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Chapter 1. Introduction

1.1 Water shortage

The 21st century is bringing new challenges with population expansion, a decrease in
natural resources, and climate change. Mean temperatures increased by 0.8°C since 1880,
with two thirds of the change occurring since 1975, and they are projected to increase by
3C to 4C by the end of the 21st century [1]. Temperature extremes have also increased
by 75% because of climate change [2]. Continued population growth and to a lesser extent,
climate change have also resulted in decreasing water resources [3,4]. As this water
shortage problem accelerated, the water shortage problem in Korea Population Action
International (PAI) has classified Korea into water scarcity country using Falk enmark
indicator, Korea community have believed in “water scarcity” with no doubt. The output
from PAI is consistent with that from report (2006) by the Korea ministry of Land,
Infrastructure, and Transport (MOLIT) [5]. MOLIT also used the Falkenmark indicator,
resulting in Korea as water scarcity country with available annual renewable water
resources per capita of 1512 m’. To solve this problem, seawater desalination technology is
developed. World water resources are mainly salty (97.5%) and fresh water (2.5%). Salty
water is found in oceans, seas and some lakes while fresh water is either stored
underground (30%) or in the form of ice/snow covering mountainous regions, Antarctic and
Arctic (70%) but only 0.3% is accessible by humans (Bigas,2013). With this limited
amount of usable fresh water, desalination proposes the means to meet the increasing
demand for fresh water [6]. Desalination of salty water is the separation of dissolved salts

to produce fresh water with an allowed level of dissolved solids.
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1.2 Desalination technologies

1.2.1 Evaporation

The evaporation technology is a natural water circulation phenomenon occurring on the
earth, that is, the steam is condensed in the low temperature atmosphere in the upper
troposphere and it is cloudy, and then it drops to the surface or sea surface in rain form.
When the sea water is evaporated, the solvent water evaporates, and the salt, the solute,
separates the fresh water from the seawater by using the remaining property. It has the
advantages of large capacity and high purity of production, but it has a disadvantage of
high energy consumption Depending on the evaporation method and the steam recycling
method, the Multi-stage Flash (MSF) method distillation, Multi Effect Distillation (MED),
Vapor Compression Distillation (VCD) [8,9]. The MSF method is currently the most widely
used desalination technology for large-capacity desalination plants, accounting for about 60%
of the global desalination capacity. When the liquid at a temperature is suddenly reduced
to a saturated vapor pressure corresponding to the temperature. It is consuming as latent
heat of evaporation and self-evaporation or flash evaporation occurs [9].The multiple effect
distillation method is a simple arrangement of a series of distillers in the first evaporator,
When steam is heated to evaporate seawater, the resulting steam is condensed in an
evaporator of the following utility. It becomes fresh water and acts as a heating source to
evaporate seawater inside the evaporator. Also, The steam again acts as a heating source in

the evaporator of the next utility [10].
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1.2.2 Reverse osmosis (RO)

Reverse osmosis is a pressure driven separation technique. By applying a pressure
difference, the permeating component, in most applications nearly exclusively water, are
forced through the membrane. Besides its application for production of drinking water,
reverse osmosis is also applied in the treatment of effluent water and separation of organic
and inorganic compounds from aqueous solution for industrial applications [11,12]. The
heart of RO based separation is the semi permeable membrane known as RO membrane
which preferentially allows water molecules to pass through it, by obstructing the passage
of salts under the influence of externally applied pressure (Figure 1.2.) [13]. The salt and
water permeate through an RO membrane by solution-diffusion transport mechanism [14,15].
When the applied pressure is higher than the osmotic pressure (Ap > AT), water starts

flowing from concentrated salt solution to dilute solution through the membrane.

J=A(Ap— An) Equation 1

where A 7 is the osmotic pressure difference between the feed and the permeate, Ap is
the pressure difference across the membrane and A is a constant which describe the
physical characteristics of the membrane itself. RO membranes are characterized by the
average pore size of less than 1 nm and require very high pressures up to 80 bar. Such
high pressures are required to overcome the osmotic pressure of sea water, which is about
25 bar. The performance of these membranes is usually governed by water flux and salt
rejection. An ideal RO membrane has a salt rejection of more than 99%. NF membranes
are also used for desalination application, but the salt removal capacity is not as high as
that of RO membrane. Depending upon the requirement or application of pure water, either

NF or RO membrane can be used [13].
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1.2.3 Electrodialysis (ED)

Electrodialysis (ED) is a type of technology which arranges ion-exchange membranes
alternately in a direct current field. There are five elements complementary for ED
applications [16]. (1) electrodes, where the oxidation and reduction reactions occur to
realize the transformation from ionic conduction to electron conduction and thus supply the
original driving force for ion migration; (2) direct current supply, which proves effective to
reinforce ion migration; (3) solvents, which make a continuum for ion transport by filling
the space between electrodes and membranes; (4) ion exchange membranes, the key points
which permit the transport of counter ions and block the passage of co-ions; (5)
electrolytes, the current carriers between cathode and anode. ED has been widely used to
demineralize, concentrate and convert salt-containing solutions [16-18]. however, ED is not
so economically competitive as other membrane separations, such as ultrafiltration (UF)
Jreverse osmosis (RO), and microfiltration (MF) [18]. The main reasons are the high cost
of ion exchange membranes and electrodes and short life time of membranes when working

in high-density electrical field [18].
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1.2.4 lon-exchange

