration (Figure 5.18).
Figure 5.18 also shows that the electrosorption capacity appears to be linearly related
to the NaCl concentration below 100 mg/L. This is confirmed by the straight line fit
shown in Figure 5.19 (a) which affords Equation (5.3) for the 9:CNT/mwGO/RVC

composite electrode and Equation (5.4) for the CNT/RVC composite electrode.
For the 9:CNT/mwGO/RVC composite electrode:
Electrosorption (mg/g) = 0.050 * Concentration (Eq5.3)
For the CNT/RVC composite electrode:

Electrosorption (mg/g) = 0.042 * Concentration (Eq5.4)
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From these equations (Eq 5.3. and Eq 5.4.), the concentration change after each
desalination cycle will be known and this information can be used to obtain Figure
(5.19 (b)). Figure 5.19 (b) shows the concentration change after each desalination
cycle to reach less than 1 mg/L using 1 g of CNT/mwGO composite or CNT coated
on a 43.20 cm® RVC electrode. It is clear that when the CDI system uses the
CNT/RVC composite electrode, the total desalination process requires 103 cycles to
reduce the concentration of solution from 75 mg/L to less than 1 mg/L. This means
that water production, employing this electrode, needs 1854 min (18 min * 85 cycles)
to produce 1L of water containing NaCl concentration of less than 1 mg/L. Thus, the
desalinated water produced per day is 0.78 L using 1 g of CNT coated on a 43.20
cm® RVC electrode, or 17,855 L using 1m® of the same composite electrode. On the
other hand, when the CDI system uses the 9-CNT/mwGO/RVC composite electrode,
the total desalination process requires 85 cycles to reduce the concentration of
solution from 75 mg/L to less than 1 mg/L. This means that water production,
employing this electrode, needs 1105 min (13 min * 85 cycles) to produce 1L of
desalinated water containing NaCl concentration of less than 1 mg/L. Thus, the water
produced per day is 1.30 L using 1 g of 9-CNT/mwGO coated on a 43.20 cm® RVC
electrode, or 29,958 L using 1m? of the same composite electrode. In conclusion, the
full desalination process to produce water of less than 1 mg/L NaCl concentration in
the CDI system using the 9-CNT/mwGO/RVC composite electrode produced
67.78% more desalinated water per day compared with the same CDI system using

the CNT/RVC composite electrode.
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5.4 Conclusion

In summary, graphene oxide nanosheets were successfully synthesised
through a modified Hummer’s method and were reduced and exfoliated using
microwave irradiation. The ensuing SEM images show significantly altered structure
that is highly porous, forming an interconnected network with minimal re-stacking of
the graphene. The XRD confirms the exfoliation, by microwave irradiation, of the
GO due to the significant suppression of the sharp peak at 260 = 10.8° and the
distance between graphene nanosheets layers in the individual stacks (however the
distance between individual stacks is increased, Figure 5.2(a) compared with Figure
5.2 (b)) being decreased to 0.435 nm; while XPS spectra confirm that reduction of
the GO is apparent due to the much sharper sp? (C=C) at 284.4 eV peak. The D /G
band ratio of the Raman spectra decreased from 1.26 to 1.08 signifying that the GO
has undergone removal of some of its functional groups. After that, mwGO powder
(0.1% wi/v) was dispersed in DMF solution by ultrasonic probe, consuming 14 KJ per
mg, and the sonication time was optimized by monitoring with Visible spectra.
Furthermore, functionalised single-walled carbon nanotubes were dispersed in DMF
solution as well. After that the mwGO solution was combined with CNT solution at
various ratios to form the CNT/mwGO composite solutions which were used to coat
RVC electrodes to fabricate 3D novel electrodes for a CDI system. In these
electrodes, the CNT materials were found to be sandwiched between the graphene
sheets to build a 3D highly porous architecture that facilitates rapid ion diffusion.
These lead to enhanced van der Waals forces and friction. In addition the best
electrochemical response in terms of capacitance and kinetic behaviour among all

