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ABSTRACT

Capacitive Deionization (CDI) is a desalination technology utilizing electrosorption and
desorption of ionic salts. CDI has pulled in much consideration as an alternative to traditional
deionization technologies due to environmental friendly and low energy requirements. Carbon
materials are the main components of electrodes used while organic and inorganic materials

added to bind the electrodes on graphite sheet enhance the desalination performance.

In this study, powdered activated carbon (PAC) as well as PAC combined with titanium dioxide
(TiO,) electrodes was prepared. The deionization performance was evaluated using three CDI
systems. Feed solution having concentration of 2,000 mg/L was used in small and laboratory
scale CDI systems. PAC + TiO; electrodes showed 28% more salt removal as compared to PAC
electrodes in the small-scale CDI system using one pair of electrodes. Laboratory-scale CDI
system using six pairs of PAC + TiO, electrodes showed adsorption capacities of 2.64, 4.30, and
6.67 mg NaCl/g-adsorbent at 1.3, 1.6, and 1.8 volts, respectively. Pilot scale CDI system using
20 pairs of PAC + TiO; electrodes at 1.8 volts showed maximum salt removal of 84, 82, and
71% for the feed NaCl concentrations of 2,000, 2,500, and 3,000 mg/L with adsorption
capacities of 7.7, 10.4, and 11.2 mg NaCl/g-adsorbent, respectively. As the amount of salt ions to
adsorbent increases, the exchangeable sites on the adsorbent structure become saturated, which
results in decrease of salt removal efficiency, while the adsorption capacities increased with
increase in concentration due to elevated mass transfer rate of salt ions inside the pores. The
developed electrodes were characterized using cyclic voltammetry (CV) and scanning electron

microscopy (SEM).

viii
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INTRODUCTION

1.1 Background

Water is a major requirement to support life on earth. Regrettably, Pakistan is thought to be
among one of those nations on the planet which are confronting water shortage. Water deficiency
is one of the real issues that need a great deal of consideration regarding water management. In
excess of 780 million individuals without access to an enhanced drinking water source
(WHO/UNICEF report, 2012). Currently Pakistan is ranked 80 among 120 nations regarding
drinking water quality as its drinking water sources, both surface and ground water, are
contaminated with coliforms, toxic metals and pesticides. Furthermore nearly one-quarter of
individuals on the earth live in territories where the ground water is consistently exhausted
speedier than it can be substitute (Gleeson et al., 2012). Even though over 70% of the surface of
the earth is secured with water, access to clean water remains a basic issue around the world
(Gleick, 1996). Provision of clean water in a protected, cheap and energy-saving manner is
amongst the most difficult technological challenges facing humanity the coming decades
(Shannon et al., 2008). The world’s natural fresh water assets are shrinking due to expanding
requirements, so other possibilities for water contribution are being sought after (Ayoub et al.,
2014). The average per capita supply of clean water will lessen by one third and it is estimated to

be happening in next 20 years (UN Report 3, 2009).

The foremost choice for producing water of drinking quality from brackish/seawater is
desalination which has been serving many parts of the world, but energy and capital

intensiveness are the main concerns for water desalination technologies (Shannon et al., 2008).
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For the supply of artificial freshwater, immense large scale desalination will therefore serve the
need, with treated water coming on stream at a rate of 40-50 million cubic meters per day and

estimated to grow up to 100 million cubic meters per day in 20 years (Fritzmann et al., 2007).

Water scarcity has been a standout amongst the most genuine social, economic and natural issues
all throughout the globe and its significance is clear by the way that per capita water accessibility
has decreased in numerous parts of the world. The per capita water availability in West Asia and
North Africa region was 1000 cubic meters per year in 2000, which was previously 3600 cubic

meters per year in 1960 that is virtually a 75% decrease (Kharraz et al., 2012).

The ever increasing population of world, industrial expansion, unsustainable water usage and
with several such reasons water demand is increasing which as a consequent decrease per capita
water availability. The world is compelled to discover answers for the issues which arise due to
expanding trend of lessening water resources. Some of the possible answers are reuse of water by
treating water and wastewater, sustainable life style, cutback water consumption, conserving rain
water etc. The urge to make freshwater from saline water is more vital consistently every day

and the answer to strive against this issue is desalination, which is the most applicable one.

Conventional desalination technologies like reverse osmosis (RO), ion exchange, electrodialysis
(ED) are mostly adopted to separate salts from water (Strathmann, 2004; Younos et al., 2005).
These technologies have various pros and cons, like the energy cost for these processes is very
high although the processes are simple and provide high quality freshwater. In RO and ED
technologies, there are scaling as well as maintenance of specific permeate flux problems. In the
ion exchange process resins are costly, require regular regeneration and produces brine (Younos

et al., 2005; Zou et al., 2008; Xu et al., 2008). The advantages like low pressure, non-membrane
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process, make capacitive deionization (CDI) technology competent and alternate technology for

desalination (Pekala et al., 1998; Gabelich et al., 2002).

In this study small, laboratory and pilot scale CDI systems were developed. The electrodes were
manufactured on graphite sheet by the addition of titanium dioxide particles 12% by weight of
powdered activated carbon. Electrodes effectiveness was investigated by evaluating the
desalination performance. The developed electrodes were characterized using cyclic

voltammetry (CV) and scanning electron microscopy (SEM).

1.2 Objectives

e Designing, installation and operation of small, laboratory and pilot scale CDI systems.

e Comparison of treatment performance of small scale CDI system using powdered
activated carbon (PAC) and PAC incorporated titanium dioxide (TiO,) electrodes.

e Comparison of treatment performances of laboratory scale CDI system at different
voltages using the electrodes which give optimum performance in terms of salt removal
efficiency in small scale CDI system.

e Comparison of treatment performances of pilot scale at different salt water concentration
solutions with optimized voltage at laboratory scale and assess the amount of treated

water produced under 1000 mg/L at pilot scale CDI system.

1.3 Scope of Study

During the research study small, laboratory scale and pilot scale CDI systems were operated. The

scope of the study can be separated into three phases:
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Phase 1

Small scale CDI system operated at 1.3 Volts for salt water concentration of 2000 mg/L,
using PAC and PAC+TiO; electrodes to assess electrodes performance in terms of salt

removal efficiency and further tested in laboratory and pilot scale CDI systems.

Phase 2

Laboratory scale CDI setup consisting of three pairs of PAC+TiO; electrodes operated at
1.3, 1.6 and 1.8 volts, at fixed volumetric flow rate of 25 mL/min with salt water
concentration of 2000 mg/L to determine optimum voltage at which maximum

desalination efficiency achieve.

Phase 3

Pilot scale CDI setup consisting of twenty pairs of PAC+TiO, electrodes operated at
optimum voltage find in laboratory scale CDI system, at fixed volumetric flow rate of 25
mL/min with salt water concentration of 2000, 2500 and 3000 mg/L to find optimum salt

water concentration with maximum desalination efficiency.