IE is a fixed-bed separation technology using ion exchange resins [19]. These resins have
a large number of tightly attached bonds on their surfaces, which can reversibly absorb one
type of ions. The physical form of the resins is a small sphere with a diameter between
0.4 and 0.8 mm. A cation exchange resin captures positively charged ions and an anion
exchange resin negatively charged ions. In fresh resin, the cations attached to the cationic
resin are H', those attached to the anionic resin OH . Passing raw whey over a bed of
cation exchange resin would result in exchange of the cations in the whey against H' ions.
Subsequent passage of this whey through the anion exchange resin would absorb anions,
displacing the OH ions. As a result, desalted whey exits the anion exchange resin
column. The capacity of exchangeable ions is limited [20]. The amount of whey that can
be desalted by the given quantities of resins can be calculated. The same applies to the
required amount of water and regenerants (acid in the case of cation exchange resin, alkali
in the case of anion exchange resin). These solutions are sufficiently concentrated to
remove the absorbed cations and anions and replace them by H' and OH ions,

regenerating the resins to their previous state.
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Figure 1.4. Principle of ion-exchange [21]
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1.2.5 Capacitive deionization (CDI)

CDI is a method for removing dissolved salts from brackish water by their adsorption
onto electrode surfaces to form electric double-layers (EDL), and now is a potential method
for desalination of drinking water. Since the adsorption mechanism of CDI is the same as
that of electric double-layer capacitors for energy storage. electric double-layers is a basic
concept in electrochemistry [22]. When the electrode is charged and put into a solution
with ions, the interface of the charged electrode and ions abundant solution will be filled
with counter ions as a result of the Coulomb force, forming EDL [26]. Reducing the
charge hence the removal of Coulomb force releases the held ions back to the solution.
This taking up and release can be used as deionization and regeneration in desalination
[26]. The first model for CDI based on electrical double layer was developed by Johnson
and Newman in the 1970s [23,24]. First model was assumed that ion sorption in the CDI
is approximated as capacitive process; kinetics of adsorption does not limit the rate and
faradaic reactions are negligible. The model has been widely used to investigate the process
and explain experimental results. Interfacial properties and structures between an electronic
conductor (electrode) and an aqueous electrolyte solution have been explained well by
widely accepted Gouy-Chapman-Stern double layer theory [25]. According to the
Gouy-Chapman-Stern model, the double layer can be assumed to be divided into an inner
area and a diffusion area [26]. The inner area is named as the Helmholtz layer where ions
covered directly onto the surface of electrode, while the area further from the surface is a
diffusion layer called the Gouy-Chapman layer where the distribution of electric charge is
depended on the potential at the surface [26]. Both capacitances of the two layers
contribute to the total capacitance; thus, the total capacitance can be calculated like a series
union of both the inner Helmholtz layer and diffuse Gouy-Chapman layer The following
advantages of CDI have been mentioned: no chemicals are required during the cycles of
desalination and regeneration, and the applied voltages are fairly low to avoid the
electrolysis of water, which make this technology nonpolluting, environment-friendly, energy

efficient and cost-effective for water desalination.
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Table 1.1.

Energy comparison of desalination technology [28]

Desalination
Evaporation MFE ED RO CDI
technology
t is salt-fr St is salt-fr
. Steam is salt-free cam 15 SAEE T ons move through  Ions move through Ions adsorb and/desorb
Basic condenses to condenses to . . . .
. anions and cation anions and cation on electrode due to
mechanism Form pure Form pure
membrane membrane DC voltage
water water
Total ital
o caplia High High Medium-high Low Low
Cost
~4.2-8.5 kWh/m’
. 6.6 kWh/m’ 7.9-10.8 kWh/m’ 2.03 kWh/m’ 6.6-9.3 kWh/m’  (16-32Wh/gal)-seawater
ner
ey t (~ 125 Whigal:  (30-41 Wh/gal)- (7.7 Whigal)- (25-35 0.05-0.1 KWh/m’
requiremen .
q seawater seawater brackish water Wh/gal)-seawater (0.2-0.4
Wh/gal)-brackish water
Better membranes Practical modules and
Better scale Lower cost, .
Better scale and module design; scale-up; novel nano
Challenge control Membranes .
; . . control high-performance structures electrodes
analysis materials hybrid . And ED . .
L materials . membrane from with high energy
optimization optimization

