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Summary
Water availability in Southeast Asia has been challenged by a variety of climate
change-induced chemical alterations of rainwater. Potable water is increasingly
difficult to produce in sufficient quantities to service the world population.
Developing as well as developed countries increasingly need to depend on water
desalination for their main source of freshwater. According to various studies, the
percentage of desalination in the current market will only increase over the next
couple of decades. Due to certain chemicals used in industrial processes around
the globe, water has been contaminated with a plethora of charged compounds
that must be removed to once more create potable water. The presence of these
charged compounds forms a special challenge in water sanitation. Especially the
presence of valent ions in water, more commonly referred to as water hardness or
mineralization, must be addressed in the near future. Due to the demineralization
processes involved in water demineralization, often targeting the electrical charge
difference of coions in solution, the ability to remove individual cations and anions
is severely limited. In the case of Singapore, a well-developed country in the
region of Southeast Asia, the water hardness is quantified by CaCO3 and remains
at around 80-120 mg L-1 after desalination. Optimally, the concentration would be
lower than 60 mg L-1. Similarly, Singapore’s Public Utilities Board is working hard
to reduce the boron concentration to less than .5 ppm in freshly desalinated water.
Technologies currently applied in this context include mechanical filtration and
reverse osmosis. However, these technologies have as a disadvantage their high
energy consumption due to the requirement for artificial pressure generation.
Membrane-based capacitive deionization forms a competitive solution to reduce
water mineralization levels because of its capacity to electrosorb cations such as
Ca2+ and B+ at a large scale. Using an experimental setup with mechanical
pressure and a recycling solution of 1 M NaCl broth, this study showed the viability
of using TiO2-coated activated carbon filler in a reduced graphene-oxide matrix for
water demineralization at low energy consumption. This study assesses the
viability of TiO2@AC:rGO composite electrodes for MCDI-based demineralization
and concluded in a design based on angled coils guiding water by natural pressure
generation from gravity for water flux optimization. The prototype design promises
functional demineralization capacity using minimal energy from external sources.
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Chapter 1

Introduction
Seawater desalination is the main source of potable water around the world. The
report by McGranahan (2002) already suggested water scarcity in Southeast Asia
would have increased massively by 2025, requiring further expansion of water
desalination plants (McGranahan, 2002; Royan, 2016). Humanity’s modern lifestyle
has affected both the availability and viability of water supplies. Fresh water
supplies form a major requirement for life and survival but have become an
increasingly scarce commodity across the globe. Potable water can no longer be
retrieved just from wells and natural water bodies to suffice the needs of a 7 billion
strong global population.
Due to certain chemicals used in industry, water has been contaminated with a
plethora of charged compounds that now need to be removed from potable water.
In countries where water sanitation facilities are insufficiently in operation, this is
particularly challenging. Products such as fertilizers used in agriculture, chemicals
used in industrial processes, etc. have created an excess of ionic particles that are
difficult to remove from water. The presence of positively charged ions in particular
has formed a challenge, particularly in countries with insufficient water sanitation
facilities are in operation.
Elevated ion concentration is more commonly referred to as water hardness.
Developing regions in South and Southeast Asia in particular often rely on primitive
desalination technology for their main water source. Additional lacking water
sanitation facilities allow persistent water hardness to affect developing regions of
the world. Although concrete, quantifiable data is difficult to obtain given the large
geographical dispersion of this issue, previous catastrophic events have led to
believe the introduction of unnatural elements into the biosphere is typically
detrimental. For instance, the lasting presence of hard ions in potable water may
have lasting effects on human and environmental health, affecting the natural
biosphere as well as causing cardiovascular disease, pulmonary lung disease and
being correlated to growth retardation and reproductive failure (World Health
Organization, 2011).
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Major water desalination technologies rely on membrane technology responding
to particle size (Frost & Sullivan, 1975). Solutions such as reverse osmosis and
nanofiltration are pressure-driven, largely mechanical in their functioning and hence
prone to fouling. Electrochemical methods, precipitation and ion-exchange require
significant amounts of energy and complicated architectures to accommodate them.
Moreover, chemical techniques often require extensive post-treatment to minimize
the environmental impact.
Membrane-based desalination suffers extensively from fouling and only permits
limited pressurized water flux (Malaeb & Ayoub, 2011) Recent innovations have
focused on exploring electrochemical reducing energy consumption of desalination,
whilst permitting higher permeation flux to upscale technologies (Li & Yeo, 2011).
Carbon-based capacitive deionization can be modified for different architectures
relatively easily and cheaply, and consumes less energy than traditional
electrochemical methods. These technologies currently range anywhere from
approximately 1.0 kWh m-3 to more than 7.6 kWh m-3 of potable water. Additionally,
carbon-based materials are known for being easily regenerated at low costs.
Especially in developing countries where remnant ions in water are a challenge and
the overall cost of a solution is a limiting factor. For future expansion of the
technology, choosing one that will optimize functionality and cost is preferable.
Membrane-based capacitive deionization, a carbon-electrode based technology
for water demineralization is particularly attractive for application in low-resource
regions because of its potential using only electrical energy for the electrodes.
Furthermore, because of the nature of the membrane application in MCDI, fouling is
prevented by the use of electrochemical washing, rendering the technology more
durable than more traditional alternatives.
This paper explores the use of activated carbon (AC) electrodes in grapheneoxide matrix structures to optimize 2D architecture integrity while maintaining high
conductivity for membrane-based capacitive deionization (MCDI). In the broader
context of water desalination in Southeast Asia, the study investigates the feasibility
of introducing graphene-oxide TiO2-modified activated carbon composite capacitive
deionization as a viable second-line post-desalination treatment of water. This
study also investigates the theoretical benchmarking qualities of graphene-oxide
TiO2-modified activated carbon composite activated carbon for water
demineralization because of their ability to remove positively charged boron and
calcium ions. The chief factors includes in this study are demineralization capacity,
energy consumption and electrode half-life. The study hypothesizes that the
demineralization qualities of graphene-oxide TiO2-modified activated carbon
composite electrode materials combined with the lower energy consumption rates
will outweigh the efficiency benefits of traditional technologies.
2

Chapter 2

Background
Traditional demineralization techniques use mechanical pressure-based
systems such as multiple cycles of micro- and nanofiltration (NF) and reverse
osmosis (RO) (Izadpanah & Javidnia, 2012; Eriksson, 1998; Ramen, et al., 1994;
Shon, et al., 2013; Efraty, et al., 2011; Song, et al., 2012). These types of systems
help to provide a high flux at lower operation pressures while maintaining optimal
salt rejection rates (Izadpanah & Javidnia, 2012; Eriksson, 1998; Ramen, et al.,
1994; Shon, et al., 2013; Efraty, et al., 2011; Song, et al., 2012). Such purely
membrane-based technologies are often adversely affected by chemical
interactions between suspended solutes in the mixture and the membrane
material. To address the issue of chemical solute interaction, a more sophisticated
understanding of the chemical interaction is required but remains to this day
insufficient to design more cost-effective solutions.
Alternative technologies such as thermal distillation, composite materials, and
hybrid technologies often suffer from the need of artificial, external pressurization
and lower pressure-recovery rates than membrane technologies (Stover & Efraty,
2011; Song, et al., 2012; Stover, 2013; Kabeel, et al., 2013; Jeong, et al., 2007;
Subramani & Jacangelo, 2015; Rovel, et al., 2003). Technologies requiring
external pressurization are hence subject to significantly larger energy
consumption rates than the aforementioned membrane-based technologies. For
comparison, while most membrane filtration plants operate at an average pressure
of 7 to 30 bars (Shon, et al., 2013). In the context of Singapore, the energy
consumption would balance at an average of 3.5 kWh m-3, according to interviews
conducted at the Public Utilities Board. Hybrid plants often consume up to 7.6 kWh
m-3 and can only maintain fluxes of approximately 26.1 to 43.7 L m-2 h-1 (Song, et
al., 2012; Stover, 2013; Hemmatifar, et al., 2016). Ideally, the net energy
consumption would be lower than 1.0 kWh m-3 after energy recovery.
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The challenge of water hardness (mineralization) — a measure for the number
positively charged ions (cations) suspended in solution — in particular remains
challenging in the context of Southeast Asia. Mineralization is quantified by the
concentration of CaCO3 in solution (Gabelich, et al., 2002). However, the effects of
Ca2+ counterparts such as Mg2+, B+ and Fe3+ might entail severe consequences for
human and environmental health. (Gabelich, et al., 2002). Mineralization levels in
natural water bodies have never reached the desired level of 60 ppm but remain
around 80-120 ppm (World Health Organization, 2011) B+ is of particular interest
because of its severe effects on essential metabolic features, including calciumutilization for brain function, psychomotor responses (Nable, et al., 1997; Nielsen,
1997).
This paper proposes to use a composite material in an electrochemical method
called membrane capacitive deionization (MCDI). In an MCDI plant, saline
solutions are pushed through unrestricted capacitor modules constructed of highsurface area electrode, guided by often polymeric ion-exchange membranes
(Subramani & Jacangelo, 2015). Compared to NF and RO, MCDI was able to
operate at as low an energy consumption as 1.65 kWh m-3 according to the Public
Utilities Board. MCDI is a particularly attractive option to affect reduction of water
mineralization because of its ability to electrosorb cations upon polarization of the
electrodes (Welgemoed, 2005; Subramani & Jacangelo, 2015). Similarly, because
of a lack of fouling, electrochemical methods such as MCDI remain much more
reliable than NF and RO (Lee & Lee, 2000; Park, et al., 2016). Unfortunately,
however, due to the complicated architecture required to run MCDI at a large
scale, this technology has been considered to a limited extent (Galama, et al.,
2014; Dey, et al., 2007; Berakat, 2011; Entezari & Tamasbi, 2009).
Based on an easily scalable architecture of stackable, cylindrical layers, this
paper proposes to use MCDI for demineralization purposes in contexts of the
developing world in particular. This paper experimented with MCDI electrodes
fabricated from TiO2-coated AC (TiO2@AC) in a reduced graphene-oxide (rGO)
matrix to optimize 2D nanostructure for stability whilst maintaining the high
electrical conductivity of AC electrodes (Kim & Choi, 2010). AC electrodes pose
an attractive option because of its high potential degree of porosity, specific
surface area and absorption capacity (Rettier, et al., 2012). This study aims to
study the demineralization performance of TiO2@AC:rGO composite electrodes for
applications in the context of developing countries.
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2.1