The following parameters were analyzed during the study.
e Effluent water quality in terms of measuring TDS/Conductivity, adsorption

capacity and salt removal percentage.

e Surface morphology of electrodes and characteristics of powdered activated

carbon.

e Cyclic voltammetry analysis to discover electrochemical properties of electrode.
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LITERATURE REVIEW

About 96.5% of the world's water is spotted in the seas, moreover the water which is brackish or
saline resides in saline lakes and ground water forms 1% of earth’s water leaving only about

2.5% of fresh water on earth, from which only 1% water can consumed by human.

Desalination has a long history, a process which eliminates salts from water. Initially
desalination was used to acquire potable water from sea water. Now a day a number of
technologies have been developed and implemented throughout the world for desalination in
which major technologies are distillation, reverse osmosis, nano filtration, ion exchange, electro

deionization which are used to remove inorganics or in some case organics impurities.

2.1 Overview of desalination technologies

Existing data, concerning the different desalination technologies and more particularly CDI, was
reviewed to support the design, operating and fabrication of CDI test systems along with testing
methods. To adequately assess the CDI as a substitute deionization/desalination technology, a

systematic understanding of various existing desalination technologies was vital.

Table 2.1 outlines the desalination technologies based on the operating principles. lon exchange
technology is also listed in desalination technologies, though a usual ion exchange technology do
precisely what, as meant by its name, it replace unwanted ions from water with more tolerable
ions on the solid resin surface. Thus, rely upon the resin type used; the general total dissolved
solid content of the water does not actually decrease. Nevertheless, housing water softening units
(Sodium chloride regenerated) are widely in use nowadays, and CDI is a possible substitute to

conventional ion exchange water softeners.
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Technology

Operating Principle

Typical application

Thermal Processes

Multistage Flash Evaporation

Thermal evaporation

Desalination of sea

water

Multiple Effect Distillation
with (MED) Mechanical Vapor

Recompression (MVR)

Thermal evaporation with enhanced

energy efficiency

Desalination of sea

water

Multiple Effect Distillation
with Thermal Vapor

Recompression

Thermal evaporation.
Less efficient than MVR but more

effective than direct distillation

Desalination of sea

water

Membrane Processes

Reverse Osmosis

Driven by pressure and diffusion
managed membrane operation.
Eliminate particles down to 0.0001

micrometers

Desalination of sea and

brackish water

Nano-Filtration

Driven by pressure and diffusion
managed Eliminates particles down

to 0.001 micrometers

Industrial-water/waste-
water and drinking

water treatment

Ultra-Filtration

Driven by pressure but does not
remove ions. Elimination is based on

sieving up to 0.01 micrometers

Industrial-water/waste-
water and drinking

water treatment

Micro-Filtration

Driven by pressure but does not

Industrial-water/waste-
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remove ions. Elimination is based on

sieving up to 0.1 micrometers

water and drinking

water treatment

Electrodialysis

Charge driven membrane process

that eliminate ions, not turbidity

Primary brackish water

desalting

lon Exchange Processes

Anion/Cation Exchange

Positive and negative ions in a
source water are exchanged from
more wanted and less bothersome

ions

Feed water for boiler

and water softening

Electro-deionization

Charge driven ion exchange process

Ultra pure water

production

Date source: Farmer et al, 1995

The global desalination capacity of about 90% by volume is symbolized by membrane and

thermal desalination technologies already discussed in Table 2.1. Additional desalination

technologies include

freezing distillation, solar distillation,

electrodialysis, hybrid

(membrane/power/thermal) and other promising technologies. Figure 2.1 illustrates the globally

installed desalination processes (capacity by volume) in 2010.
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Other 0.3%

EDI 0.3% |
Hybrid 0.8% —_\|
ED3.6%

RO 60.0%

MED 8.0%

Installed capacity
65.2 million m3/d

MSF 26.8%

Date source: Desalination.com, 2012

Figure 2.1: Globally installed desalination processes (capacity by volume) in 2010. Other:
Freeze, thermal distillation, nano-filtration and other desalination processes; EDI:
Electro-deionization; ED: Electrodialysis; MED: Multiple effect distillation; MSF:
Multi stage flash distillation

2.2 Capacitive deionization technology

Capacitive deionization (CDI) is cost effective, performance efficient and environmental friendly
desalination technology in which ionic salts are removed electrochemically from brackish water
(Huang et al., 2014). CDI involves application of very low electric field between two electrodes
which forces the ionic species to adsorb on oppositely charged electrodes. These ions make
electrical double layer (EDL) near the surface of electrodes, get held and thus it acts like energy
stored in super capacitors (Tsouris et al., 2011). lons are desorbed from the surface of electrodes
by eliminating the electric field and washing with Demonized (DI) or treated water thus results

in the regeneration of electrodes (Farmer et al., 1996).
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2.2.1 Basic electrochemical cell

To completely clarify capacitive deionization, it is important to survey some fundamental
electrochemical principles. The simple electrochemical cell includes two electrodes which are
immersed in a solution (electrolyte) which allows current to flow through it. The basic

electrochemical cell is illustrated in Figure 2.2

DC power supply
{e-) movement

Anode (-) Cathode (+)

Electrolyte

Figure 2.2: Basic electrochemical cell

It is not necessary that anode/cathode must be made up of metals. In the case of CDI the material
of electrodes can be any materials which are based on inert carbons like activated carbon, carbon
aerogel or other nanostructure carbon. At the point when two different metals with individual
electrochemical potentials are utilized as the anode and cathode, a current will stream in the
external connection, without the requirement for a power supply. When the anode is prepared by

low carbon steel the usual reaction at anode is written as follows:
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Fe — Fe*? + 2¢-

The aforementioned chemical reaction is termed as typical corrosion reaction which takes place
at the surface of low carbon steel (anode) when it comes in contact with any electrolyte. To
complete the reaction, the cathode which contacts with the anode by the electrolyte, absorbs the

electrons. Common cathode reactions are as follows:

0, +4H* + 4~ - 2H,0 (Reduction of oxygen in acidic electrolyte)

%02 + H,0 + 2°~ - 20H~ (Reduction of oxygen in basic/neutral electrolyte)
2H* +2¢~ > H, (Hydrogen liberation from acidic electrolyte)
2H,0 + 2°~ - H, + 20H™ (Hydrogen liberation from water)

The above mentioned basic electrochemical principles are applicable to entire water treatment
technologies which also include CDI. In water treatment technologies the basic aim is to eliminate

unnecessary particles (charged or uncharged) from water, in result treating the water.

2.2.2 Surface chemistry of electrode

The electrodes essentially used in CDI and other electrodes generally usually pursue electric
double layer theory. This theory expresses that if an electrode is charged negatively and
submerged in an electrolyte, then positive charged particles are adsorbed onto the surface, which
in result forms a layer of positive charge on the negatively charged electrode surface. This
positive layer attracts the negative particles in the electrolyte towards itself, thus forming a
second layer of negatively charged particles. The second layer bounds loosely with the first layer

and also contains smaller amount of negatively charged particles as compared to the first layer

10
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which was positively charged. Figure 2.3 depicts the basic concept of electrical double layer

theory.