nanotechnology

recovery

Collection @ chosun



Chapter 2. Literature review of CDI

2.1 Capacitive deionization (CDI)

2.1.1 Electric double layer (EDL)

Electrical double layer theories. In Figure 2.1. schematically shows different electrical
double layer (EDL) models proposed over time. The concept of EDL was first introduced
by Helmholtz who suggested that a charged surface immersed in an electrolyte solution
repels ions of the same charge (positive or negative) but attracts their counter-ions [29].
The layer of electronic charge at the electrode surface and the layer of counter-ions in the
electrolyte forms what has been termed the electrical double layer [30,31]. The Helmholtz
model hypothesized that counter-ions form a monolayer near the electrode surface, as
illustrated in Figure 2.1a. [29]. This structure is analogous to that of conventional dielectric
capacitors with two planar electrodes separated by a small distance H, approximated as the
radius of anion [29-31]. The Helmholtz model was modified by Gouy [32] and Chapman
[33] with the consideration that the ion distribution should be continuous in the electrolyte
solution and given by the Boltzmann distribution. The Gouy-Chapman model accounts for
the fact that the ions are mobile in the electrolyte solution under the combined effects of
ion diffusion driven by concentration gradients and electromigration driven by the electric
potential gradient, i.e., the electric field. This results in the so-called “diffuse layer”
illustrated in Figure 2.1b. However, the Gouy-Chapman model overestimates the electrical
double layer capacitance because it treats ions as point-charges resulting in unrealistically
large ion concentrations at the electrode surfaces [30,31,34]. In 1924, Stern proposed a new
EDL model accounting for the finite size of ions. Stern [35] combined the Helmholtz
model and the Gouy-Chapman model to explicitly describe two distinct regions, namely (1)
the inner region of thickness H termed the Stern layer and (2) the outer region called the

diffuse layer, as shown in Figure 2.1c. In the diffuse layer, the ions are mobile under the
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coupled influence of diffusion and electrostatic forces, and the Gouy-Chapman model
applies in this layer [36]. [30-32] In 1947, Grahame [38] improved this model by
eliminating a number of deficiencies. The author emphasized that in the Stern layer,
specific (covalent) and non-specific adsorption of ions at the same electrode surface lead to
different closest distances from the charged surface [31,32,35,37]. The inner Helmholtz
plane (IHP) consists of ions adsorbed by specific (covalent) forces and the outer Helmholtz
plane (OHP), or Stern layer, of ion adsorbed by non-specific (electrostatic) forces. However,
continnum models of EDLCs typically consider only electrostatic adsorption, corresponding
to the Stern model. Note that electroneutrality does not prevail within the electrical double

layer
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Figure 2.1. Schematic representation of electrical double layer structures according to
(a) the Helmholtz model, (b) the Gouy-Chapman model, and (c) the Gouy
Chapman-Stern model. The double layer distance in the Helmholtz model
and the Stern layer thickness are denoted by H while ¢ s is the potential
at the electrode surface [39]
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2.1.2 Faradaic and non-faradaic reaction

Electrochemical currents can be classified into two types: Non-Faraday currents due to
the accumulation of faraday current and charge due to the direct transfer of electrons /
charges. The faraday current consists of the transfer of electrons by the oxidation-reduction
reaction on the electrode surface, and the transfer of the redox reaction material in the
electrolyte solution. On the other hand, a non-Faraday current is formed when a substance
(ion or molecule, etc.) having charge on the interface is simply collected regardless of the
electrochemical reaction. The most representative example is the electric double layer. When
a voltage is applied to the electrode, the electrode becomes polarity (+) or (-). In the
solution, materials having opposite charges are induced by the electrostatic attracting force
and accumulate at the interface to form two layers having different charges. In addition,

adsorption of charged materials also forms a non-Faraday current
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Figure 2.2. Overview of important electrochemical reactions and processes in CDI
electrodes. Effects (a—c) can be classified as non-faradaic, and (d-f) as

faradaic processes [22]
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2.1.3 Membrane capacitive deionization (MCDI)

During the charging process in CDI, ideally the cations alone should move into the
porous cathode material and anions alone should move into the positively charged anode
material. During the discharge process, these ions should move out [22]. However, in real
experiments, the coions will also move into the anode and cathode surfaces. This would
lead to loss of efficiency of deionization. To overcome this problem, ion-selective
membranes are fixed closer to the electrode surface. Cation exchange membrane near the
cathode will allow cations to selectively move in (charging) and out (discharging). Anion
exchange membrane will function similarly near the anode allowing selective anion
movement [26]. This modification is termed as membrane capacitive deionization (MCDI)
shown in Figure 2.3.. The salt removal efficiency of MCDI cell was enhanced by 32.8-
55.9 % compared to CDI cell, and current efficiency of 83.9-91.3 % was higher for the
MCDI compared to 35.5-43.1 % for the CDI [40]. Conceptually, MCDI is certainly an
improvement over CDI. However, the ion exchange membranes certainly may increase the
cost of production of CDI unit. During the past few years, selective coating of carbon
electrodes with ion exchange resins is found to be an effective alternative approach than

using separate membranese

Collection @ chosun



Current collector

Carbon electrode

Cation exchange
membrane

L 7/
Spacer

Anion exchange
membrane

Carbon electrode

Current collector .

Figure 2.3. Schematic diagram of MCDI cell and desalination system

Collection @ chosun



2.2 Carbon electrode

2.2.1 Activated carbon (AC)

AC has been the mostly used electrode materials in CDI mainly because its low cost. It
was actually the first electrode materials used for electrosorption [26]. The variety of
precursor materials and synthesis conditions translates to an equally great variety in pore
structures and surface chemistry of the resulting AC material. Thus, a detailed description
of the properties, the pore structure, is important for any comprehensive understanding and
comparison of the desalination capacity of AC electrodes [41]. As a general trend, an
increase in the specific surface area and total pore volume results in a higher salt

adsorption capacity [22].