Global Desalination Market

In 2010, the global water market amounted to US$ 425 billion with key activities
in construction, technological engineering and design (Royan, 2012). By 2016, the
total global water market had grown to a US$ 625 billion business (Royan, 2016).
According to Frost and Sullivan, a British engineering consultancy, in 2015, 36% of
the total business is in the development of new technologies, of which a respective
54% is wastewater treatment and another 32% is water treatment for the creation
of potable water. Based on data from 2015, Frost and Sullivan forecast that a
small fraction on the crossover between water and wastewater treatment will
provide a sizable market share over the course of the next decade. In total, 11% of
water treatment technologies are wastewater treatment oriented (Royan, 2012;
Royan, 2016). Similarly, the wastewater treatment technologies have seen a
steady increase in capacity in Asia Pacific over the course of the years from 2015
till 2019 and are projected to continue increasing until 2022 (Royan, 2016).

Figure 2.1.1: Global market share of water treatment (adapted from Royan, 2016).

Freshwater is a requirement for life and survival and yet has become an
increasingly scarce commodity across the globe. From droughts in California
requiring the external import of potable water to pollution in Malaysia disabling the
population’s water consumption to the seasonality in the tropics rendering
consistent water collection from catchments virtually impossible, all life requires
freshwater. Potable tap water has become a commodity the West has grown used
to and expects every day. Potable, or at the very least tolerable water, however,
has become something of a luxury item. Countless nations across the world
cannot guarantee that the water they drink will sustain them for the years to come.
Water sourced near areas commonly used for agriculture or industry can often be
contaminated with cadmium, led or mercury leading to a range of debilitating
diseases (United Nations, 2009). Providing more affordable and healthier solutions
to generating freshwater should hence be a priority to the world.
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Figure 2.1.2: Global market share of water production 2016–2023 (adapted
from Global Water Intelligence, 2018).
Frost and Sullivan provided an overview of the uses of particular technologies
in water desalination around the world. Since 1975, there has been a steady
increase in the number of desalination plants being built in the world. As the report
by McGranahan (2002) suggests, the water scarcity in Southeast Asia will
increase massively by 2025, rendering the construction of sufficient water
sanitation plants evermore paramount. Currently, the overall global desalination
capacity is already at around 18 billion liters per day (Royan, 2016). Unfortunately,
however, this is not enough to provide the capacity needed to sustain Southeast
Asia’s growing population. Due to elevated living standards, growing populations
tend to consume increasingly excessive water at incrementally larger scales.
Southeast Asia in the future will need increasing capacity to generate large
quantities of potable seawater for a growing population and increasing agriculture
demands (Royan, 2016).

Figure 2.1.3: Global water stress and scarcity by 2025 (adapted
from McGranahan, 2002).
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Figure 2.1.4: Generic overview of water desalination process (from Li & Yeo, 2011).

The most obvious solution to generating large quantities of potable freshwater
in coastal areas is desalinating seawater. Over the course of the past few
decades, the majority of research in desalination technology has been focused on
membrane-based technologies. This is in the first place due to their supposed
ability to operate at relatively low chamber pressures, require less energy and are
optimizable for high-flux systems. More recent innovations, however, have been
focusing on reducing the energy consumption of the desalination process (Peñate
& García-Rodriguez, 2012). Modern research also focuses on looking for
technologies, which would permit higher permeation flux in the system (Malaeb &
Ayoub, 2011). Furthermore, research since the beginning of the decade has been
concentrating on minimizing the negative effects of fouling that tend to occur when
systems are upscaled to allow (Malaeb & Ayoub, 2011). However, since this paper
will focus on electrochemical methods of desalination, reducing the fouling effect of
bioreactors is beyond the scope of this research.
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2.2

Water Hardness

Due to the chemical processes involved in water desalination, the hardness of
desalinated water remains relatively uncontrolled throughout the development of
desalination techniques. According to PUB, the current procedure at the NEWater
facilities requires the water to be alkaline at pH 10–10.5 to be able to be
desalinated (Chong Mien Ling, personal communication, February 22, 2019). Due
to the nature of alkaline conditions, the charge of the water changes in such a way
as for the difference to render cations unrecognizable. For instance, in Singapore,
the majority of desalination plants are designed to deliver water with a hardness of
approximately 80-120 mg L-1 CaCO3, whereas ideally the concentration should be
below 60 mg L-1 (World Health Organization, 2011). Water hardness is a measure
of the amount of calcium and magnesium salts in water. The more calcium and
magnesium in water, the harder the water. Water hardness is usually expressed in
milligrams per liter (mg L-1) of dissolved calcium and magnesium carbonate. In
developing countries in the same region, facilities management and citizens often
fail to gain access to the equipment necessary to measure the hardness of the
water (Sengupta, 2013). Elevated levels of calcium, magnesium, and barium levels
in potable water might cause health challenges such as increased prevalence of
cardiovascular disease, growth retardation in infants and reproductive failure in
adults (World Health Organization, 2011). Increased hardness of water could pose
challenges to the environment due to elevated levels of nitrogenous species
(Sengupta, 2013). The presence of these ions also correlates to increased levels
of soil and water pollution caused by the use of fertilizers in agriculture. This
research project investigates the efficacy of removing singular cations from
aggregate potable water in addition to reducing the total amount of energy needed
for successful demineralization. Especially in regions where energy is a scarce
resource, such as many countries in Southeast Asia, addressing this challenge is
a major concern.
As per Gabelich, et al. (2002), the most prevalent cations present in
desalinated water are Ca2+, Mg2+, B+ and Fe3+. Although research into sea salt
removal and single-ion salt removal has been ongoing for various decades, more
complex multi-ion salt experiments have rarely been attempted. This study will
focus on the use of capacitive deionization using increased negative surface
charge on a pair of carbon-based electrodes. The main advantage is that the ions
will be electrostatically desorbed into a waste stream. Earlier work has already
been performed to examine the competitive removal of various hardness-related
ions, but no quantitative study has yet been provided to show the desorption
performance of particles such as Na+, Mg2+, K+, Rb+, Cl-, Br-, NO3- and SO42-.
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Boron in particular is distributed in a wide variety of elements in nature
and appears in the form of boric acid or borate salt (García-Soto & Camacho,
2005; Fujita, et al., 2005). Although boron is essential to the maintenance of life,
boron can be harmful to delicate balances of life, including metabolic features such
as calcium-utilization, brain function, psychomotor responses, and estrogen
ingestion in the human body (Nable, et al., 1997; Nielsen, 1997). According to the
guideline standards set by the World Health Organization (WHO) for drinking
water, the acceptable boron concentration must be ≤ .5 ppm (mg L) for default
quality potable water (Köse, et al., 2011).
However, removing boron from water is difficult, especially since the pH has to
be adjusted to levels of 10.5 ± .5, which renders the technique prohibitively
expensive and impractical (Chong Mien Ling, personal communication, February
22, 2019). The most feasible experimental method for boron removal is chemical
activation of the nano filtration technology, consisting of impregnating the solution
with some metal-oxide and removing the bonded metal-oxide using some filtration
technique (Nakagawa, et al., 2007).