(&) ) @ ®
Bulk Liquid &)
@ O o @
Double layer @ &) o
o > @
\Ge @ 0@

O~ o
DD DD DHD

Figure 2.3: Electrical double layer theory

2.2.3 Capacitance
A parallel capacitor is made by submerging two parallel plates in an electrolyte solution. When
the charged electrical potential is applied to the capacitor the electrical energy begin to store in it.

The electrical energy stored in terms of capacitance is calculated by the following equations.

11
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C=Q/V
C= K.&.A
T d

x = Dielectric constant for a specific medium
= 80.4 for water at 20 °C and 78.5 for water at 25 °C
g =885x 10" C/N.m’
A = Area of electrode plates
d = Distance between the plates

There are two ways for connecting capacitors, either parallel or series. The equivalent

capacitance can be calculated by using following equations.

1 5 ’
e Z Cn Capacitors in Parallel
Ceqg 5

1 1 . ors in Serd
—= ) — apacitors in Series
Cegy: ™ 5'€n P

2.3 Capacitive deionization

CDI employ all of the aforementioned principles in order to eliminate dissolved charged particles
from water. Figure 2.4 depicts the basic operating principle of CDI. An effluent stream is allowed to
flow between the electrodes. During its adsorption step, ions are adsorbed onto the surface of porous
electrodes by applying a low voltage (1-2 Volts). The negative electrodes attract positively charged
ions, similarly the positive electrodes attract negatively charged ions. The ions get held on the surface
of electrode by forming electric double layer (EDL). The adsorption step continuous until saturation
of electrode. During the regeneration of electrodes the applied potential is removed and electrodes

are flushed with DI or treated water. The regeneration stream has high level of salts as compared to

12
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effluent stream, because the adsorbed ion gets detached from the electrode thus results in

regeneration of electrodes.

Graphite Sheet ( current collector)

Porous Activated carbon

Adsorption

Treated water >

SIS

PorousActivated carbon

Graphite Sheet ( current collector)

Graphite Sheet( current collector)

Porous Activated carbon

Regeneration e ®
. Diwater > concentrated water >

Porous Activated carbon

GraphiteSheet( current collector)

Figure 2.4: Capacitive deionization process

13
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In this section an outline is being presented from 1960 to 1995, which demonstrates early stages

of CDI development as sketched in Figure 2.5. A thorough debate of carbon based electrode

development for CDI after 1995 is presented in next

CF/J Ar:ff}-'_;“dlfj:;

Constant current operation of
CDI and MCDI

treated electrodes

Application of graphene based
electrodes SSUS!

1990-2012

Application of OMC

Membrane Capacitive
Deionization (MCDI)

Electrodes with
addition of TiO,

\

/" Invention of “four-action
electrochemical parametric
pumping cycles”

Theory to describe
concentration change as
function of time

1966
Development of 75 L/day
desalination unit

1960-1970
A

-
Electrode material
development

Data source: Porada et al, 2013

Figure 2.5: Development phases of CDI.

2012 ---

2010 -+
2010 ,

2009 ...

2005 ...

1960 -+

section.

Selective removal of

= = = = nitrate
---2012

Time dependent ion

2012 - — - it
selectivity
Wire shaped electrodes = ..2012
2012 ... Study on the effect of
Efficiency increase by surface micropores

Modern Porous electrode
< theory

Water softening applications
-

o -

Theory of MCDI
-

- ()---2008

Application of
T T 7 T CNTs - CNFs

«=+2006

— — — — Application of MWCNs

Application of carbon aerogel

rime gap

---1978

Concept of , potential modulated
— = = — ion sorption” and flow through

electrode system
««1967

_ — — Mechanism of salt removal based
on Faradaic reactions followed by
ion exchange

-+--1960

Conceptual study

** Material
=+ Engineering
=== Theoretical
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Revolutionary work on desalination of water based on the idea of electrochemical
demineralization was first executed by Blair and his team near the beginning of 1960 and
persisted till the late 1960s. (Blair et al., 1960; Arnold et al., 1961; Murphy et al., 1697; Murphy
et al., 1969). At that time it was supposed that ions can only be detached from water only when
specific chemical species present on the surface of electrode undergo either reduction or
oxidation which results in forming an ionic bond between the salt ions present in the water and
the specific chemical species on the surface of electrode. According to Blair et al., 1960, the
majority of the forms of carbon used for making electrodes, were hypothetically positive ions
attractive which was due to the occurrence of hydroguinone-quinine combination and other
supposed positive ions attractive groups. This was the motive why throughout the stages of CDI
improvement, more concentration was paid on the progress of a technique to differentiate among
the positive and negative ion selective behavior of electrode material, and on the research on
negative ion selective electrode material by merging molecules containing organic groups
(Arnold et al., 1961).

Evans at al. (1966) studied the mechanism of “electrochemical desalination” by using mass
balance and coulometric analysis. Evans concluded that the desalination of water is a two step
process. The 1% step required was the occurrence of faradic reactions on the cathode, result in the
production of hydroxyl ions and to adsorb hydrogen. The 2™ step is based on ion-exchange
mechanism in which the hydroxyl ions, which was produced in the 1% step provides suitable
circumstances for the breaking of weak acid groups which take part in demineralization
reactions. The regeneration of electrodes was done by reversing the voltage with the intention to
reduce the pH which results in the desorption of adsorbed ion. At that time it was understood that

to attain an efficient desalination step, the voltage must be inverted for the duration of

15
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regeneration step and it was obvious that the salt removal efficiency was verified by the surface
group concentration. Preceding sections of literature review denies these classical concepts on
the basics of desalination of water, as those views are now being outdated and have been
overturned by the modern concepts like capacitance of electrodes resulted by the electrical
double and consequently electrodes bases on carbon materials are appropriate for both positive
and negative ions, while electrochemical or faradic reactions are well though-out to be of
principal value in carrying out the CDI process.

Murphy et al. (1967) provided a mathematical modeling of desalination by CDI. In this study
transport and mass balance equations were combined to illustrate concentration of salt with
respect to time, and the mathematical model was applied to explain real time experimental
results which were gathered by various operational conditions. Another study by Murphy et al.,
1969, paid attention on the properties related to surface of carbon based electrode materials by
treating them with chemicals. For instance when the carbon based electrodes were treated with
concentrated nitric and sulfuric acids the positive ion responsive electrode worked on ion-
exchange mechanism due to the treatment of sulfuric acid which provided carboxylic groups to
the electrode. Further thorough work on CDI and transport mechanism was carried out by Evans
et al., 1969 and Accomazzo et al., 1969.

Reid et al. (1968) studied the commercial application and sustainable operation of desalination
unit with no considerable loss of ion adsorption capacity with respect to time. The study
confirmed that not only chloride and sodium ions can be removed but magnesium, nitrate,
calcium, sulfate and phosphate ions also can effectively be removed.