target electrodes was investigated using CVs with a three-electrode system in 1M
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NaCl solution. The results lead to a conclusion that the best performing electrode,
with a specific capacitance of 179.39 F/g was the composite 9 a-SWCNT: 1 mwGO
coated RVC electrode (9-CNT/mwGO/RVC), which represents a 29 % increase in
specific capacitance compared with the CNT/RVC electrode. This optimal electrode
also had very high cyclic voltammogram (CV) curve stability, maintaining an
electrochemical cycling stability of 99% after 200 cycles. Moreover, the time saving
of one electrosorption—desorption cycle with the 9-CNT/mwGO/RVC electrode was
27.78 %; compared with the CNT/RVC electrode which required 18 min. In addition,
the electrosorption removal of NaCl by the 9-CNT/mwGO/RVC electrode in terms
of mass of the electrode (3.82 mg/g) increased 18.27 % compared with that of the
CNT/RVC electrode (3.23 mg/g), applied voltage and 50 ml/min flow-rate as the
optimum conditions. The full desalination process to produce water of less than 1
mg/L NaCl concentration in the CDI system using the 9-CNT/mwGO/RVC
composite electrode increased desalinated water production by 67.78% per day
compared with the same CDI system using the CNT/RVC composite electrode. The
maximum water produced per day is 29,958 L using 1m*® of 9-CNT/mwGO/RVC
electrode, and the maximum electrosorption capacity result for the same electrode
was 10.84 mg/g at 500 mg/L feed concentration, as compared with a theoretical
maximum value of 16.59 mg/g calculated using the Langmuir isotherm model. The
results for the 9-CNT/mwGO/RVC composite electrode demonstrate it to be a

promising electrode in CDI technology.
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6 CONCLUSIONS AND
RECOMMENDATION
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6.1 Summary and conclusion

The main aim of this thesis, which was to increase potable water production by
a capacitive deionization (CDI) system, was achieved via building 3D nanostructured
electrodes and improving the design of the flow-through cell. The design of the flow-
through cell in a CDI system was modified to accept solution flow directly through
the electrodes in a CDI system. This simple change saves the time of one
desalination cycle and increases the production around three times. Furthermore, all
materials used in the CDI electrodes were based on RVC electrodes as substrata to
build novel 3D electrodes because RVC electrodes reduce the resistance of solution
flow through the electrode, increase the stability of composite electrode towards high
flow-rate pressure, increase the possibility of ions to reach all electrode surfaces in a
short time for electrosorption, and shorten the time of ions release from the electrode
surface.

PEDOT material on RVC electrode was used for the first time in a CDI
system; chosen because of its interesting properties such as high electrical
conductivity, surface area, environmental stability, porosity, most stable conducting
polymer currently available. PEDOT was used in Chapter 3 and it was successfully
deposited by electropolymerization on RVC. The aim of this chapter was achieved as
demonstrated by the improved performance of the CDI electrode in terms of unit
geometric volume and unit geometric area. The electrosorption capacity in terms of
unit geometric volume and unit geometric area of electrodes increase with increase in
the amount of PEDOT in the electrode, and the highest electrosorption capacity was
0.37 mg/cm® or 0.12 mg/cm? or 6.52 mg/g of PEDOT in PEDOT-120min/RVC

electrode ((240 mg coated 4.2 cm® RVC electrode) at a 75 mg/L NaCl solution
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concentration. The electrical voltage of 0.8 V and flow-rate of 80 ml/min were the
optimum conditions and key factors which affected the NaCl ions removal
performance at the sites of the PEDOT/RVC electrode. This result has better
desalting performance than carbon materials and the adsorption/regeneration of
PEDOT/RVC electrodes was facile with high efficiency achieved. The water
production by 1m*® of PEDOT-120min/RVC electrode, from a 75 mg/L NaCl feed
solution, was 129,176 L/day of water containing less than 1 mg/L NaCl
concentration. In addition, the results in Chapter 3 have shown that the capacitance
of PEDOT-120min/RVC electrode compared to a bare RVC electrode had increased
by a factor of 2230, and the electrochemical properties were ideal.