2.3

Competitive Landscape

The majority of experimental technologies for water purification work based on a
combination of charge and size-based selectivity. The objective is to optimize the
efficacy of both actions in water demineralization, to attain the purest and healthiest,
potable water. The ensuing paragraphs will summarize the main technologies
currently used in water desalination in order to be able to compare and contrast their
optimization and energy usage under different conditions for different manufacturers.
According to Dundorf, et al. (2009) and Puyol (2009), the average energy
consumption of RO plants can be as low as 2.0 kWh m-3 of water produced.
Similarly, the average of RO energy consumption has been found to be no lower
than between 2.2 and 2.5 kWh m-3 of water produced (Ludwig, 2009; Stover,
2009). The most obvious approach to reducing the energy in desalination plants is
to increase energy recovery using other third-hand technologies. For instance,
energyry devices based on isobaric chambers and positive displacement pumps
integrated in reverse osmosis (RO) facilities have yielded over 90% in energy
retrieval (Peñate & García-Rodriguez, 2012). The ability to recycle energy
significantly reduces the strain destination plants place on the energy net around
them as well as the economic burden of freshwater. Furthermore, Affordable
Desalination Collaboration (ADC), a Californian non-profit desalination research
institute has shown that the majority of technologies can operate under similar
energy consumptions based on optimization for different circumstances (Puyol,
2009).
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Nanofiltration. Nanofiltration (NF) membranes are known for their ability to
provide a high water flux at low operating pressure and maintaining a high salt
rejection rate, rendering them highly efficient at mineral removal (Eriksson, 1998;
Ramen, et al., 1994). NF membranes would also pose a solution in demineralizing
water for hardness reduction purposes (Izadpanah & Javidnia, 2012). Attaining
water vapor by operating nanofiltration processes at higher temperatures and
chamber pressures has been shown to deliver the purest permeate (Shon, et al.,
2013). Nanofiltration membranes ideally retain co-ions of up to 1–5 nm pore size
and operate at pressures between 7 and 30 bars. However, NF membranes suffer
from fouling — the process whereby a solution or a particle is deposited on a
membrane surface or in membrane pores in a processes such as in a membrane
bioreactor, reverse osmosis, forward osmosis, etc. In water desalination, NF
membrane fouling might occur especially due to inorganic particle precipitation
during scaling, colloidal residue and organic absorption (Shon, et al., 2013).

Figure 2.3.1: Nanofiltration process (adapted from Li & Yeo, 2011).

Membrane-based reverse osmosis. Reverse osmosis (RO) is a water
purification technology that uses a semipermeable membrane to remove ions,
molecules and larger particles from drinking water. In RO, a solvent passes
through a porous membrane in the direction opposite to that for natural osmosis
when subjected to a hydrostatic pressure greater than the osmotic pressure. The
reverse osmosis process is exemplified in Figure 6 (Li & Yeo, 2011). Optimal RO
processes combine raw feed water and circulating concentrates, which lower the
feed pressure required for desalination and demineralization (Efraty, et al., 2011;
Song, et al., 2012). RO processes can operate at pressures as low as 40 bar,
compared to the normal high of 70 bar (Stover & Efraty, 2011).

10

Various experiments have been conducted in which the energy consumption
was measured to be approximately 0.64 and 0.76 (and as high as 1.0) kWh m-3 at
brackish water fluxes between 26.1 and 43.7 L m-2 h-1 (Song, et al., 2012; Stover,
2013). At an average flux of 20.1–28.4 L m-2 h-1 the maximum recovery in one
experiment was 94% (Stover, 2013).

Figure 2.3.2: Reverse osmosis process (adapted from Li & Yeo, 2011).
Thermal distillation. Membrane distillation is a thermally driven fluid separation
process where a micro-porous hydrophobic membrane separates two aqueous
solutions at different temperatures. The hydrophobicity of the membrane prevents
mass transfer of the liquid, whereby a gas-liquid interface is created. Due to the
phase change, the hydrophobic membrane displays a barrier for the liquid phase,
allowing the vapor phase to pass through the membrane's pores. The most
obvious example of thermal distillation is humidification-dehumidification (HDH), a
distillation process functioning on air’s ability to carry water vapor at higher
temperatures than its boiling point (Kabeel, et al., 2013). The system consists of a
humidifier, a dehumidifier and a heater for the carrier gas and the feed water
stream (Narayan, et al., 2009; Narayan, et al., 2010). The air is saturated with heat
before further heating and humidifying the system. Tests run on Celgard LiguiCel® Extra-Flow 2.5X8 contactors with X-30 and X-40 hydrophobic fiber
membranes 10 mg L-1 seawater at low heat showed little economic
competitiveness (Evans & Miller, 2002). This configuration resulted in a lower
energy consumption of approximately 120 kWh m-3 (Holst, 2007).
Adsorption desalination. Adsorption desalination employs water vaporization
followed by vapor adsorption into highly porous silica gel (Ghaffour, et al., 2014).
The water is vaporized at low temperatures using waste heat from nearby industry
(Ng, et al., 2013).
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The water generated using this method is nearly pure at a specific energy
consumption of less than <1.5 kWh m-3 of clean water (Subramani & Jacangelo,
2015). However, a range of specific conditions in environmental infrastructure and
energy provision is required in order to feasibly implement this technology for
water desalination. Similarly, pervaportation is based on the separation of aqueous
salts in pseudo-liquid mixture containing free water molecules and bulkier hydrated
ions upon dissociation from the salt water (Kuznetsov, et al., 2007). Using
polyvinyl alcohol (PVA) based membranes or polyetheramide-based polymer film
of 40 µm thickness, a total retention of 99% for all ions was achieved, which was
significantly higher than reverse osmosis (Zwijnenberg, et al., 2005). At an
operational temperature of 50 °C the maximum water flux was 26.4 L m-2 h-1
(Hamouda, et al., 2011).
Hybrid solutions. The Saline Water Conversion Corporation (SWCC) deployed a
hybrid plant composed of reverse osmosis (RO) and multiple-stage flash
desalination (Hamed, 2005). By combining these two technologies, the plants can
respond to smaller and larger water demand with its projected operational capacity
totaling at about 725.4 mgd (2.74 Mm3 d-1), of which only 10% is yielded through
RO (Al-Mutaz, 1996). The MSF and RO plants also share the intake and outfall
facilities, combining the products of two processes into one.
Sarkar and Sengupta (2008, 2009) proposed a further refinement of the hybrid
technology by integrating NF, RO and ion-exchange technologies. These
combined technologies are considered useful to remove boron and other cations
from permeates of RO desalinated water because of boron’s particularly harmful
effects to human health (Sengupta, 2013). In their experiment, polymeric ion
exchange resins were used to convert the monovalent cations to divalent cations
to facilitate more effective removal using NF (Sakar & Sengupta, 2008). NF then
achieved a 98% rejection rate of various saline solutions at 0.9 kWh m-3 water
produced (Sakar & Sengupta, 2009). This experiment, however, requires two
desalination phases with an ion exchange filter, equating to higher energy levels in
total.

According to Dundorf, et al. (2009) and Puyol (2009), the average energy
consumption of RO plants can be as low as 2.0 kWh m-3 of water produced.
Similarly, the average of RO energy consumption has been found to be no lower
than between 2.2 and 2.5 kWh m-3 of water produced (Ludwig, 2009; Stover,
2009). The most obvious approach to reducing the energy in desalination plants is
to increase energy recovery using other third-hand technologies. For instance,
energyry devices based on isobaric chambers and positive displacement pumps
integrated in reverse osmosis (RO) facilities have yielded over 90% in energy
recovery (Peñate & García-Rodriguez, 2012). The ability to recycle energy
significantly reduces the strain destination plants place on the energy net around
them as well as the economic burden of freshwater.
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Furthermore, Affordable Desalination Collaboration (ADC), a Californian nonprofit desalination research institute has shown that the majority of technologies
can operate under similar energy consumptions based on optimization for different
circumstances (Puyol, 2009).
Sarkar and Sengupta (2008, 2009) proposed a further refinement of the hybrid
technology by integrating NF, RO and ion-exchange technologies. These
combined technologies are considered useful to remove boron and other cations
from permeates of RO desalinated water because of boron’s particularly harmful
effects to human health (Sengupta, 2013). In their experiment, polymeric ion
exchange resins were used to convert the monovalent cations to divalent cations
to facilitate more effective removal using NF (Sakar & Sengupta, 2008). NF then
achieved a 98% rejection rate of various saline solutions at 0.9 kWh per meter
cubed water produced (Sakar & Sengupta, 2009).
Other promising technologies, such as carbon nanotube membranes, based
solely on carbonic molecular properties seem promising but remain experimental
for the time being. Although nanotubes appeared to exhibit water mass transport
larger than 2 to 5 times that of normal reverse osmosis processes, the range in
diameter for ions is limited between 6–11 Å (Holt, et al., 2006; Ahadian &
Kawazoe, 2009). Similar to carbon nanotubes, boron nitride nanotubes exhibited
far superior water flow rates, but with limited pore sizes of up to 4.14 Å for
average cation selectivity and 5.52 Å for average anion selectivity (Hilder, et al.,
2009). Even though nanotubes have been shown to be able to operate sufficiently
under reduced hydraulic driving pressures and consume less energy, the
thermodynamic strain imposed on osmotic pressure-driven gradients renders the
process usable (Song, et al., 2003).