2.2.2 Carbon nanotube (CNT)

Carbon nanotube (CNT) is novel carbon materials with unique structure and extraordinary
electrical properties. A single-walled carbon nanotube is a rolled graphene sheet in a
cylindrical shape. A tube surrounding tube structure made of two layers of graphene sheets
is called double-walled carbon nanotube and the one made of more than two layers of
graphene sheets is called multi-walled carbon nanotube [26] .Depending on the arrangement

of the hexagon rings along the tubular surface, CNT can be metallic or semiconducting.

2.2.3 Carbon aerogel

Carbon aerogels are carbon particles in the form of aerogels, pores are interconnected,
and pore size and density are easily controlled. It has high specific surface area, low
electrical resistance, nano-sized porous structure, and excellent electrical conductivity,
making it an ideal electrode material for CDI. When carbon aerogels are applied to CDI
technology, they have 10 ~ 20 times more energy efficiency than conventional processes,

and they can contribute to simplification of processes and prevention of pollution because
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they do not require the use of high pressure pump or membrane.

2.2.4 Activated carbon fiber (ACF)

Activated carbon fiber is a material that has been developed to enhance the adsorption
power of activated carbon, and refers to carbon in fiber form. The activated carbon fibers
have a narrow and uniform pore size distribution and have a larger specific surface area
than the activated carbon. It has high electrical conductivity and heat resistance and high
elasticity. However, the activated carbon fiber has disadvantages such as complicated

manufacturing process and high production cost.

2.2.5 Biomass-derived carbon

The biomass resources are abundant, including energy crops, agricultural crops and their
residues, wood and wood wastes, municipal wastes and animal wastes, aquatic plants and
algae. Biochar and ACs are the most common products from biomass materials. Briefly,
biochar usually can be obtained by burning or pyrolysis (low oxygen) of biomass materials,
which often produced highly porous structure with a high specific surface area. ACs are
another kind of by-products that can be obtained from the pyrolysis of biomass materials,
usually possessing high specific surface area and rich porosity, which have been widely
used for gas separation, water purification, catalyst supports, electrodes for supercapacitor

and fuel cells
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Table 2.1.

Summary of biomass-derived carbon electrodes for SCs through pyrolysis and/or activation [42]

Activation
) Activation SSA | Measurements
Materials temperature . CFg) Electrolyte
agent . (m” g) at
and time (C)/(h)
Eggplant N/A N/A 950 121 5mv s’ 6 M KOH
Corncob Steam 850/0.75 1210 120 1Ag' 6 M KOH
X 1 M

Coffee beans ZnCl, 900/1 1021 134 005 A g
TEABF4/AN
Chestnut shell ZnCl, 800/1.5 1987 92 10 A g' 6 M KOH

X 1 M

Cotton stalk H3PO4 800/2 1481 114 05A¢g
TEABFJ/AN

) Microwave- 1

Rice husk 600 W/1/3 1552 94 005 A g 1 M EuNBF4/PC
assisted ZnCl,
) Microwave- 1
Bagasse pitch 700 W/0.25 - 138 02 Ag 1 M EMIMBF,
assisted ZnCl,
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2.3 Principle of electrospinning

Electrospinning is a method of realizing continuous fibers with a diameter of - pm to -
nm by using an electric field. It is simpler than conventional self-assembly, phase
separation and template synthesis, And has attracted much interest in biomedical / industrial
applications based on various properties due to the high specific surface area due to the
shape, porosity and ease of structure / size control. The electrospinning device consists of
three kinds of high voltage, spinning protrusion and dust collecting plate collecting fibers
as shown in Figure .2.4. The polymer solution is discharged at a constant rate through a
pump, through a nozzle serving as a spinneret. In this case, one electrode connects the
power supply with the nozzle tip, injects charge into the polymer solution to be discharged,
and connects the opposite electrode to the dust collecting plate. When a high voltage of 0
to 30 kV is applied to the nozzle tip, the following two (1) mutual electrostatic repulsion
between the surface charge and (2) the external electric field The polymer droplets of the
liquid phase are drawn in the form of a funnel-shaped funnel by the applied Coulomb
force. When an electric field of a specific intensity is applied to the nozzle tip in contact
with the polymer solution, one side charge of + or - is accumulated in the polymer
solution and the hemispherical shape of the tip of the nozzle exceeds the surface tension of

the polymer solution due to mutual repulsive force of the same charge.
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2.4 Trend of research

There are three major research trends in CDI research. The first is the study of the new
system, the second is the separation purification of the substance and the contaminant
removal. The third is the study of the carbon electrode, which is the most actively studied
in the CDI composition, On the system flow capacitive deionization (FCDI) has been
studied. The flow-electrode, which is a 5 mass% suspension of AC granules in a 0.1 M
aqueous solution of NaCl, replaces the fixed carbon electrodes of the conventional CDI and
flows through a channel carved on the current collectors. This system has some advantages,
as a continuous desalination process and a high removal efficiency from salt water with
high concentration, such as seawater, because the flow-electrode has infinite ion adsorption
capacity, in contrast to a limited electrosorption capacity of the fixed electrode in CDI
process [43-45]. In the separation purification section, a technique of desalinating a low
concentration of seawater is generally studied, and recently, it is also used for removing
impurities in the separation and purification process of a drug. In addition, as interest in
rare metals increases worldwide, studies are under way to recover valuable metals. Finally,
graphene has been studied in different forms, by using a binder as PTFE either with or
without conductive material such as carbon black and graphite powder, as usual way to
fabricate electrode sheets for supercapacitors, by using graphene foams, and by mixing with
other active materials, such as metal oxides, AC and CNTs [46-48]. In recent years, CNT
and CNF are mainly manufactured by CVD method, and CNF is often manufactured by
electrospinning. CNF is mainly used as a PAN polymer which has environmental problems
because it uses DMF as a solvent. Therefore, PVA polymer that water as a solvent was
eco-friendly and non-toxic. In addition, electroactive materials mainly used in these

polymers are required materials that can be easily obtained from nature.
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2.5 Research objective