The successful use of 3D PEDOT/RVC in a CDI system led to the use of RVC
electrodes again in Chapter 4 to build 3D nanoweb functionalized SWCNT (a-
SWCNT) electrode structures by filling the RVC pores using a dip coating method.
The main aims were to build 3D CNT to decrease CNT bundles (80-100 nm)
diameters and to afford a strong structure with void spaces (macropores) formed by
neighbouring bundles. These led to an increase in the electrode surface area resulting
in an increase in the electrosorption performance in the CDI system. The aims were
achieved and SWCNT bundles diameters were between 50 to 80 nm with void
spaces. In addition, a unique 3D electrode has been constructed and explored as a
novel CDI electrode. The electrical voltage of 1.5 V and flow-rate of 50 ml/min were
the optimum conditions, and they were key factors which affected the NaCl ions
removal performance at the sites of a-SWCNT. The maximum electrosorption
capacity result for the 23.58 %wt a-SWCNT/RVC (50 mg a-SWCNT coated RVC

electrode) was 3.23 mg/g of CNT or 0.08 mg/cm® for a 75 mg/L NaCl feed
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concentration; which had high electrosorption capacity compared with CNT
electrode material (2.33 mg/g) in other research. It is worth mentioning that the time
required for one adsorption/desorption cycle in the CNT electrode material, which
was 100 min in other research, was decreased more than 16 times when the CNT
coated RVC electrode was used (6 min). This means that the amount of pure water
produced is increased more than 16 times when the CNT coated RVC electrode is
used. This Chapter also describes work on an improved flow-through cell for the
CDI system achieved by a simple design to accept solution flow through the
electrodes and its effect on desalination cycle time was studied. It is clear that for one
desalination cycle, 42 minutes was required for the flow-between (FB) electrodes
configuration and 18 minutes for the flow-through (FT) electrodes configuration.
This encouraged efforts to design a new CDI cell with a flow-through electrode
system. The electrosorption capacity of all electrodes in the new cell was increased
and the time required for one desalination cycle decreased as well. For example, the
electrosorption capacity for 3.63 %wt a-SWCNT was increased from 8.39 mg/g to
10.40 mg/g and the time of one desalination cycle decreased from 30 min to 10 min
using flow feed between (FB) electrodes and flow feed through (FT) electrodes,
respectively. This means that electrosorption capacity increased 23.96% and the time
required for one desalination cycle decreased around three times. In addition, the
effect of distance between electrodes was studied using new cell. The ion removal
characteristics were affected by various distances between electrodes. As the distance
increased, the ion removal amount was not affected in the range of distances from
5mm to 15 mm, but was less when the gap between electrodes was 25 mm. However

the adsorption time required increased when the distance was increased in all cases
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and the energy output of the CDI system was affected by an increase in the space
between electrodes. Furthermore, the electrosorption dynamic and isotherm were
studied using new cell. It observed that NaCl adsorption has obeyed pseudo first -
order Kkinetics rather than pseudo second-order kinetics and that NaCl ions were not
adsorbed onto the a-SWCNT surface via chemical interaction. It was found that the
electrosorption for this electrode obeys both the Langmuir isotherm and the
Freundlich isotherm models. This phenomenon suggests that monolayer adsorption
was the primary adsorption mechanism during the electrosorption process. The
maximum electrosorption capacity result for 23.58 %wt a-SWCNT electrode was
8.89 mg/g at 500 mg/L feed concentration, as compared with a theoretical maximum

value of 13.08 mg/g calculated using the Langmuir isotherm model.

The goal of Chapter 5 is to increase the electrosorption capacity of 3D
CNT/RVC electrodes from Chapter 4, and reduce the duration of electrosorption—
desorption cycles of Chapter 4 by improving the ease of ions adsorption to and ions
desorption from the electrode surfaces. This was achieved by preparing composites
of microwave irradiated graphene oxide (mwGQO) with CNT. The CNT materials
were contained sandwiched between the graphene sheets to build a 3D highly porous
architecture inside the electrodes and increase the electrodes conductivity as well as
afford rapid ions diffusion. All composite materials were coated on RVC by the dip
coating method. A maximum of 50 mg loading was used because previous work
(Chapter 4) showed that 50 mg was the highest amount of CNT material that can be
loaded into the RVC electrode and it afforded the highest capacitance and
electrosorption capacity in terms of geometric volume. The results lead to a