2.4

Capacitive Deionization

Nanofiltration and reverse osmosis are both durable solutions to water
demineralization. However, these technologies require intermittent cleaning using
citric acid to counteract fouling and must be replaced every 1000 cycles.
Capacitive deionization (CDI) is the process in which saline solutions flow through
unrestricted capacitor modules constructed of high-surface area electrodes
(Welgemoed, 2005). CDI is an alternative technology to RO and NF and can
operate at much smaller scales, produce significantly smaller hardness levels and
work with large surface areas (400-1100 m2 g-1) and low electrical resistivity (< 40
mΩ cm-1) (Welgemoed, 2005). CDI is particularly attractive for reducing water
hardness in low-resource regions because of its ability to electrosorb cations and
anions upon polarization of electrodes (Subramani & Jacangelo, 2015). Similarly,
unlike common electrochemical methods, CDI does not require the use of
mechanical pressure to operate.
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Membrane-based CDI is attractive because it requires significantly less energy
than most traditional water demineralization techniques (Oren, et al., 2008;
Greenlee, et al., 2009; Malaeb & Ayoub, 2011; Zhao, et al., 2013; Kucera, 2014).
Despite the low salt adsorption capacity of CDI, especially at low frequencies and
voltages and high salt concentrations, its use in demineralization is not limited
since it only has to sustain a high cation selectivity (Lee, et al., 2014; Ding, et al.,
2017). The potential for low-energy consumption and partial energy recovery in
CDI upon demineralization makes it an ideal candidate for demineralization of
desalinated water hardness (Długołęcki & van der Wal, 2013; Zhao, et al., 2013).
Efficiency can be further improved using membrane technology (Kim & Choi,
2010). Using membrane technology, the device can be constructed in such a way
as to allow the water to flow through the electrodes instead of between them,
optimizing the desalination potential at lower energy consumption (Kim & Choi,
2010). In CDI, the electric field is used to draw cations and anions from the
solution across the ion-exchange membranes on both sides of the reactor. The
electrode surfaces are covered with cation- or anion-selective membranes , which
are always wired in series to optimize salt filtration effects for coins (Subramani &
Jacangelo, 2015). Water is passed through a space between the opposing
electrodes, water flows across the membranes, where cations and anions can
accumulate within the porous electrode structure (Voltea, 2012). This combination
of electrodiffusion and CDI is called the Voltea process and is the most optimal
iteration of CDI desalination, with 99% salt rejection at less than 1.0 kWh m-3 for
3000 mg L-1 salinity removal (Subramani & Jacangelo, 2015). The total water
recovery including cation removal amounted to 90% recovery (Subramani &
Jacangelo, 2015). Especially in low-resource and developing regions, energy
consumption is a relevant concern to make a technology implementable at the
lowest possible cost and impact on the socioeconomic environs.
Technology Salinity

Recovery

Energy

Manufacturer

NF

90%

2.0 (2.2-2.5)
kWh/m

-

10 g/L

3

RO

35 mg/L

94%

.64-.76 kWh/m

Thermal

10 mg/L

~99%

120 kWh/m

Hybrid

180
mg/L

~90% +
10%

-1.82 kWh/m

MCDI

30 g/L

90-99%

.1–1.0 kWh/m

3

Desalintech
Celgard

3

SWCC

3

3

-

Figure 2.4.1: Quantitative comparison of the performances of
desalination technologies (adapted from Welgemoed, 2005;
Siemens, 2014; Song, et al., 2012; Stover, et al., 2013).
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2.5

Composite Electrode Materials

In this study, the Voltea process was integrated into the electrode fabrication by
constructing composite electrodes from TiO2@AC:rGO. As outlined in the study by
Otowa, et al. (1993; 1994; 1997), using the filler-matrix principle in activated
carbon based electrode fabrication has the potential to optimize the surface area
available in its pores up to 3000 m2 g-1 for a surface functionality to carbon ratio of
approximately 1:4. This observation was further supported by Li, et al. (2012), who
emphasized the possibility of creating a filler-matrix structure using the radical
oxygen functional groups. In this study, the method by Li, et al. (2012) was used to
increase the surface area as a direct result of the surface functionalities present on
the activated carbon filler once mashed into the graphene-oxide matrix. Various
studies, among which Otowa, et al. (1997), have discovered that the
demineralization rate vs. the Brunauer–Emmett–Teller surface area increased
proportionally regardless of the remaining surface functionalities due to thermal
degradation as a result of repeated hydrothermal reduction of the graphene-oxide.
Furthermore, in line with Köse, et al. (2010), the optimal surface area for porous
activated carbon electrodes was around 520 ± 280 m2 g-1, feasibly achievable with
the activated-carbon graphene-oxide filler-matrix structure proposed in this paper.

Figure 2.5.1: Mass transfer mechanism in activated carbon-based adsorbents
(adapted from Carpenter, et al., 2011; Jarvie, et al., 2005).
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Figure 2.5.2: Membrane Capacitive Deionization (adapted from Gabelich, et al., 2002).

Figure 2.5.3: Schematic overview of the preparation of TiO2-coated activated
carbon (adapted from Korhonen, et al., 2012).

In this study, the method by Li, et al. (2012) was used to increase the surface
area as a direct result of the surface functionalities present on the activated carbon
filler once mashed into the graphene-oxide matrix. Otowa, et al. (1997) discovered
that the demineralization rate vs. the Brunauer–Emmett–Teller surface area
increased proportionally regardless of the remaining surface functionalities due to
thermal degradation as a result of repeated hydrothermal reduction of the
graphene-oxide. Furthermore, in line with Köse, et al. (2010), the optimal surface
area for porous activated carbon electrodes was around 520 ± 280 m2 g-1, feasibly
achievable with the activated-carbon graphene-oxide filler-matrix structure
proposed in this paper.
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In this experiment, the findings were based on reduced graphene-oxide
composites filled with functionalized AC modified with TiO2 crystals on its surface
structures. According to Li, et al. (2012), a composite material of graphene-oxide
and functionalized activated carbon would show great potential in effective
demineralization of brackish water as well as maintain cation-selective properties
over the course of its usage. More specifically, graphene-oxide was shown to
perform as an effective matrix for the TiO2 AC filler (Li, et al., 2012). Together,
these elements exhibited the ability to construct a high-performance
superconductor network.
Hydrothermal reduction of graphene-oxide is a combination of ring-opening of
epoxy-groups and forming hydroxyl groups on the edges and in the basal planes
under thermal treatment (Pei & Cheng, 2012). The reactions conducted under
alkaline conditions were also preferred because of the ability to restore πconjugated domain and remove oxygenated groups such as epoxy, ether, and
hydroxyl upon molecular bonding to filler particles (Zheng, et al., 2017).
For the purposes of this experiment, the graphene-oxide TiO2-coated activated
carbon electrodes will be encapsulated by plain copper electrodes guiding both the
electrical signal and providing a surface for pressure inside the device. Based on
the data resulting from these assessments, the electrodes will be compared to
other technologies for which benchmarking was available from previous studies for
the purpose of post-desalination demineralization in low-resource countries.