The lignin used in the bioethanol extraction process is used as an electroactive material
having high added value [22,49]. Separation of cellulose and lignin through an alkali
pretreatment, NaOH 1is generally used as a chemical activator, it is expected that it will be
able to make high surface area carbon electrode without additional activation process
because it is actually contained in lignin black liquor. However, since the exact components
of lignin are not known, the present study has been conducted by adjusting the pH of the
lignin reagent at the previous stage. Therefore, discarded lignin and non-toxic PVA were
electrospun and then obtained lignin carbon fiber through stabilization carbonization process.
The lignin carbon fiber was expected to be eco friendly and useful electrode materials
having a high specific surface area. Finally, it is applied to CDI to evaluate desalination

performance.
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Chapter 3. Experimental

3.1 Fabrication of lignin carbon fibers
3.1.1 Properites of lignin

Lignin is a major component of the cell wall of a plant and plays an important role in
making the structure of the tree which is main source of 22-29% (weight) after wood-based
cellulose (40-43% weight). Lignin is a by-product of remnant after making cellulose into a
major product in the pulp manufacturing process. In the pulp and paper industry, lignin
was an unnecessary material that had to be removed to increase whiteness. Recently, lignin,
a process by-product, is being produced in the process of producing bioethanol using
woody biomass. The chemical structure of lignin undergoes a change during the process of
removing lignin by pretreatment using enzymes and solvents to separate sugars of ethanol
fermentation material from wood. In this study, kraft lignin low sulfonate (sigma-aldrich)
was used to obtain lignin from black solution using sodium sulfide / sodium hydroxide

solution, which is the most commonly used extraction method.
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3.1.2 Electrospinning of spinning solution

The spinning solution was prepared in two ways, assuming the lignin extracted from the
actual waste solution. Lignin reagent solution, and NaOH solution. 15 wt%, 17.4 wt.%,
And 23 wt.%, 28 wt% Respectively, in order to find the ratio of optimum lignin and PVA
(20:80) (50:50) (75:25) respectively [50,51]. After stirring for about 6 hours at 80 ° C
using a hot plate, lignin was added according to the ratio and the total amount of the
polymer. After stirring for about 6 hours, the temperature was lowered to room temperature
and stirred for about 12 hours. The spinning solution used was an electrospinning device,
the voltage applied to the spinning was 15 kV, and the distance between the syringe and
the collector was maintained at 15 cm. Syringes were used in a volume of 10 mL and the
diameter of the injection needle was 0.5 cm. The flow rate of the solution was 1 ml/hr

and the rotation speed of the collector was 100 rpm.
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3.1.3 Stabilization and carbonization

As a starting material, PVA, which is a linear polymer, is stabilized at 200 to 300 ° C
for 1 to 2 hours in the air, and the precursor material can withstand the carbonization
process by chain cleavage, cross-linking, dehydrogenation and cyclization. A thermally
stable ladder structure is obtained and the yield of carbonization is improved [52]. During
the stabilization reaction, the shrinkage should be within 15% by stretching to maintain and
improve the molecular orientation. During the stabilization process, a complex chemical
reaction is accompanied by the release of H,O, CO,, HCN, etc., resulting in a weight loss
of 5-8%, and the carbon content in the precursor fibers decreases from 68% to 62-65%.
When this precursor material is carbonized in an inert atmosphere at 1200 to 2500°C,
about 50% by weight of carbon fiber is obtained based on the precursor material. Since
the carbon fiber is composed of only carbon, no further weight reduction occurs in the
graphite process at 2500 C or higher, and the crystal orientation of the carbon fiber in the
fiber axis direction is increased Only the structural changes occur and the mechanical
properties of the final carbon fiber are improved. However, in this study, the stabilization
process using an electric furnace was carried out at 250°C for 4 min. After cooling at
room temperature, N> gas, which is an inert gas, was flowed at 400 ml/min using a
tubular furnace. The temperature was raised to 2°C per minute up to 700°C, and then

maintained for 2 hours.
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3.2 Electrochemical properties