Johnson et al., 1970, provided a ground breaking concept, known these days as electrical double

layer theory (EDL) for electrochemical desalination. EDL was held responsible for the removal

16



Chapter 2

of ions from saline water and also the concept of half cycle non symmetrical operational
conditions was established. The use of non symmetrical approach was significant because it
proved that by utilizing asymmetrical half cycle time or by improving voltage during adsorption
step, we can get better results from system with no reversal of voltage. The same study also
concluded that the faradic reactions might result in electrode degradation. Furthermore this study
provided cost studies for CDI process from economical prospects of the system with condition; if
electrode produced for CDI were stable. Further studies by Johnson et al., 1971, developed an
electrode model based on porous carbons to investigate ion adsorption, voltage and charge
dependency of porous carbons. The results of this study were; the adsorption capacity of
electrodes relies on EDL thickness, surface area of electrodes and the voltage applied.

After the introduction of EDL concept, massive studies on EDL and additional topics were
initiated by Oren et al. (1978) and still being a topic of debate till present ( Soffer et al., 1972;
Oren et al., 1983; Oren et al., 2008; Avraham et al; 2009). The research offered by Soffer et al.,
1972, focused on the development of a procedure to explore EDL effects in porous carbon
electrodes. The same study concluded that whatever the pore size is, even in the range of 0.5 to
0.3 nm, is wettable and takes part in removal of ions in CDI process.

A growing number of published articles were seen from 1990s which mainly focused on the
development of efficient carbon based electrode materials for CDI. Carbon aerogel is one of the
carbon based electrode material which was invented by Farmer et al. (1995). Carbon aerogel
instantly took attention of CDI researchers due to it exceptional properties like good electrical
conductivity, low electrical resistivity, very high surface area and monolithically arrangement.

More studies were conducted using carbon aerogel to get rid of various salt ions from brackish
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water. For instance, Farmer et al. (1996, 1997) studied the removal of NaNO3 and chromium

using carbon aerogel.
2.3.2 Carbon based electrode materials for CDI

The porous carbon based electrode material is the vital element in all CDI applications, a
condition analogous to that in the situation of devices which store energy on the principle of
capacitance. Carbon is the key material for developing porous electrodes in both fields. CDI
performance is dependent on thickness of electrode, spacing between electrodes, spacer shape
and size, CDI cell design and operational parameters. Figure 2.6 provides an overview of
different carbons used for electrode development like activated carbon, carbons derived from

carbide, graphene and carbon nanotubes etc.

CDI will never be a contender to the already developed desalination technologies like RO
without efficient electrode materials and this prospect has seen major development with the
continues research in electrodes materials for CDI. A number of carbon materials such as
activated carbon (Zou et al., 2008; Chia-Hung et al., 2013), carbon aerogels (Pekala et al., 1998;
Gabelich et al., 2002; Xu et al., 2008; Kohli et al., 2012) activated carbon cloth (Han-Jun et al.,
2005), carbon black (Nadakatti et al., 2011), carbon nanotubes and nanofiber (Liu et al., 2013),
etc. have been reported as electrode materials for CDI.

The performance of CDI based on carbon electrodes not only depends on pore size distribution,
pore volume, connectivity of pores, but it is also dependent on electrical conductivity,
electrochemical inertness and cost of CDI development. The subsequent listings are the most

vital necessities for CDI carbon based electrode materials.
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1. High surface area

2. Electrochemical inertness over the applied voltage and pH range.
3. Rapid ion movement within the structure of pores

4. High electrical conductivity

5. Low electrical resistance

6. Good wettability of electrode material

Data source: Porada et al, 2013

Figure 2.6: Carbon based electrode materials for CDI. (a) Graphene carbon flakes, (b) Multi
walled carbon nano tubes, (c) Electrospin fibres, (d) Activated carbon cloth,
(e) Carbon aerogel, (f) meso porous carbon
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7. Low cost material
8. Flexible process ability
9. Natural occurrence and low carbon emissions

10. Not prone to bio fouling

Chapter 2

The structure of pores has its effects on CDI desalination performance. The international union

of pure and applied chemistry (IUPAC) defined pore sizes as follows. Figure 2.7 presents the

pore nomenclature according to IUPAC.

1. Macropores larger than 50 nm
2. Mesopores between 2 and 50 nm

3. Micropores smaller than 2 nm

~ (a) Size nomenclature (IUPAC) —~

~(b) Intraparticle pore types —

Micropore
intraparticle pore

A Macropore: Interconnected Closed

. larger than 50 nm open

Y Mesopore:

T 2-50nm

/ B\ Dead end

4 Micropore: Passing Spen

¥ smallerthan 2 nm open
\ J . v
~(c) CDI transport theory nomenclature \

Macropore
% WH interparticle pore

&

Data source: Porada et al, 2013

Figure 2.7: Pore nomenclature according to IUPAC. (a) Size nomenclature (IUPAC),

(b) Inter particle pore types, (c) CDI

transport theory nomenclature
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2.3.3 Performance overview of carbon based electrodes for CDI

In Table 2.2, the summary of literature review for the important property of adsorption capacity
per gram of carbon based electrode material is reported. The data is provided as a function
voltage and salinity, per gram of one pair of electrode collectively. The study in all mentioned
cases was done in a symmetric CDI cell with one pair of electrode with equal material and mass.
From the Table 2.2, it can be inferred that the information differ in huge range from 0.7 to 15

mg-adsorbed salt per gm for one pair of electrode collectively.

From Table 2.2, it can be inferred that the research conducted using batch mode CDI system with
low initial salinity values showed low adsorption capacity values. The reason for low adsorption
capacity might be attributed to the limited amount of salt in the system, which does not allow the
system to further drop the concentration. Therefore, CDI should be operated either using single
pass mode or when using batch mode, the system should be operated at high initial salinity, so
that the system should show at least 50% salt removal efficiency. Moreover, salt concentration
for CDI experiments should be varied instead of using particular value of salt concentration, in

order to assess the salt removal percentage at different concentrations.
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Table 2.2: Overview of performance data for carbon based electrode materials for CDI

Experimental Conditions

Carbon based Adsorption capacity

Author Feed voltage  Carbon Mode of
electrode material concentration (V) content operation (mg/gm)
(mg/L) (%)
Farmer et al, 1996 Carbon aerogel 50 1.2 N/G CDI (BM) 1.4
500 1.2 N/G CDI (BM) 2.9
Dai et al, 2005 Multi walled carbon
Wang et al, 2006 Carbon nano tubes &
nano fibres 110 12 100 CDI (BM) 3.3
Zou et al, 2008 Ordered mesoporous 25 1.2 78 CDI (BM) 0.68
carbon
Li et al, 2009 Ordered mesoporous 50 0.8 78 CDI (BM) 0.93
carbon
H. Li et al, 2009 Graphene 25 2 100 CDI (BM) 1.8
Kim et al, 2010 Activated carbon 200 1.5 N/G CDI (SP) 3.7
Activated carbon 200 1.5 N/G O-MCDI(SP) 53
Zhao et al, 2010 Commercial activated 292 1.2 N/G CDI (SP) 10.9
carbon 1070 1.4 N/G CDI (SP) 13
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H.Le et al, 2010 Graphene like nano 25 2 80 CDI (BM) 1.3
flakes