Figure 2.5.4: Generic ion-exchange-based water demineralization process (from Tavani, et al., 1971).
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Figure 2.5.5: Schematic overview of copper-based TiO2-coated AC-GO composite electrodes.
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2.6

Upscaling Electrode Fabrication

Resin-enhanced rolling activated carbon electrode for efficient capacitive deionization
might be utilized to construct a large-scale demineralization bioreactor (Li, et al., 2017).
MCDI has thus far been established as a viable technology for post-desalination treatment
demineralization, but electrode material remain a major obstacle when upscaling to plantsized materials (Li, et al., 2017). As described in the experiment by Li, et al. (2017),
directly incorporating ion-exchange resins into activated carbon electrodes via the
previously described rolling press method might significantly improve the demineralization
performance in larger chambers. According to preliminary examinations, the improvement
was from anywhere between 41 and 47% up to 121 and 131% for a solution of 0.5 and 2.0
g/L 12.7 and 18.3 mg NaCl (Li, et al., 2017).
Instead of using the method for three-dimensional graphene-oxide composites as
structured activated carbons for capacitive desalination described by Leong, et al. (2019),
hybrid resin-resin-activated carbon electrodes were fabricated by directly immersing TiO2modified activated carbon in ethanol to create a slurry. Then, by allowing the TiO2modified activated carbon slurry to fully disperse in a solution of polytetrafluoroethylene
(PTFE, 60%), the activated carbon was able to form a network of channels and deposit
TiO2 crystals at random intervals within its interior structures (Dong, et al., 2012a; Dong,
et al., 2012b).
The materials should be mixed with a mass ratio between the activated carbon, cation
electrode resin, and polytetrafluoroethylene of 6:1:1. Cation exchanger resins (IER) were
deposited directly onto the capacitive activated carbon particles and
polytetrafluoroethylene (PTFE) binders. IERs can be used to enhance structural integrity of
rGO matrices for the electrode construction. Subsequent stirring and drying of the mixture
at 80°C ensures formation of an amorphous paste. The paste can be rolled into a 0.5 mm
film to be placed on current collectors as CDI electrodes. This method enables the
fabrication of larger and thinner electrodes to maintain a high mass transfer and prevent
compromises in structural integrity of the activated carbon electrodes. Using the
technology outlined above, larger-scale bioreactors based on TiO2-modified activated
carbon electrodes might be constructed for demineralization of desalinated water.
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2.7

Characterization of Particles

To properly analyze the performance of the TiO2@AC:rGO electrodes, one first
has to understand the crystalline structure of the majority of the particles in the
mixture. As described by Bourikas, et al. (2014), the majority of the structures are
formed according to the principles of anatase structuralization or rutile chemistry.
The chief difference between these two kinds of crystals pertains to the bulk
structure. Another TiO2 phase is commonly referred to as Brucker, turned out not
to be conducive to effective CDI experiments because of a lack of electrical
conductivity.
Both anatase and rutile crystalline structures are made up of TiO6 octahedra
networks. Anatase, on the one hand, consists of conventional unit cells of four
TiO2 particles. Rutile structures, on the other hand, consist of unit cells containing
merely two TiO2 particles.

Figure 2.6.1: Schematic overview of Titanium oxide rutile (middle) and anatase
(right) molecular structures based on TiO6 particles (left) (adapted from Bourikas,
et al., 2014).
In both structures, each atom is engaged in one apical bond and two equatorial
bonds. The difference matters because stacking, such as in graphite structures, is
very different for anatase or rutile crystals (Bourikas, et al., 2014). Whereas in
anatase structures, each octahedron is assembled in a network of eight octahedra
where four share an edge and four share a corner, rutile structures conactivsist of
networks of ten octahedra, where two share oxygen pairs and eight share single
nuclear oxygen atoms (Chen and Mao, 2007).
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2.8

Performance Evaluation

To evaluate the demineralization performance of the TiO2@AC:rGO electrodes,
single-salt (NaCl, 15mL, 1 M) experiments were conducted to determine the cation
adsorption capacity at saturation (Ding, et al., 2019). Three samples of 100 mL of
0.5, 1.0, 1.5, 2.0 and 3.0 mM stock solutions were prepared. The notion at the
basis of this examination was that competition between ions of different charge or
size will likely decrease the adsorption of any ion and a measure of this decrease
is useful in understanding how competitive adsorption works (Leong & Yang,
2019). The quantification of cation removal would determine the evaluation of the
TiO2@AC:rGO electrodes’ efficacy in water demineralization.
The optimal demineralization performance for boron is best tested using a
combination of standardized test solutions. Seen as this experiment focuses on
the use of activated carbon and graphene-oxide composite materials for MCDIbased water demineralization, selective desalination to remove divalent ions such
as sulfates and calcium ions will have to be examined for effective boron removal
as well (Lhassani, et al., 2001). Selective removal is ideally achieved through a
combination of nano filtration, while borates and nitrates are removed through
electrodialysis (Lhassani, et al., 2001).
Adsorption capacity for activated carbon has traditionally been correlated to
micropore and mesopore surface area. Earlier experiments, executed by Köse, et
al. (2011) also highlighted the importance of having porosity of minimally 803 m2 g1
at micropore volume to achieve the optimal demineralization capacity. The setup
in the image below is representative of the basic nano filtration-electrodialysis
hybrid setup for demineralization.
To evaluate the energy consumption and recovery of the TiO2@AC:rGO
electrodes, the test rig was connected to a potentiostat throughout the single-salt
experiments to complete the two-electrode system. The current was measured by
the potentiostat throughout the process. As described in the experiment by Han, et
al. (2015), The MCDI cell was charged using a constant current. The current
density was computed by dividing the total current by the projected area of the
electrodes’ surfaces (Han, et al., 2015). The MCDI cell was discharged by
reversing the direction of the current upon completion of the single-salt
experiment. The potentiostat would register when the total charge of the cell was
at 0 V.
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Qu, et al. (2016) assessed the energy consumption of an electrochemical cell
based on the performance of AC induction in the system. The respective system
measures the current needed for optimal desalination performance in a simple
filtration MCDI setup. By effectively over-simplifying the demineralization process,
the assessment of energy consumption is solely based on electrode performance.
Due to the energy recovery possible because of pressure recovery in many
reverse osmosis plants, the energy required to maintain the flow virtually becomes
irrelevant in assessing the MCDI unit’s energy consumption.

Figure 2.7.1: Schematic overview of nano filtration-electrodialysis combined activated
carbon graphene-oxide composite material demineralization assessment
(from Lhassani, et al., 2001).

Figure 2.7.2: Schematic overview of monodirectional flow setup for energy consumption and
recovery of MCDI electrodialysis and filtration testing (from Qu, et al., 2016;
Kelley, et al., 2017).
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Chapter 3

Experimental
The findings in this study were based on reduced graphene-oxide composites
filled with functionalized activated carbon modified with TiO2 crystals on its surface
structures, more briefly referred to as TiO2@AC:rGO.
All chemicals used in the study were of analytical grade. The reagents used in
the preparation, including 3-aminopropyl)triethoxysilane (APTES, 99%),
polyvinylidene difluoride (PVDF, 180K GPC) acetylene black and N-methyl-2pyrrolidone (NMP, 99.5%), acetone (99%), acetic acid (99%), nitric acid (70%) and
HCl (37%) were obtained from Sigma-Aldrich. The main precursor for TiO2,
titanium butoxide (97%) was also obtained from Sigma-Aldrich. Activated carbon
(YP-80F) was purchased from Kuraray Co. Ltd. and water was used from
Sartorius’ Arium Pro UV machine. Commercial GO water dispersion was obtained
from Graphenea.

3.1 Material Synthesis
First, animated AC was prepared using the method described by Xing, et al.
(2016) and Leong and Yang (2019). The as-received AC was boiled in pure water
at 100°C for two hours before fabrication to ensure any remaining contaminants
from industrial production were removed. The boiled AC was dried in a dry oven at
60°C before use. Approximately 300 mg of AC was emulsified with 2.5 mL of
APTES dissolved in acetone. The mixture was stirred at 70°C for 12 hours to
ensure all acetone evaporated.
Second, the sol-gel method as originally described by Brinker and Scherer was
then used to synthesize TiO2@AC composite materials (Brinker & Scherer, 1990).
A volume of 10 mL titanium butoxide (Ti(OC4H9)4) dissolution was mixed with 34
mL of anhydrous ethanol and 2.5 mL of acetic acid under continuous stirring. The
depositing mixture was created by diluting 17 mL anhydrous ethanol in 3 mL pure
water and lowering the pH to 2-3 by adding diluted nitric acid.
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The TiO2 solution was generated by slowly adding the two mixtures together
while stirring them at high rpm to produce dissolved TiO2. The solution was mixed
with the AC and stirred for a duration of 20 hours without light and at a
temperature of 25°C in order to create AC consistently coated by the TiO2 solution.
The TiO2@AC was subsequently washed with isopropyl alcohol to remove any
remaining chemicals. The solid AC was deposited by repeated centrifugation for a
duration of 5 minutes at the most. The final TiO2@AC was dried at a temperature
of 110°C for four hours.
Thirdly, the as-received GO water suspension was reduced by lowering
to pH 11 to mimic natural, alkaline hydrothermal reduction mechanisms (Zheng, et
al., 2017; Mei, et al., 2015). Water-emulsified GO was prepared by dissolving
graphene-oxide suspension in 2M NaOH solution until pH value 11 was reached.
After continuous stirring was maintained for some time, 40 mL of aqueous GO
solution was heated to 180°C for 30 minutes to achieve optimal molecular bonding
among the graphene-oxide matrix network. The rGO was then dried 90°C for 24
hours in a vacuum oven, together with the TiO2@AC.