The carbon fibers were evaluated for small electrode without binder and current collector.
The CHI 660e instrument was used for the electrochemical measurement, and cyclic
voltammetry (CV), chronocoulometry (CC), chronoamperometry (CA), and AC Impedance
were used to evaluate the adsorption and desorption characteristics of the carbon electrodes.
Respectively. CV was measured by measuring the current flowing through the cell while
changing the potential at the same rate in a constant electrode potential range. The
capacitances of the activated carbon electrodes and the adsorption and desorption
characteristics at the electrodes were analyzed. CA and CC analyze the adsorption rate and
adsorption amount of ions on the carbon electrode by measuring the amount of electric
current and charge flowing through the cell while maintaining the electrode potential at a
constant level. The prepared carbon electrodes were fixed in the circular part that reacts to
the kit shown in Figure 3.4. Then, 1 mL of 4 M NaCl as an electrolyte was filled, and
then an Ag / AgCl reference electrode and a Pt counter electrode were placed, followed by
electrochemical analysis. CV analysis was carried out with varying potential scanning
speeds ranging from -0.6 V to 0.6 V at 5, 10 and 25 mV/s. The CA and CC analyzes
were carried out by applying a constant potential of -0.6 V for 100 sec and immediately
applying 0.6 V for 100 sec. The change of current and total charge over time was

measured in adsorption and desorption reactions.
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Figure 3.4. Electrochemical measurement cell kit for flexible carbon fiber
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3.3 Evaluation of desalination performance

The evaluation of desalting performance, the unit cell was constructed and the CDI
experiment was conducted. Two 1.5 cm thick acrylic plates of 10 x 10 ¢cm’ were prepared.
One acrylic plate was drilled with a 1 cm diameter hole at the center and both diagonal
ends to allow the solution to flow from both diagonal ends to the center. Two porous
carbon electrodes of 6.5 x 6.5 cm’ were prepared and holes were drilled at the center and
both diagonal ends of the carbon electrode for positive electrode to secure the flow path of
the influent. A CDI unit cell was constructed by inserting an anion exchange membrane on
a carbon electrode for a positive electrode and a cation exchange membrane on a carbon
electrode for a negative electrode and inserting a nylon sheet having a thickness of 90 pm

between the two ion exchange membranes.
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Chapter 4. Result and discussion

4.1 Characterization of lignin carbon fibers
4.1.1 Field emission scanning electron microscopy (FE-SEM)

The surface properties of lignin carbon fibers were confirmed by FE-SEM. Fiber
-stabilization - carbonization, and the change of fiber was observed according to thermal
properties. At 15 wt% and 17.4 wt% of total polymer, the fibers could not be laddered at
the stabilization stage and could be broken. At 28 wt%, it was confirmed that the structure
was broken due to the cohesion between the fibers due to the high viscosity. Therefore,
the change of fiber diameter at 23wt% according to the thermal properties of two samples
with pH8 and pH9 with NaOH could be confirmed. The average diameters of pH 8
samaples different conditions at fiber, stabilization and carbonization were 0.79 pm, 0.58
pm 0.37 pum, respectively (Figure 4.1. a-c). Lignin fiber (pH 8), it can be seen that the
diameter decreases with stabilization and carbonization process. The reduction in diameter
shows a general fiber stabilization and carbonization process. In contrast, the average
diameters of lignin fiber (pH 9) samaples different conditions at fiber, stabilization and
carbonization were 0.46 pm, 0.4 pm 0.34 pm, respectively (Figure .4.1 d-f). In Figure .4.2
shows that the diameter is smaller lignin fiber (pH 8) than lignin fiber (pH 9). It is
considered that stronger elongation forces were imposed to the ejected jets under the

electrical field due to an increased charge density in pH 9 solution [53].
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Figure 4.1. SEM images of Lig/PVA fibers with different pH (a) fiber (pH 8),
(b)stabilization (pH 8), (c¢) carbonization (pH 8), (d) fiber (pH 9) (e)
stabilization(pH 9), (f) carbonization (pH 9), (g),(h) carbonization (lignin

powder)
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Figure 4.2. Diagram of fiber average diameter distribution through pyrolysis process
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4.1.2 Fourier transform infrared (FT-IR)

The functional groups of lignin fibers were confirmed through FT-IR. As shown in
Figure 4.3, the functional groups were clearly distinguished lignin fiber pH 8 and pH 9.
Lignin fiber (pH 9), NaOH added fibers can be seen to retain their functionality even after
stabilization and carbonization. O-H linked shearing was confirmed at 3300 cm’, and C-H
symmetrical stretching was confirmed at 2885 cm”. The OH component is observed at
1630 ~ 1650 cm™. Both lignin carbon fibers (pH 8, pH 9), the stabilized fibers exhibits
C-O-C asymmetrical stretching at around 1162 cm . At 1000 cm”, C-O bond is confirmed,

! Based on these

and lignin fiber pH 9, a glycosidic bond is observed at around 895 cm
results, it can be confirmed that lignin carbon fibers were formed C-O-C bond in the
stabilization step. Lignin fiber (pH 9) was indicated that the functional group with hydroxyl

group could be confirmed,
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Figure 4.3. FT-IR spectra of lignin fibers pH8 and pH9 at different conditions
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4.1.3 Thermogravimetric analysis (TGA)

The behaviour of polymers during heat treatment is important for making carbon fiber
from kraft lignin. Thermal analysis is useful to determine whether a certain lignin is a
possible precursor for carbon fiber. Stabilization and carbonization temperature, and it is
possible to confirm the synthesis of PVA and lignin through reduction of thermogravimetry
(Figure 4.4.). All samples, it is confirmed that the moisture is removed from the material
through the rapid decrease of the heat weight in the vicinity of 100 to 300°C. The pure
PVA powder is completely pyrolyzed at around 600°C and the pure lignin powder has a
weight of 30% even at 900°C. The lignin fiber (pH 8) with PVA and lignin cross-linked
by electrospinning had a lower thermal weight reduction than the pure PVA. In addition,
the carbonization process can be smoothly achieved by keeping around 500°C without any
further decrease in the thermal weight. Therefore, the stabilization condition was set at
250°C and the carbonization condition was set at 750°C. In the case of lignin fiber (pH 9)

is 10% less thermogravimetric than lignin fiber (pH 8).
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Figure 4.4. TGA thermograms of PVA/Lig fiber and precursor
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4.1.4 X-ray diffraction (XRD)