H.Le etal, 2011 Single walled carbon 23 2 70 CDI (BM) 0.75
nanotube

Biesheuve et al, 2011 Commercial activated 292 1.2 N/G CDI (SP) 10.5
carbon 292 1.2 N/G O-MCDI(SP) 12.8

292 1.2 N/G r- MCDI(SP) 14.2

Yang et al, 2011 MnO;, Activated carbon 25 1.2 N/G CDI (BM) 1.0

Wang et al, 2012 Carbon nano fiber webs 95 1.6 100 CDI (BM) 4.6

Jiaetal, 2012 Sulfonated graphite 250 2 72 CDI (BM) 8.6
nano-sheet

Zhang et al, 2012 Graphene carbon 29 2 90 CDI (BM) 1.4
nanotube

H. Lietal, 2012 Reduced grapheme 50 1.2 N/G CDI (BM) 2.9
oxide- activated carbon

Peng et al, 2012 Carbon CNT’s ordered 46 1.2 80 CDI (BM) 0.63
mesoporous

Suss et al, 2012 Monolith of carbon 2922 1.5 100 CDI(BM) 9.6
aerogel

Wang et al, 2012 Reduce grapheme 65 2 80 CDI (BM) 3.2

oxidate resol

In all experiments NaCl solution was used. SP: Single pass; BM: Batch mode; N/G: Not given; O-MCDI: CDI with ion exchange
membranes, ions released at zero cell voltage; r-MCDI: lons released at reverse voltage.
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2.3.4 Role of titanium dioxide (TiO) in carbon based electrode materials

Titanium dioxide (TiO,) modifications with various carbon based electrode materials for CDI

were also reported in order to evaluate the effect of TiO, on desalination efficiency.

Kim et al. (2014) coated the carbon electrode with TiO, sol—gel spray. In this method the carbon
electrode was made by using activated carbon powder (specific surface area 2300 m?/g) and
carbon black and stirred with polytetrafluoroethylene (PTFE) as a binder and ethanol as solvent
to make slurry. The slurry then allow to mix for 30 minutes to prepare a viscous fluid which was
used in making the sheet type carbon electrode and dried in an oven at 60 °C for 12 hours. The
recipe for this electrode included 86%, 8% and 8% of wt% of activated carbon, carbon black and
PTFE respectively. After the electrode was dried in the oven the TiO, coating was carried with
sole gel spray method. Titanium butoxide was used with isopropyl alcohol at 10% (V/V)
concentration and sprayed through a nozzle sprayer to load the carbon electrodes with TiO,
particles. Afterwards the electrode was well heated at 250°C for 2 hours under normal
conditions. This study proved that the desalting efficiency of TiO, loaded carbon electrode
proved to provide two time greater desalination efficiency than simple carbon electrode. Also it
was suggested that the specific capacitance of simple carbon based and TiO, loaded carbon
electrodes did not differ appreciably, so the enhanced desalination efficiency was due to high

wettability of TiO, loaded carbon electrode.

Liu et al. (2013) made nano structure anatase activated carbon electrode modified with TiO, in
two step microwave assisted ionothermal synthesis method which is relatively short time method
done in less than 2 hours and at 150°C. Crystallization is the first step in this method which

include the ionic fluid acting as a hydrothermal correlation function in motivating the surface
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anatase crystallization of amorphous TiO, nanoparticles created in the second step i.e. reaction
step. The study concluded that the TiO,-AC electrodes have greater electrical conductivity and

higher electrode wettability. The AC electrode showed electrosorption capacity of 5.43 = 0.91
mg/gm, while TiO,-AC electrode showed 8.05+0.34 mg/gm. In addition, CV results showed the

electrodes have higher specific capacitance and desalting performance.

Lee et al. (2012) made composite carbon electrodes modified with TiO, nanoparticles and
sulfonated polystyrene. The TiO;, nanoparticles were mixed with ion exchange polymer and the
mixture was coated on the carbon electrode surface to give the carbon electrode decreased
electrical resistance and sustain the ion selectivity of the electrodes. The results after performing
cyclic voltammetry (CV) and electrical impedance spectroscopy (EIS) of electrodes indicated
that the electrical resistance reduced considerably as the TiO, content in the electrodes was
amplified. On the other hand the ion selectivity reduced as TiO; content increased which resulted
in the pore formation amongst the particles. This study also purposed that the most favorable
TiO, content in the making of electrodes proved to be approximately 10 wt% of activated
carbon. Moreover, after performing desalination experiments it was revealed that the desalting
efficiency of TiO, modified composite carbon electrodes were enhanced roughly 30% as

compared to uncoated composite carbon electrode.

Zou et al. (2008) synthesized TiO, nanoparticles by hydrolysis of titanium butoxide to prepare a
homogenous sol gel in which activated carbon (AC) was submerged to load it with TiO; sol gel
particles, dried at ambient conditions and heat treated at 200°C. Study finds that when AC was
loaded with TiO, nanoparticles, the TiO, nanoparticles made bond with polar groups of AC and

produced much established metal oxides which resulted in less physical adsorption of AC. The
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reduction in physical adsorption give rise to electrosorption of electrodes which in return
enhanced the adsorption capacity of AC loaded TiO; electrodes by 10% as compared to simple

AC electrodes.

Ryoo et al. (2002, 2003) made the CDI electrodes from activated carbon cloth (ACC) and
modified it with TiO,. The ACC cloth had BET surface area of 2000 m%g. The ACC was
submerged in anhydrous ethanol solution accompanying metal alkoxides which included
titanium (1V) butoxide, zirconium (IV)-n-propoxide, 3-trimethoxypropylsilane and aluminum
isopropoxide. The solution was stirred to enable alkoxide to react with ACC at room temperature
for the duration of 48 hours. Anhydrous ethanol was used to remove non reacting alkoxides from
the surface of ACC, and then allowed to dry it for 24 hours in an oven. The reported result
indicated that the incorporation of TiO; in activated carbon cloth increased electrosorption and

decreased physical adsorption which notably enhanced the ion removal capacity.
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MATERIALS AND METHODS

3.1 Preparation of electrodes

3.1.1 Preparation of titanium dioxide (TiOy)

Titanium dioxide (TiO,) was prepared by the hydrolysis of Titanium Tetrabutoxide (TTB) in
alcoholic medium by using H,O as a hydrolysis agent. In the preparation, there is no use of any
catalyst (acid or basic) for the hydrolysis reaction. TTB (Aldrich, 90%), ethanol (EtOH, Aldrich)
for synthesis and distilled H,O were used as raw materials. The hydrolysis reaction was carried
out at 25 °C by maintaining a vigorous stirring during the whole process. In this study the molar
ratio TTB/EtOH/H,0 used was 1/4/4 as per method describe by Velasco et al., 1999. First of all
TTB and EtOH is added in a beaker placed on the stirrer, The water was added drop by drop with
the help of burette in such a way that it took two hours for the whole volume of water to be
added in the solution of TTB and EtOH. The resulting solution kept stirring for seven days
vigorously. Then the suspensions in the solution allowed to settle down for 24 hours and then
suspension was allowed to dry at room temperature to obtain the sol gel particles. Dried
suspension was grinded with the help of pestle and mortar to get fine particles of TiO,. Figure