3.2 Electrode Fabrication
The electrodes were generated using the method for three-dimensional
graphene composites as structured activated carbons for capacitive desalination
described by Leong, et al. (2019). 300 mg of TiO2@AC was mixed with PVDF and
acetylene black in ratios 8:1:1. rGO and TiO2@AC mixture were combined in equal
ratios (1:1) and ground down to pure powdered form.
For correct deposition onto graphite paper for optimal (re)charging and
decharging, a sludge was created in line with the method described by Brycht, et
al. 3 mL of NMP were added to the mixture to create sludge. The powder and
NMP were mixed in a mortar with a pestle for about 15 minutes to ensure the
formation of a uniformly wetted paste. To enable complete homogenization, the
paste was contained and left unused for 24 hours upon mixing. After this period
had elapsed, the paste was deposited onto graphite paper of average thickness
0.5 mm by roll-pressing the paste onto the graphite material in equal measure. The
depositions were dried in a drying oven at 90°C for 12 hours, ensuring optimal
molecular bonding between the AC and the rGO for optimal electrode efficiency.
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Chapter 4

Data Collection
After the TiO2@AC:rGO composite electrodes were fabricated, the electrodes
were characterized for surface functionalities, dispersion of crystallinity and overall
AC-rGO bonding capacity. The two parts were characterized using X-ray and
electron-microscopy technologies individually, and the combined TiO2@AC:rGO
composite material was quantified for demineralization performance.

4.1 Particle Characterization
The TiO2@AC:rGO was characterized for surface functionalities by way of a
field-emission scanning electron microscopy (FESEM, JEOL JSM-7600), as
described by Ding, et al. (2019). The crystallinity and phases were analyzed using
using powder X-ray diffraction (XRD, Bruker D8 Advance diffractometer) equipped
with a Ni filtered Cu K𝜶 radiation (𝝀 = 1.5406 Å, 40 kV, and 40 mA) and by X-ray
photoelectron spectroscopy (XPS, PHI-5400) with an Al K𝜶 beam source (250 W).
The corresponding chromatogram was compared to various earlier samples
generated by Aneja, et al., Darvishi and Seyed-Yazdi, Wang, et al., and Yoon and
Park to validate success of the AC generation process. The results were
interpreted using CasaXPS software.

Figure 4.1.1: SEM imaging. (a) Overall AC structure. (b) Detailed AC structure.
(c) Overall rGO structure. (d) Detailed rGO structure. (e) Overall TiO2@AC
structure. (f) Overall TiO2@AC structure showing exact surface functionalities.
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4.2 Crystallinity
To properly analyze the performance of the TiO2@AC:rGO electrodes, the
crystalline structure of the majority of the particles in the mixture has to be
mapped. In TiO2 surface chemistry, the majority of the particles in the mixture
consist of a combination of rutile and anatase crystalline structure (Bourikas, et al.
2014). Anatase and rutile crystalline structures are made up of TiO6 octahedral
network modes. However, while anatase structures consist of conventional unit
cells of four TiO2 particles, rutile structures consist of dipolar TiO2 particles (Chen
and Mao, 2007). The majority crystalline structure will determine how graphite
structures stack around the crystals in the electrode (Bourikas, et al., 2014).

Figure 4.2.1: Photospectrometric Raman characterization.

Figure 4.2.2: XRD images of APTES-AC, rGO and TiO2@AC.
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The X-ray diffraction tests showed peaks of varying intensity at angles ranging
from 13.79° up to 36.57° (with higher peaks at 21.39° and 26.15°). Although the
imaging results were somewhat distorted due to the relatively small quantity of
viable sampling due to 2D graphene-oxide stacking, the peaks at 13.79° and
26.15° showed sufficient spread of crystallinity across the activated carbon
architecture (Aneja, et al., 2015; Darvishi & Seyed-Yazdi, 2016; Wang, et al..
2017; Yoon & Park, 2018). These angles also showed that there was an unequal
combination of anatase and rutile crystals across the surface, showing that as
expected from the earlier data review, the formation of crystallinity is largely
uncontrollable across the surface of the matrix. For better quantification of which
crystals are better for water demineralization, further research into tuning the
crystal formation will have to be performed.
Comparing these results with the earlier Raman photospectrometry
characterization showing Ti–O, Ti–C and Ti–NO bonds across the samples with
TiO2@AC indicated sufficient spead of TiO2 crystallinity across the protein filler
matrix connected to the AC filler. Although there were significant problems with
graphene-oxide stacking in the filler-matrix architecture of the electrodes during
fabrication, the SEM imaging showed that the crystals were visible on top of the
architecture as well as in the AC-filler pores. The NMP protein treatment during
fabrication was likely a significant contributor to the success of the formation of
these surface functionalities.

4.3 Electrode performance quantification
To properly evaluate the demineralization performance of TiO2@AC:rGO
composite electrodes, the performance must be compared to benchmarking
data available from previous studies. The experimental data reviewed in this
paper was interpreted using previous work by Aneja, et al. (2015), Darvishi
and Seyed-Yazdi (2016), Wang, et al. (2017), and Yoon and Park (2018).
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Figure 4.3.1: Experimental setup of water demineralization using a mechanical
pressure-system to push water through the MCDI unit and back into the pump
(adapted from Han, et al.).

Demineralization Performance. The examination of B+ demineralization
capacity should ideally be composed of standardized tests. Based on
previous work by Lhassani, et al. other cations such as Na+ can function in
lieu of positively charged B+ in solution. In this experiment, the
demineralization performance of TiO2@AC:rGO composite electrodes with
polymer ion-exchange membranes will be examined using a single-salt Na+
solution (NaCl, 15 mL, 1M). The relatively high molarity of this solution also
helped
assess the cation adsorption capacity at saturation after
approximately 20 cycles (Ding, et al., 2019). The removal of divalent ions
such as sulphates and Ca2+ requires more complicated saline solutions and
will hence be studied in a separate study (Köse, et al., 2011). From the 1M
stock, 150 mL solutions of 500 ppm, 1000 ppm and 1500 ppm NaCl were
formulated for the demineralization performance experiments.
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Before commencing the demineralization experiments, the TiO2@AC:rGO
composite electrodes were first washed with clean water for a duration of
approximately two hours to wash out any remaining NMP and PVDF from
fabrication to ensure optimal electrode conductivity. TiO2@AC:rGO
composite electrodes with AC:rGO mass ratio 1:1 and 1:2 were generated
and benchmarked for water demineralization at a constant current of 0.3 V
for a solution of 500 ppm NaCl, 1000 ppm and 1500 ppm NaCl solution. The
conductivity and total dissolved solids (TDS) of the solitions were measured
to determine the demineralization performance of 1:1, 1:2, 1:4 TiO2@AC:rGO
electrodes for a duration of seven demineralization cycles.

Figure 4.3.2: Demineralization performance for TiO2@AC:rGO composite
electrodes 1:1 AC:rGO mass ratio tested on (a) 500 ppm, (b) 1000 ppm and (c)
1500 ppm NaCl stock.

Figure 4.3.3: Demineralization and remineralization trends for TiO2@AC:rGO
composite electrodes 1:1 AC:rGO mass ratio tested on (a) 500 ppm, (b) 1000 ppm
and (c) 1500 ppm NaCl stock.
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Figure 4.3.4: Demineralization performance for TiO2@AC:rGO composite
electrodes 1:2 AC:rGO mass ratio tested on (a) 500 ppm, (b) 1000 ppm and (c)
1500 ppm NaCl stock.

Figure 4.3.5: Demineralization and remineralization trends for TiO2@AC:rGO
composite electrodes 1:2 AC:rGO mass ratio tested on (a) 500 ppm, (b) 1000 ppm
and (c) 1500 ppm NaCl stock.