When X-rays strike the crystal, some of them cause diffraction and its diffraction angle
and intensity. The diffraction X-ray is used to determine the kind of the crystalline material
contained in the sample and information related to the quantity. Thus, information on the
structure of the crystalline material. The analytical method to be obtained is X-ray
diffraction. As shown in figure 4.5, All samples showed a (002) graphite peak at around

25°, confirming that carbon crystallization was successful.

Collection @ chosun



—lignin fiber (pH 8)

—lignin fiber (pH 9)
—lignin powder

5

g

<

g

g

: " daadia

10 20 30 40 51] m m 80

20 (deg)

Figure 4.5. XRD patterns of lignin powder and lignin carbon fiber pH 8 and 9
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4.1.5 Brunauer, emmett, teller (BET)

As shown in Figure 4.7., specific surface area of electrodes shows the adsorption /
desorption isotherm for N, gas of activated carbon fibers and lignin powder. The adsorption
isotherm results in pH 8 having 2133 m’/g, which is twice as high as pH 9, and a
specific surface area of 1099 mz/g at pH 9. These results show that NaOH reacts only on
the carbon surface, the pore block occurs, blocking the micropores of the surface and
reducing the specific surface area [54,55]. However, it can be seen that the pure lignin
powder has a very low specific surface area of 55 m’/g. These results show that the fiber
structure can have better adsorption characteristics than the powder form. All samples
exhibit the adsorption/desorption characteristics of type-4 with hysteresis loops. The
mesoporous material corresponding to hysteresis loop type-4 can be identified through the
average pore size. As shown in Figure 4.6., pore size of lignin fiber (pH 8) was 2.38 nm,
lignin fiber (pH 9) was 2.37 nm, and the lignin powder was 3.67 nm. These result

indicated that it was a mesoporous substance.

Collection @ chosun



Microporous
materials

1

Non porous
materials

m

(week interaction)

Non porous
materials

Mesoporous
materials

Porous materials
(week interaction)

Homogeneous
surface materials

p/p0

Figure 4.6. Diagrammatic Representation of Isotherm Classification

Collection @ chosun



. M

- O 207
B P
— . s
2 600 AL P
o0 A e
= v
2 7
t 2
2 400 e
s xxxx;;;xxxix-xwxxm{x
'ﬁé ' —=—Adsorption (pHE)
s xxxx . Desorption (pH8)
:é-iz[m pe «—Adsorption (pH9)
E —s—Desorption (pH9)
g ——Adsorption (lig powder)
o —«—Desorption (lig powder)

g Lot Brsmsgpihesem A Nyt aininiastit|

0 0.2 0.4 0.6 0.8 1

Relative pressure (P/Po)

Figure 4.7. Nitrogen adsorption/desorption isotherms of lignin carbon fibers

Collection @ chosun



lignin fiber (pH 8)
——lignin fiber (pH 9)

5 2.5 =——lignin powder
"
=
=]
—

2
5]
E
=
=]
-
% 1.5
|
o
=B
—
2 1
=1y
=
=
-
= 0.5

ﬂ Il::-\\"‘" ——

1 4 7 10 13

Pore diameter (nm)

Figure 4.8. BJH pore distribution of lignin carbon fibers

Collection @ chosun



Table 4.1. Values of the BET specific surface area (SSA), total pore volume,
andaverage pore size acquired from N, adsorption isotherms at —196C for

different carbon fibers

BET SSA Total pore Average

(m’g™) Volume Pore size
: (cm’ g) (nm)
lignin fiber (pH 8) 2133 1.27 2.38
lignin fiber (pH 9) 1099 0.65 2.37
lignin powder 55 0.05 3.67
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4.2 Electrochemical properties
4.2.1 Cyclic voltammetry (CV)

The method is used to analyze the oxidation and reduction reactions in capacitive
capacitors and electrode reactions of capacitors by measuring the change of electric current
with changing the potential in a certain range. In this experiment, -0.6 V ~ 0.6 V (vs. Ag
/ AgCl) was measured in the potential range of CV. As shown in Figure. 4.9-14, it can be
seen that the current increases as the potential scanning speed increases at each activated
carbon electrode. This shows that the adsorption and desorption of ions from the electrode
surface is smoothly performed. When the potential scanning speed increases, the parallel
concentration of the interface is changed in a state where the diffusion layer is not
sufficiently grown, so that the diffusion transport occurs rapidly and the amount of
generated current increases accordingly. The storage capacity is obtained by dividing the
average amount of current flowing between the electrodes by the potential scanning speed

(v) and the electrode weight (w).