3.1 summarize the steps involved in making of TiO..
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TTB+ETOH+Water
1 g : o4

Figure 3.1: Steps involved in making TiO;

3.1.2 Preparation of simple PAC and PAC electrodes modified with TiO,

The electrodes slurry was prepared by mixing powdered activated carbon (PAC) (Acros, USA),
polyvinylidene fluoride (PVDF) (International laboratory, USA) used as polymer binder in an
organic solvent, N, N-Dimethylacetamide solution (>99%, Merck, USA). Furthermore, TiO,
were added in the slurry which was obtained by reacting Titanium (IV)-butoxide (>97%, Sigma
Aldrich, USA) and absolute ethanol (99.8%, laboratoryscan, Poland) according to the method by
Velasco et al. (1999), with slight modification i.e. absolute ethanol is used instead of n-butanol.
The slurry was made homogeneous by blending the mixture vigorously using magnetic stirrer for
7 hours. Electrodes were oven dried at 120°C for 2 hours to evaporate the organic solvent after
the electrode slurry was casted on to graphite sheet (Asia-Pacific Sealing Technologies,
Pakistan). Polymer binder and TiO, content in the fabricated electrode were 10 and 12 wt%

respectively. Same above procedure was adopted for the PAC electrode without addition of
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TiO,. The details of electrodes are given in Table 3.1. Figure 3.2 Summarizes the steps involves

in making of electrodes.

Table 3.1: Details of electrodes

Types of CDI system  Electrode Electrode No. of Mass of adsorbent
dimensions (mm) electrodes (gm)
Small Scale PAC 203.2x76.2x 15 2 11.8
PAC+TiO, 203.2x76.2x 15 2 11.8
Laboratory scale PAC+TiO, 203.2x76.2x15 12 71
Pilot scale PAC+TiO, 304.8x152.4x1.5 40 336

10 wt%0 of PAC

12 wt% of PAC

SO

TiO2 DM
pAC  PVDF Q NNDMTA

OHE

-

Blending 7h Craphite sheet Applied slurry  Drying:  Ready electrode

o 120°C,7h
graphite sheet

Figure 3.2: Steps involved in making of electrodes
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3.2 Experimental setups

3.2.1 Small scale CDI system

The small scale CDI system consisted of one pair of electrode fabricated in acrylic sheets. The
pair of electrode was separated by a rubber spacer to avoid short circuit and maintain a distance
of 2 mm between them. Each electrode was attached with copper shin and wires which were
connected to DC power supply to give them potential. The influent enters from bottom of the
system and exit from top. Figure 3.3 is the schematic diagram of small scale CDI system and

figure 3.4 is the actual setup installed at Water and Wastewater (laboratory, IESE, SCEE).

‘ Digital Dc power Supply ‘

| < ? |
I
: I
+
| O
| CDI CELL .
! 1
! 1
! 1
! | — !
I | 1
| | '
! |
oG
Pump Conductivity Meter| < O

Effluent

Influent

Figure 3.3: Schematic diagram of small scale CDI system
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Figure 3.4: Actual setup of small scale CDI system

3.2.2 Laboratory scale CDI system

The laboratory scale CDI system consisted of three unit cell assembly (each cell having two pair
of electrodes) connected in series with each other using a pump flow system as shown in Figure.
3.5. The electrodes were stacked over each other and provided with holes to create flow channel.
The pair of electrodes was separated by a separator made of non conductive thin rubber gasket
material to avoid short circuiting. Space of approximately 2 mm was kept between electrodes by
a putting a non conductive rubber spacer and individually connected with digital DC power
supply. Acrylic sheets were attached on the back of the electrodes in the CDI cells assembly.
Figure 3.6 shows the actual laboratory scale CDI system installed at Water and Wastewater

(laboratory, IESE, SCEE).
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Figure 3.6: Actual setup of laboratory scale CDI system
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3.2.3 Pilot Scale CDI system

Pilot scale CDI system was developed as same configuration of laboratory scale CDI system
consisting of twenty pairs of electrodes using a pump flow system as shown in Figure 3.7. The
system was developed in single unit. Figure 3.8 shows the actual Pilot scale CDI system installed

at Environmental Chemistry (laboratory, IESE, SCEE).

_ i Dc Power Supply

Positive Terminal

Negative Terminal

! mmElectrode i
L 7 —>Spacer
— Electrode——

U

Peristaltic Pump

Influent

Conductivity/TDS Meter g

iy

Figure 3.7: Schematic diagram of pilot scale CDI system
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1. Influent container 2. Peristaltic pump 3. CDlI unit 4. DC power supplies
5. Conductivity/TDS meter 6. Effluent beaker

Figure 3.8: Actual setup of pilot scale CDI system

3.3 Testing procedures

3.3.1 Scanning electron microscopy (SEM)

The surface morphology analysis of the PAC+TiO, electrode was carried out with scanning
electron microscope, expanded to an analytical SEM by the addition of optional EDS (JSM-

6490, JEOL, Japan). The images were recorded at a magnification of 5000.

3.3.2 Energy dispersive X-ray spectroscopy (EDS)

The EDS analysis of electrode carried out to qualitatively/quantitatively investigate the
electrodes with the same machine used for SEM images (JSM-6490, JEOL, Japan). EDS makes

utilization of the X-ray beam range radiated by a solid sample shelled with a centered light
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emission to acquire a limited chemical analysis. In principle all the elements between atomic

number from 4 to 92 can be detected.

Qualitative analysis involves the identification of the lines in the spectrum and is fairly
straightforward due to the simplicity of X-ray spectra. Quantitative analysis facilitates measuring
line intensities for each element in the sample and for the same elements in calibration Standards

of known composition.

3.3.3 Cyclic voltammetry

To examine the electrochemical properties of the prepared electrodes cyclic voltammetric
measurements were performed using a potentiostat (DY2113, Digi-lvy, Inc., USA) with three
electrode system. The reference electrode was an Ag/AgCI electrode while counter electrode is
made up of a thin Platinum wire and working electrode were PAC and PAC+TiO,. Cyclic
Voltammetry was performed at room temperature using 0.5 M NaCl solution. The potential

range was -0.6 to +0.6 at scanning rate of 50 mV/s.

3.3.4 Surface area analysis

PAC was analyzed for its pore size, pore volume and its surface area using Surface Area

Analyzer (Micromeritics, Gemini VII 2390, USA).