conclusion that the best performing electrode, with a specific capacitance of 179.39
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F/g was the 9-CNT/mwGO/RVC electrode, which represents a 29 % increase in
specific capacitance compared with the CNT/RVC electrode. This 9-
CNT/mwGO/RVC electrode also had very high CV curve stability, maintaining 99
% current stability after 200 cycles. Moreover, the time saving of one
electrosorption—desorption cycle with the 9-CNT/mwGO/RVC electrode was 27.78
%; compared with the CNT/RVC electrode which required 18 min. In addition, the
electrosorption removal of NaCl by the 9-CNT/mwGO/RVC electrode in terms of
mass of the electrode (3.82 mg/g) increased 18.27 % compared with that of the
CNT/RVC electrode (3.23 mg/g), applied voltage and 50 ml/min flow-rate as the
optimum conditions. The full desalination process to produce water of less than 1
mg/L NaCl concentration in the CDI system using the 9-CNT/mwGO/RVC
composite electrode increased water production per day by 67.78% as compared with
the same CDI system using the CNT/RVC composite electrode. The maximum water
produced per day is 29,958 L using 1m® of the 9-CNT/mwGO/RVC electrode, and
the maximum electrosorption capacity result for the same electrode is 10.84 mg/g at
500 mg/L NaCl feed concentration, as compared with a theoretical maximum value
of 16.59 mg/g calculated using the Langmuir isotherm model. The results for the 9-
CNT/mwGO/RVC composite electrode demonstrate it to be a promising electrode in
CDI technology. Table 6.1 shows comparison of capacity, electrosorption capacity,
estimate the maximum electrosorption amount (gm) and the adsorption rate constant
(k1) of the best performance electrodes developed using geometric size in CDI

system in this thesis.
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Table 6.1: Comparison of capacity, electrosorption capacity, estimate the maximum
electrosorption amount (qm) and the adsorption rate constant (k;) of electrodes
developed in this thesis.

The best Capacity | electrosorption | electrosorption Om K1
electrode capacity capacity
(Flem?) (mg/g) | (Min™?)
Chapter performance (ma/ o) (ma/ o)
using
geometric size
in CDI system
3 PEDOT- 6.18 0.37 0.37 - -
120min/RVC
4 23.5%wt 3.23 0.07 0.07 13.08 0.816
SWCNT/RVC
5 9- 4.13 0.10 0.10 16.59 0.525
CNT/mwGO/
RVC
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6.2 Recommendations

At the moment, the need for desalination of brackish water sources is
increasing more rapidly than the need for seawater desalination because 70% of the
world’s available ground water is brackish. The main reason for choosing a
capacitive deionization system is that it has an extremely wide potential application
field. It was normally used in the scope of research for brackish desalination
applications to remove ions from brackish water sources like ground water,
secondary municipal, industrial effluent, and river and dam waters. The other
potential future applications of a CDI system include boiler feedwater treatment,
ultrapure water production, hydrogen fuel cell water treatment, seawater
desalination, selective removal of ions dissolved in nuclear waste streams, recovery of

trace precious materials for instance gold recovery from water based streams.

The CDI system which was used in this thesis can be enhanced by a modified
flow-through cell that decrease the distance between electrodes in the micrometre
range (500 to 200 um) using 3D printing. Electrodes are separated by a spacer
(porous membrane) to prevent short circuiting. This could lead to rapid energy
transfer through interfaces in the micro-space. Also the time of one electrosorption—
desorption cycle can be greatly reduced. This will save the energy consumption and

also increase the potable water production.

The 3D PEDOT/RVC and CNT/mwGO /RVC structure electrodes gave
amazing results in the CDI system. These electrodes can afford extensive results if
these materials, PEDOT, CNT and graphene oxide are made into composites with

each other, then used to coat RVC by dip coating method. This composite electrode
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can be prepared by three steps. The first step is the intercalation of PEDOT between
graphene layers and optimising for the best ratio. The second step is the intercalation
of CNT as well, optimising for the best ratio. The last step fabricates this composite

material as a 3D electrode using the RVC electrode structure.
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