Capacitance (F/g) = [(z'c—l-z'a)/Q/U/w] Equation 2
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Figure 4.9. Cyclic voltammetry of lignin fiber (pH 8) electrode at 5, 10 and 25
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Figure 4.12. Cyclic voltammetry of 3 electrodes at 5 mV/s scan rate
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Figure 4.13. Cyclic voltammetry of 3 electrodes at 10 mV/s scan rate
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Figure 4.14. Cyclic voltammetry of 3 electrodes at 25 mV/s scan rate
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Table 4.2. Capacitances of carbon electrodes at 5.0, 10.0 and 25.0 mV/s scan rate

Capacitance (F/g)

Scan rate
(mV/s) lignin fiber (pH 8) lignin fiber (pH 9) lignin powder
5 117 143 19
10 83 114 17
25 47 90 16
— 59 —
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4.2.2 AC impedance

The electric double layer at the interface between electrode and electrolyte is equivalent to
a circuit in which the electric capacity and the electric resistance were connected in series.
Therefore, the electrical characteristics of the electrode interface can be effectively observed
through the impedance analysis. Impedance was measured at 0 V while varying the
frequency from 0.01 Hz to 100,000 Hz. As a result, Figure .4.15 shows the equivalent
circuit for material transport. Table 4.3 shows the interfacial resistance and solution
resistance of each electrode. Figure .4.16 shows the nyquist plot for each carbon electrode.
Table 4.4 shows the solution resistance and interfacial resistance of each carbon electrode.
The resistance at the interface was lowest at pH 8, then at pH 9 and then at lignin
powder was low. The nyquist plot can be used to check the shape of the carbon structure.
In Figure 4.17., we could expected that lignin fibers (pH 8 and 9) had a pore shape close

similar to the cylinder. The lignin powder form has a pore shape similar to the bubble.
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Figure 4.15. The equivalent circuit of lignin carbon fibers
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Table 4.3. The polarization resistance and charge transfer resistance of carbon electrodes

R (©) Ry (Q)

lignin fiber (pH 8) 6.782 0.363
lignin fiber (pH 9) 4.079 0.431
lignin powder 1.806 0.649
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Figure 4.16.Nyquist plot for lignin carbon fiber electrodes prepared with pH 8, pH 9

and lignin powder

Collection @ chosun



Z7 Imaginary impedarnce

Nyquist diagram

|

A

Cone

Cylinder

Bubble

Z’ Real impedance

Figure 4.17. The shape of pores according to electro impedance [56].
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4.2.3 Chronoamperometry & chronocoulometry

CA was used to observe the characteristics of adsorption and desorption of carbon
electrodes by measuring the current change with time while applying a constant potential.
The adsorption characteristics of ions were confirmed by changing the current with time
while applying a constant electrode potential of -0.6 V (vs. Ag / AgCl) to the carbon
electrode for 200 sec. As shown in Figure. 4.18, it can be seen that lignin fiber (pH 9)
has a current value higher than lignin fiber (pH 8). These results show that the NaOH
chemical activation method can improve electrical performance, which is similar in
chronocoulometry. CC is a method of measuring the change of the ceharge amount with
time while applying a constant electric potential and shows the amount of electric charge
flowing in the adsorption and desorption process. Since the electric adsorption takes place
at a potential at which no electrode reaction occurs at the electrode surface, the amount of
current flowing through the electrode is proportional to the amount of ions adsorbed on the
electrode surface. As shown in Figure. 4.19, it can be seen that lignin fiber (pH 9) has a

higher capacity than lignin fiber (pH 8).
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4.3 Desalination performance of CDI

The desalination efficiency of each carbon electrodes was measured. Experiment was
carried out with a potential of 1.2 V while flowing a 100 mg/L NaCl aqueous solution at
15 ml/min using lignin fibers (pH 8 and 9) and lignin powder. The results of the
conductivity measured in the adsorption /desorption reaction three electrodes are shown in
Figure. 4.20. When the potential was applied, the electrical conductivity was rapidly
monitored during the adsorption process and gradually increased after about 3 min. Lignin
fiber (pH 9) showed the lowest conductivity, followed by lignin fiber (pH 8), and lignin
powder. The efficiency of desalination was 63.5% for lignin powder, 77.2% for lignin fiber
(pH 8) and 85.4% for lignin fiber (pH 9).
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Figure 4.20. Desalination performance of various carbon electrodes
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Chapter 5. Conclusion

The lignin carbon fibers were successfully prepared by electrospinning method using pure
lignin and PVA mixture solution. It was found from FE-SEM that the fiber diameter
distribution of the carbon fibers was highly uniform. From the analysis of BET
measurement of lignin carbon fibers, the specific surface area of lignin fibers (pH 8 and 9)
were 2133 m’/g and 1099 m’/g, respectively. In addition, the carbon fiber obtained under
pH 8 showed the higher surface area with well-developed micro pores. However, the
carbon fiber obtained under pH 9 was relatively lower surface area with mesopores. The
capacitance of the carbon fibers were measured by cyclic voltammetry using a small
electrode. The capacitances for lignin fibers (pH 8, 9) were 117 F/g and 143 F/g,
respectively. The lignin carbon fibers were applied as a carbon electrode for CDI. As a
result, the desalination efficiencies were 77.2% for pH 8 and 85.4% for pH 9 under the
experimental conditions of 100 mg/L of sodium chloride and 1.2 V of applied voltage. For
the practical application of the actual lignin black liquor solution, similar studies will be
continued for the preparation, characterization and application of the electrospun lignin

carbon fibers from lignin black liquor.
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