Figure 4.3.6: Demineralization performance for TiO2@AC:rGO composite
electrodes 1:4 AC:rGO mass ratio tested on (a) 500 ppm, (b) 1000 ppm and (c)
1500 ppm NaCl stock.
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Figure 4.3.7: Demineralization and remineralization trends for TiO2@AC:rGO
composite electrodes 1:4 AC:rGO mass ratio tested on (a) 500 ppm, (b) 1000 ppm
and (c) 1500 ppm NaCl stock.
The demineralization performance of the electrodes was tested using the
degree of salt rejection relative to the remineralization levels after each cycle.
The lower the level of remineralization compared to the initial salt
concentration, the more effective the electrode was deemed to be at retaining
demineralized salt in the porous matrix.
The remineralization levels were approximately equal for 1:1
TiO2@AC:rGO and 1:4 TiO2@AC:rGO mass ratio levels. Although the total
demineralization performance of the 1:1 TiO2@AC:rGO mass ratio electrodes
seemed to be more effective, for 500 ppm, 1000 ppm and 1500 ppm NaCl
stock, the 1:2 TiO2@AC:rGO mass ratio electrodes seemed to have less
significant remineralization compared to the initial demineralization rate.
Further testing is required to optimize the mass ratio for matrix distribution
and conductivity to attain optimal desalination effect.
The majority of the more effective electrode mass balances, the salt
rejection levels remained relatively low, at approximately 2–4% of the total
initial salt concentration after 20,000 seconds. The total salt rejection in the
earlier cycles of the 1:1 TiO2@AC:rGO mass ratio electrodes topped out at
7% of the total initial salt concentration. The maximum concentration of 541
ppm NaCl was lowered to 508 ppm at the second cycle of the first test.
Future testing is required to optimize the conductivity of the electrode
matrices to attain better demineralization performance.
In summary, the slight difference in electrosorption with increasing levels
of rGO in fabrication mixture decreased the conductivity of the electrodes
overall. The equal dispersion of the AC filler in the rGO matrix made that the
conductivity could be optimized per mass ratio whilst maintaining the total
level of structural integrity from the 2D rGO architecture. Future testing will
have to be applied to optimize the conductive filler in the structurally integral
rGO matrix.
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Electrical conditions for demineralization performance. The
demineralization trials were run at constant voltage of 0.3 V using a Keithley
2450 SourceMeter® — a source measure unit (SMU) instrument that is ideal
for current measurement at low-voltage operations due to its current
measurement limitation of 1 A. Previous studies suggested that maintaining
constant voltage and variable current would aid best in quantifying the
progression of the decrease of demineralization efficiency over time (Han, et
al., 2015; Ding, et al., 2019; Kim, et al., 2017; Leong & Yang, 2019). The
results must hence be interpreted as a small-scale exaggeration of the reallife context. This study aims to exhibit a proof-of-concept with regard to the
viability of TiO2@AC:rGO composite electrodes for water demineralization
purposes. The demineralization performance of saline solutions of 500 ppm,
1000 ppm and 1500 ppm were examined under the same electrical
conditions for optimal reference data.

Figure 4.3.8: Energy adsorption and resorption patterns for TiO2@AC:rGO
composite electrodes (a) 1:1 AC:rGO mass ratio, (b) 1:2 AC:rGO mass and (c) 1:4
AC:rGO mass ratio ratio tested on 500 ppm, 1000 ppm and 1500 ppm NaCl stock.
The study aimed to show the changes in electrosorption with increasing mass
ratios in the rGO matrix of the electrodes would steadily increase the structural
integrity of the electrodes. The challenge was to find optimal mass ratios for the
activated carbon filler to be able to support the same conductivity and maintain
electrosorption capacity in different configurations. The graph of the
electrosorption pattern confirmed that even though slight decreases in AC content
with increasing rGO concentration would support the same kind of electrosorption
patterns.
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Chapter 5

Conclusions
Upon assessment of the SEM images, the activated carbon porosity was
determined to seem relatively equally dispersed across the surface. Similarly, the
reduced graphene oxide was stacked and showed sufficient porosity. As assumed
from the photospectrometric imaging, the TiO2 surface functionalizations were
indeed equally dispersed across the surface and even filled up the majority of the
places inside the pores. The XRD and Raman spectra of the samples showed an
equal dispersion of rutile and anatase crystalline structures. However, the location
of these peaks seemed to be little controllable. As a consequence, there might be
little opportunity to tune the prevalence of each of these structures and hence the
ability to measure their effectiveness for water demineralization capacity might be
limited.
The water demineralization performance for TiO2@AC:rGO composite electrode
materials were assessed for 1:1 TiO2@AC:rGO ratio, 1:2 TiO2@AC:rGO mass
ratio, and 1:4 TiO2@AC:rGO mass ratio. Based on literature assessment, this work
suggested that the higher the degree of GO, the better the dispersion of available
TiO2 contact areas for demineralization would be. However, the results showed
that the demineralization performance of 1:1 TiO2@AC:rGO ratio was much more
efficient than 1:2 or 1:4 TiO2@AC:rGO ratio.
During the reduction of GO, the tendency was determined to stick together in
singular layers and clog pores. Only by mixing the GO with the AC before
completing the reduction cycle, a sufficiently consistent dispersion of pores was
created. However, in higher amounts of GO, this method might not have sufficed
to prevent clogging. The demineralization tendencies, however, definitively show
that the electrodes with TiO2@AC:rGO ratio 1:1 were much more efficient in
demineralization performance.
The energy performance for the 1:1, 1:2 and 1:4 TiO2@AC:rGO composite
materials were also assessed. The results showed that while the two composite
materials showed virtually the same charging and recharging patterns in the first
couple of phases, the 1:2 and 1:4 TiO2@AC:rGO composites eventually showed a
significantly decreased ability to decharge, maintaining a certain level of electrical
charge at all times. The increased degree of rGO semiconductor in the matrix
might have led to a decreased totality of the carbon conductivity, maintaining
charge and decreasing the overall charging capability.
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Based on the charging and recharging performance assessed, the energy
consumption behavior of the materials at a larger scale might be speculated upon.
While the 1:2 and 1:4 TiO2@AC:rGO electrodes showed significantly less energy
consumption for the performance assessment, and the current recovery was
greater, this might have been due to the electrical current stored in the electrodes
due to the decreased conductive mesh. As the demineralization performance of
the 1:2 and 1:4 TiO2@AC:rGO electrodes was not satisfactory, however, the
further exploration of the reason for its better energy recovery is not the best
performance testing for the purposes of this work.
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Chapter 6

Recommendations
Based on the literature review conducted prior to this study, this report concludes
that optimally to reduce the energy consumption of water demineralization devices,
the necessity for artificial pressure generation should be reduced. Especially in the
case of Singapore, the current energy consumption of the NEWater systems,
largely based on ultrafiltration and reverse osmosis, equates to approximately 3.5
kWh per meter cubed of potable water generated, according to Singapore’s Public
Utilities Board (Chong Mien Ling, personal communication, February 22, 2019).
Furthermore, removal of cation such as calcium and boron is difficult because these
ions need to be removed at a pH of approximately 10.5, requiring further
remineralization upon completion of the water treatment process (Chong Mien Ling,
personal communication, February 22, 2019). As a result, to bring down the energy
consumption of these pressure-based processes to less than 1.0 kWh per meter
cubed of freshwater generated, with a boron concentration of less than 0.5 ppm,
alternative membrane-based processes will need to be explored.
Furthermore, according to reports by PUB, the climate is changing the frequency
of monsoons. Combined with the shortage of surface area for rainwater catchments
in Singapore, this leads to a need for alternative water provision. To address the
increased need for wastewater treatment for ions impacting health, water recycling
using electrochemical demineralization technologies need to be explored in further
detail.

Figure 6.0.1: The increase in average concentration of calcium and boron
cations in wastewater in Singapore between the first and fourth quarters of 2018
(adapted from pub.gov.sg, 2018).
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6.1 Wastewater Recycling in Singapore
Currently, Singapore generates 60% of its water using the NEWater wastewater
recycling system (Esther Tan, personal communication, February 22, 2019). The
majority of this wastewater comes from Johor Bahru, Malaysia, Singapore
households and industry. This water is guided along a sloped tunnel system into
just five wastewater treatment facilities in the city. Over the course of water
treatment in the NEWater program, water is pretreated chemically, microscopic
particles are filtered out using microfiltration, undesirable contaminants are
removed using reverse osmosis, and any remaining pathogenic particles are
treated using ultraviolet disinfection (pub.gov.sg, 2018).

Figure 6.1.1: Simplified overview of microfiltration and reverse osmosis in
Singapore’s NEWater facilities for wastewater treatment (adapted from pub.gov.sg,
2018).
The main requirement for mechanical filtration and reverse osmosis is the
generation of mechanical pressure to push the water through the active membranes
for treatment (Rovel, et al., 2003; Song, et al., 2012; Shon, et al., 2013). In
mechanical filtration, such as microfiltration, water is pushed down, whereby the net
pressure pushes the water through the semipermeable membrane in the middle of
two chambers, leaving the saline particles behind and only filtering through clean
water without coions. In reverse osmosis, mechanical pressure is applied to push
the water through the membrane linearly, leaving behind any coions before the
membrane.
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Figure 6.1.1: Mechanical filtration and reverse osmosis-based desalination
technologies based on mechanical pressure generation (adapted from Rovel, et al.,
2003; Song, et al., 2012; Shon, et al., 2013).