3.3.5 Desalination performance of capacitive deionization (CDI) systems

3.3.5.1 Small scale CDI system

Initial desalination performance experiments were conducted on a small CDI system. The tests

were conducted using NaCl feed solution concentration of approximately 2000 mg/L at 1.3 V
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and flow rate of 25 mL/min was maintained. This setup compared the desalination efficiency of

PAC and PAC+TiO, electrodes.

3.3.5.2 Laboratory scale CDI system

The NaCl feed solution concentration of approximately 2000 mg/L was supplied to laboratory
scale CDI system by peristaltic pump (Masterflex, USA) at 25 mL/min. The salt removal tests
were conducted by charging electrodes with a potential of 1.3V until there was no significant
change observed in concentration of effluent. Once electrodes sites were saturated, the
desorption of ions was performed by changing the potential to OV and washing the electrodes
with DI water at 50 mL/min. Same procedure was repeated with potentials of 1.6V and 1.8V and
salt removals were determined at each voltage. The conductivity/concentration changes in
effluent were measured with a conductivity meter (CON 110, Oakton, USA) at different intervals

of time.

3.3.5.3 Pilot scale CDI system

The NaCl feed solution concentrations used in the pilot scale CDI system was 2000, 2500 and
3000 mg/L while keeping pumping rate constant at 25mL/min. The salt removal tests were
performed at 1.8V, while the regeneration was studied for 20 minutes at 0V and DI water flow
rate of 25mL/min. All the experiments were performed in triplicate in order to get representative

results.
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3.3.6 Adsorption capacity and salt removal percentage

The adsorption capacity was calculated by the change in concentration during the
charging/discharging step of the CDI cells assembly. Here the adsorption capacity (Q) (mg-

NaCl/g-adsorbent) was determined as described by Wang et al. (2012).

Ci—Ce

Where C; (mg/L) is influent concentration and C. (mg/L) is the effluent concentration during
adsorption. V (L) is the volume of the product during the adsorption process and M (g) is the

mass of adsorbent.

For the comparison of performance under different applied voltages, the desalted product was

expressed as the salt removal rate as described by Park et al, (2007).

Salt Removal (%) = S

x 100 2

Where Ct (mg/L) represents the feed concentration and C, (mg/L) represents the lowest effluent

concentration during adsorption.

37



Chapter 4

RESULTS AND DISCUSSION

4.1 Surface morphology of electrodes

Figure 4.1, shows the SEM image of TiO, modified powdered activated carbon electrode. It can
be observed that there is continuous irregular network with presence of powdered activated
carbon, binder and TiO, particles. Figure 4.2 shows the surface structure of the electrode with
different pore sizes, mainly mesopores. Electrosorption capacity is greatly dependant on pore
size distribution of electrode. The significant number of macropores (>50 nm) leads to low
surface area and low electrosorption capacity while mesopores (2-50 nm) are very suitable for

electrosorption due its pore size (Liu et al., 2013).

VR

3

er

20kV  X5,000

Figure 4.1: SEM image (magnification 5,000X) of the PAC+TiO; electrode
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20kV  X50,000 0.5pm

Figure 4.2: SEM image (magnification 50,000X) of the PAC+TiO, electrode

4.2 Energy dispersive X-ray spectroscopy of electrodes

EDS of PAC+TiO, electrode were performed without any standard sample of known
composition. Electrodes were mainly analyzed for their qualitative analysis because it was
important to know the presence of TiO, on the electrode. It is evident from Figure 4.3 that most
number of counts was obtained for PAC, because the main constituent of electrode was PAC. 2"
and 3" counts were obtained for nitrogen and oxygen respectively. The reason for the presence
of nitrogen and oxygen could be attributed to the entrapped air molecules inside the pores of the

electrodes. The presence of oxygen can also be justified due to presence of two oxygen
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molecules with each titanium atom. Nitrogen presence can also be justified by the organic
solvent used in the making of electrodes containing N, N-Dimethylacetamide which is also a
source of nitrogen. 4™ most counts were obtained for fluorine. Fluorine presence can be
confirmed due to the presence of binder (PVVDF) on electrodes which also contain Fluorine. 5t
most counts were obtained for Titanium, which is evidence of presence of TiO on the electrode.
Slight counts were found of elements like Magnesium, Aluminum, Silicon, Potassium, Calcium
and Iron, which was due to impurities in materials and chemicals used in the making of

electrodes.
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Figure 4.3: EDS analysis of PAC+TiO; electrode
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4.3 Characteristics of powdered activated carbon

Powdered activated carbon was analyzed for its properties including pore size, pore volume and
its surface area using Surface Area Analyzer (Micromeritics, Gemini VII 2390, USA). The main
textural characteristics of powdered activated carbon used in the preparation of the PAC-TIO,
electrodes are listed in Table 4.1. Pore volume was calculated according to the following
equation (Zhao et al., 2013).

Pore volume: Vimeso = Viotal — Vmicro

Table 4. 1: Main textural Characteristics of powdered activated carbon

Bet surface area Total pore volume Meso pore volume Micro pore volume
(m?g) (cm®/g) (cm®/g) (cm®/g)
540 0.2581 0.1145 0.1436

4.4 Electrochemical properties of electrodes

Cyclic voltammetry (CV) was performed to study the electrochemical properties of electrodes.
Figure 4.4 shows cyclic voltagrams acquired in the electrosorption and desorption of NaCl on the
PAC and PAC+TiO; electrodes. There is no major evidence of oxidation/reduction reactions on
both types of electrodes, as balance growth and drop in current with electric potential was
noticed. The CV results showed that the main contribution of the salt ions removal from the
solution was electric double layer on the surface of electrode under the charged potential and
there were no major Faradic or electrochemical reactions (Frackowiak et al., 2001; Chen et al.,

2011). In CDI cell the loops corresponds to sweeping area in cyclic voltagrams, which actually
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demonstrate the adsorbed amount of salt ions on the surface of electrode. The sweeping area of
PAC+TiO; electrode is greater than PAC electrode which exhibit the increase in electrosorption

of salt ions by the addition of TiO, in PAC.
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Figure 4.4: Cyclic voltagrams of the electrodes
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4.5 CDI performance of PAC and PAC+Ti0, electrodes

4.5.1 Adsorption

4.5.1.1 Small scale CDI system

Figure 4.5 shows concentration variations of effluent for small scale CDI system. Once the
voltage was applied, the concentration of effluent decreased sharply to 1916.3 mg/L for PAC and
1883 mg/L for PAC+TiO, electrodes after first 5 minutes of adsorption operation. The ions were
electrosorbed onto the electrodes surface and the concentration was decreased until there was no
significant change noted in the effluent concentration over time. PAC+TiO, electrodes showed
28% more salt removal as compared to PAC electrodes. This increase in salt removal % can be
explained by the facts that the addition of TiO, decreased physical adsorption while promoting

electrosorption and high wettability of electrodes (Ryoo et al., in 2003; Kim et al., in 2014).
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Figure 4.5: Concentration variations for small scale CDI system at 1.3V using PAC versus