6.2 Mathematical Modeling
According to Gabelich, et al. (2012), the alternative electrochemical method of
membrane-based capacitive deionization (MCDI) is an effective electrochemical
water demineralization technique that requires solely electrical energy. Additionally,
though the use of a so-called desalination battery, storage of electrical energy in
coionic bonds in the saline solution, energy recovery helps further reduce the total
quantity of electrical energy required for the device to function (Gabelich, et al.,
2002). However, as this technique can function largely without artificial pressure
generation, and using natural water surface pressure, the scalability of this
technology has so far been limited (Gabelich, et al., 2002).
After careful consideration of the system limitations, the inflow mass transfer was
determined by the power in the system (W), the length of the chamber (L) and the
flux of the system (Jv). Using the equation below, the total water quantity in the
system for each coil configuration was computed. The flux of the system was
determined using the surface area of the electrodes, the pressure difference in the
system, and the total concentration of the saline solution run through the system.
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Qp = nl W ∫0L Jv dt = (Qf – Qr) ∆t
Jv = A ∆P – A RT (Cf – Cp)

(Eq. 1)
(Eq. 2)

Figure 6.2.1: Flux and inflow mass-based water desalination (adapted from AlShayji & Liu, 2002; Jiang, et al., 2014; Garcia-Aleman, 2002).
In the equation describing the mass balance of water, Qp is the pressurized mass of
water flowing through the system in kg; ni is the number of particles in the system;
W is the force exerted on the water quantity in N m; L is the maximum length of the
system in m; J is the flux in the system in mL L-1; Qf is the desalinated mass of
water in kg and Qr is the mass of the retentate after desalination in kg, with ∆t being
the difference in time throughout the system in seconds.
In the equation describing the flux, J is the flux in the system in mL L-1; A is the
surface area of the electrodes in m2; ∆P is the pressure difference between the
liquid masses in the system in Pa; R is the universal liquid constant; T is the
temperature of the system in K; Cf is the initial concentration of saline solution
before desalination in mg L-1 and Cp is the concentration of saline solution after
desalination in mg L-1.
When observing a cylindrical system, the water is guided along the walls of the
electrodes at an angle, and the pressure difference becomes a forward force. The
pressure difference is determined using the differential pressure with the angle
between each of the coils.
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Qp = nl ∆P tan θ ∫0L Jv dt = (Qf – Qr) ∆t

(Eq. 3)

Jv = A ∆P tan θ – A RT (Cf – Cp)

(Eq. 4)

Figure 6.2.2: Pressure flux in a cylindrical system, modeled based on the angle
between the bidirectional pressure difference (adapted from Jiang, et al., 2014;
Garcia-Aleman, 2002).
In the equation describing the mass balance of water, Qp is the pressurized mass of
water flowing through the system in kg; ni is the number of particles in the system;
W is the force exerted on the water quantity in N m; L is the maximum length of the
system in m; J is the flux in the system in mL L-1; Qf is the desalinated mass of
water in kg and Qr is the mass of the retentate after desalination in kg, with ∆t being
the difference in time throughout the system in seconds.
In the equation describing the flux, J is the flux in the system in mL L-1; A is the
surface area of the electrodes in m2; ∆P is the pressure difference between the
liquid masses in the system in Pa; θ is the angle between the point of entry for the
water flux and the stream through the system in degrees (°); R is the universal
liquid constant; T is the temperature of the system in K; Cf is the initial concentration
of saline solution before desalination in mg L-1 and Cp is the concentration of saline
solution after desalination in mg L-1.
The model explains how the pressure is converted into forward force using the
change in angle. The closer the angle reaches to a constant θ of approximately 45°,
the closer the tangent will be to maximizing the forward force from the pressure
difference. The maximum flux in the system would be achieved can be achieved
when the tangent is closer to one because of optimal pressure maintenance. The
water should be cycled through the system in a circular motion to maintain this
angle optimization.
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Using a simplified, gravity-based cylindrical, coil-based desalination chamber
with electrochemical TiO2@AC:rGO composite membranes and ion-exchange
membranes. The water enters the system through a vertical water inlet, is guided
along internal coils maximized at an angle of approximately 45° for water flux
optimization. The coils function as a spacer between the membranes angled at 45°
throughout the system for optimal distribution of water along the electrodes,
maintaining pressure conversion into forward force of water.

`
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Figure 6.2.3: Internals of coil-based water demineralization device. Coils ensure
optimal water dispersion across electric fields. Current collectors, ion-exchange
membranes and electrodes are placed layered between the coils and spacers to
ensure optimal dispersion of the saline water across the electrode.
The layout supports a vertical water inlet, leading into cylindrical chambers with
separators of 4 mm between the electrodes and ion-exchange membranes. The
water is guided by coils all positioned optimally at 45° from each other. This
optimizes the tangent relationship between the bidirectional pressure generation
from the water flow. Furthermore, the base of the system is placed at an angle to
ensure the water at the bottom of the system flows back, maintaining the internal
pressure and ensuring the device will continue to efficiently demineralize the water
input.
The setup was tested using a simplified setup with a voltage meter, a current
meter, a mobile power generator and a volume of 150 mL 500 mg per liter sodium
cation solution run at a 1000 µS cm-2 for 20,000 seconds. Furthermore, the MCDI
electrode was placed at an angle of between 5 and 15° on a flat surface both to
minimize the number of changing variables in the test setup and establishing an
increasing water demineralization efficiency for increasing angles at which the
water is guided through the electrochemical system.

Figure 6.2.4: Simplified setup for angled water demineralization assessment. Twodimensional water desalination test setup for angled examination.
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After constructing the prototype desalination device, the desalination was tested
for 500 ppm sodium solution at 5°, 10° and 15° angles using a 60.0 mL per second
pressure pulse for construction feasibility. The results of the conductivity of the
saline solution was assessed to establish the effectiveness of the angle-based
approach to demineralization. To better assess the competitiveness of the
technology, the adsorption capacity, the desalination battery charging and
recharging patterns, and the energy consumption and recovery of the system were
computed.

Figure 6.2.5: Conductivity for demineralization performance of angle-based
desalination unit. The seemingly gradual decrease of the lower maxima of the
demineralization performance show that the greater the angle, the higher the
pressure, the more effective the total demineralization performance is across time.
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Figure 6.2.6: Desalination battery charging and recharging patterns.

Figure 6.2.7: Projected energy consumption for the angle-based
demineralization test at 45° compared with current technologies (adapted from Qin,
et al., 2019).
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Figure 6.2.8: Projected energy recovery for the angle-based demineralization
test at 45° compared with current technologies (adapted from Qin, et al., 2019).

Using demineralization tests of 500 ppm NaCl stock run at a constant voltage of
0.3 V for angles of 5°, 10° and 15° due to manufacturability considerations in smallscale models, the basic principle of improved demineralization performance at
higher angles was shown successfully. The tests also show that the flux and
demineralization capacity steadily increase with higher angles in the system.
Similarly, the higher angles also showed smoother electrosorption patterns,
presumably due to less water piling up in the ducts in the system.
By way of the electrosorption dynamics of Newtonian electronic principles, the
projected maximum energy consumption throughout the 20,000 seconds of cycling
water through the system, the maximum engery consumption tops out at
approximately 2.5 kWh m-3. However, due to the equal salt concentration being run
through the system at repeated frequency, the results might be somewhat skewed.
Future retesting using larger water volumes and lower saline concentrations is
advised to find purer results.
Based on careful examination of the results for the design experimented on in
this study shows the feasibility of angle-based demineralization with decreased
energy consumption. The combination of energy recovery with solely using
electrical energy could easily bring the energy consumption all the way down to
close to zero. For future design solutions, the scalability would require a more
extensive network of flow guidance, perhaps using different angles for energy
storage and recovery in the desalination battery.
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On a more theoretical level, the design still requires more research into the
angles used to optimize water dispersion in the system. Currently, the system uses
water retention at the bottom of the chamber to retain some of the internal pressure,
effectively also limiting the demineralization performance. However, if the angles
can be tuned to maintain a water pressure difference similar to the flow rate at the
entry point, better water dispersion and flow through should be achieved, further
enhancing demineralization performance.
Another point of attention is the energy recovery from the desalination battery.
Based on the examinations by Jiang, et al. (2014) and Garcia-Aleman (2002), the
energy consumption depends significantly on the efficiency of energy recovery from
the desalination battery. However, in most systems, the energy recovery efficiency
depends on the conductivity of the water and its ability to use this energy recovery
for further improvement of the desalination performance.
Lastly, the current prototype was constructed of poly lactic acid, an easily
malleable but not very durable type of plastic. Similarly, the use of this plastic
prevented the construction of the intricate internal coil structure needed for optimal
demineralization performance. Future designs should be constructed of more
durable materials, particularly suitable for a variety of saline, temperate and tropical
climates. Materials such as acrylonitrile butadiene styrene, or polyvinyl chloride
would pose suitable candidates.
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