PAC+TIiO, electrodes

4.5.1.2 Laboratory scale CDI system

Further experiments were conducted on laboratory scale CDI system using PAC+TiO;
electrodes. Figure 4.6 shows concentration variations of effluent at different applied voltages. It
can be observed that maximum reduction in concentration of effluent appeared for all the
voltages within 8-10 minutes of adsorption operation, meanwhile the concentration tend to get
closer to the influent concentration after 28 minutes for 1.3 and 1.6 V but at 1.8 V the
concentration went to 1846 mg/L after 44 minutes of operation. This means greater the electrode

potential, longer will be the saturation time and greater will be the salt removal. Higher voltages
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exert stronger electrostatic forces and thicker EDL, so the electrosorption capacity increases with

the enhancement of the cell voltage (Zhao et al., 2014).
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Figure 4.6: Concentration variations of laboratory scale CDI system at different applied voltages

using PAC+TiO; electrode

The ion removal increased with the increase in voltage range from 1.3 to 1.8 V. Greater ion
removal performance was observed at 1.8V in terms of 64% salt removal and adsorption
capacity of 6.67 mg-NaCl/g-adsorbent. Concentration of NaCl solution maximum dropped to
882 mg/L at 1.3 V, 744 mg/L at 1.6 V and 731 mg/L at 1.8 V. No visible gas bubbles were
observed during experiments which indicate that no electrolysis reaction occur at applied

potentials (1- 2V) (Kim et al., 2010; Li et al.,, 2010). The cyclic voltammetry results also
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revealed no electrochemical reactions occurred. The salt removal characteristics and adsorption

capacities at different applied voltages are presented in Table 4.2.

Table 4.2: Salt removal characteristics and adsorption capacities for laboratory scale CDI

system.
Voltage (V) Volumetric flow rate  Salt removal % Adsorption Capacity (Q)
(mL/min) (mg NaCl/g-adsorbent)
1.3 25 56 2.64
1.6 25 62 4.30
1.8 25 64 6.67

4.5.1.3 Pilot scale CDI system

Figure 4.7 shows concentration variation of effluent for pilot scale experiments conducted at 1.8
V with different concentrations of NaCl solutions using PAC+TiO, electrodes. Maximum salt
removal of 84, 82 and 71% was observed for the salt water concentration of 2000, 2500 and
3000 mg/L with adsorption capacities of 7.7, 10.4 and 11.2 mg NaCl/g-adsorbent, respectively.
The reason for a decrease in salt removal with increase in concentration is increase in the amount
of salt to adsorbent and the saturation of the exchangeable sites on adsorbent structure. In this
study the salt adsorption capacity increased with increasing concentration, which is due to
elevated mass transfer rate of salt ions inside the pores and minimize overlapping effect by

greater concentrations (Li et al., 2009).
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Figure 4.7: Concentration variations of pilot scale CDI system at 1.8 V using PAC+TiO,

electrode for different feed concentrations

4.5.2 Regeneration

During the experiments, once the electrodes become saturated with salt ions, the performance of
electrodes in terms of salt removal decreases over time. The performance was indicated by the
effluent salt concentration which begins to show no significant changes in terms of
conductivity/TDS with respect to time. It was a clear indication to regenerate the electrodes to

get the electrodes back to initial stage adsorption efficiency.

The regeneration of electrodes was performed by reversing of voltage or removing the voltage

supplied to electrodes and can be washed with treated or deionized (DI) water. In this study the
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regeneration was achieved by removing the voltage completely by switching off direct current
(DC) power supply and flushing the laboratory scale CDI system with DI water. The
disconnecting of DC power supply allows detaching the salt ions from electrode and DI water
helps in flushing the salt ions from the system, thus producing concentrated effluent at the outlet.
At the outlet the concentration of effluent was continuously monitored by conductivity/TDS

meter.

Figure 4.8 and Figure 4.9 shows the regeneration curves for small and laboratory scale CDI
systems respectively. It can be noted that during regeneration, the effluent concentration dropped
within 10 minutes which can be considered as the regeneration time. Generally at the beginning
of regeneration, the concentration should increases and then decreases showing regeneration of
electrodes. The lower concentration values should be attributed to the flow rate used for
regeneration in these experiments. Higher flow rate i.e. 50 mL/min for small CDI testing systems

resulted in dilution of the spent stream and indicating low concentration values of the effluent.
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Figure 4.8: Regeneration concentration variations for small scale CDI system
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Figure 4.9: Regeneration concentration variations for laboratory scale CDI system

Fig 4.10 shows the regeneration of electrodes for pilot scale CDI system. As compared to small
and laboratory scale regeneration flow rate the flow rate for pilot scale CDI system was kept at
25 mL/min to minimize the DI water use in the regeneration the electrodes. The lower flow rate
did not dilute the spent stream from regeneration and the increasing trend in concentration of
effluent indicated that the electrodes were being regenerated by flushing the adsorbed salt ions

from the electrodes surface.
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Figure 4.10: Regeneration concentration variations for pilot scale CDI system
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CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this study initial experiments were conducted using PAC and PAC+TiO, electrodes to access
the salt removal efficiency of both electrodes. PAC+TiO, electrodes showed 28% more salt
removal as compared to PAC electrodes. Further experiments were conducted using PAC+TiO,
electrodes in laboratory and pilot scale setups. In laboratory scale CDI system the adsorption
capacities were found to be 2.64, 4.3 and 6.67 mg NaCl/g-adsorbent and salt removals were 56,
62 and 64% for 1.3, 1.6 and 1.8 volts, respectively. Higher voltages exert stronger electrostatic
forces and thicker EDL, so the electrosorption capacity increases with the enhancement of the
cell voltages. Moreover pilot scale CDI system using 20 pairs of PAC+TiO; electrodes showed
maximum salt removal percentage of 84%, 82% and 71% for the feed water concentrations of
2000, 2500 and 3000 mg/L with adsorption capacities of 7.7, 10.4 and 11.2 mg NaCl/g-adsorbent
respectively. The amount of treated water under 1000 mg/L was 1.475, 1.1 and 0.6 liters for
2000, 2500 and 3000 mg/L respectively. The salt removal efficiency decreased with increase in
concentration, as the amount of salt ions to adsorbent increases, the exchangeable sites on
adsorbent structure become saturated which results in decrease of the salt removal efficiency. In
comparison to salt removal efficiency, salt adsorption capacity increased with increasing
concentration, which was due to elevated mass transfer rate of salt ions inside the pores and
minimize overlapping effect by greater concentrations. The cyclic voltammetric results showed
that the removal of ions was mainly due to the presence of electric double layer (EDL) near the
surface of electrodes. The PAC+TiO, electrodes were very effective in terms of ions removal by

providing electrosorption sites for ions which resulted in significant enhancement of
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electrosorption while decreasing the physical adsorption as reported in the literature. The results

indicate the potential practical application of PAC-TiO; electrodes for CDI system.

5.2 Recommendations

In order to further assess salt removal efficiency using CDI technology, following research can

be considered.

e Variations in flow rate.
e Different electrode materials.

e Varying electrodes distance
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