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ABSTRACT
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Capacitive deionization based on electrosorption has become a viable process for
brackish water desalination. In this study, activated biochar was employed as low-cost
and alternative carbon-based electrodes substituting activated carbon with comparable
adsorption capacity. Effects of different activation temperatures of the biochar were
studied by physical characterization (i.e. SEM, TEM, elemental analysis, and Raman
spectroscopy) and electrochemical characterization (i.e. cyclic voltammetry and
galvanostatic charge/discharge measurement) based on the electrical double layer theory.
The highest specific capacitance obtained (118.50 F g-1) was from activated biochar
electrode treated at 800 °C. The removal capacity was investigated by AAS and
conductivity measurements. Several limitations associated with them were identified to
improve the measurements. The removal capacity of biochar electrode is ~ 2 mg g-1 with
significant results for both one-sided and two-sided t-test. In summary, activated biochar
can be used as a cheap-alternative electrode material for desalination based on capacitive
deionization.
Keywords: capacitive deionization, electrosorption, brackish, biochar, capacitance, cyclic
voltammetry, galvanostatic charge/discharge, conductivity.
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CHAPTER I
INTRODUCTION
1.1

Motivation
Water scarcity and global warming have been two major concerns of the last few

decades. Fresh water resources are limited, in spite of the tremendous amount of water on
earth. Additionally, the demand for clean water keeps increasing as it is essential for
domestic, industrial, and agriculture purposes. As a result, desalination becomes
important if we want to provide an unlimited supply of fresh water from the oceans.
Desalination is a process of removing minerals from saline water to reduce
dissolved salt content. Desalination technology has brought fresh water and industrial and
commercial development to areas of the world that otherwise might have remained
unproductive.1 Not only has development been enhanced around the world by this
technology but, more importantly, the health and welfare of many people have been
improved by fresh water supplies. There are several widely used methods for desalination
such as reverse osmosis (RO), electrodialysis, and multi-stage flash (MSF).2 These
methods are known for their high energy demands and their potential for environmental
harm. Possible harm posed by these techniques is through greenhouse gas emissions,
when coupled to a power plant, and degradation of marine environments due to the
discharge of highly saline water.3 A common goal for current research is to make these
technologies more energy efficient and cost effective, for desalination of both seawater
1

and brackish water.4 One method, capacitive deionization technology (CDI) is gaining
increased scientific interest due to its energy efficiency. This technology relies on
polarizing high surface area electrodes under saline water (electrolyte) by a constant
potential. An electrical double layer forms and salt ions are electro-adsorbed onto the
porous electrodes.5 The development in CDI techniques in terms of low-cost and
renewable electrode material is vital to make this desalination option economically
sustainable.
1.1.1

Reverse Osmosis
In the late 1960s, reverse osmosis (RO) was developed for desalting saline water

supplies.6 This process is based on the principal of osmosis and requires a membrane
barrier to separate salts from water. RO is a separation method where high pressure water
flows across a semi-permeable membrane which allows water to pass through but
sterically excludes solvated salt ions (Figure 1.1). Shields and Moch estimated that RO
requires 2.0-2.9 kJ L-1 for brackish water desalination by operational and economic
study.7 In addition, the main operational concern is fouling, caused by membrane pores
clogged by salt or obstructed by suspended particulates. Seawater pre-treatment is
required when using this method. There are also challenges with the membrane in
rejecting salt ions at high salt concentrations. Finally, the concentrated brine produced
during desalination must be carefully disposed to avoid deleterious environmental
impacts.8

2

Figure 1.1

Reverse osmosis plant process.9

Reprinted from http://www.thewatertreatments.com/water-treatment-filtration/reverseosmosis-plant-ro-desalination/.Copyright (2010) The Water Treatments.
1.1.2

Electrodialysis
Desalination of brackish water is the most common application of

electrodialysis.10 In electrodialysis, electrically charged membranes are used to separate
ions from an aqueous solution by an electrical potential driving force. When a voltage is
applied across an ion exchange membrane, salt ions are driven to migrate across the
membrane which desalinates the bulk stream (Figure 1.2). However, this method requires
a high voltage to treat the water for high to medium concentration of salt. In addition, it
was estimated that electrodialysis requires 5.5-6.5 kJ L-1 to desalinate brackish water.3

3

Figure 1.2

Electrodialysis system.11

Reprinted from http://www.fumatech.com/EN/Membraneprocesses/Process%2Bdescription/Electrodialysis/index.html. Copyright Fumatech.
1.1.3

Multi-Stage Flash Desalination
Multi-stage flash (MSF) desalination has a 60% market share of desalination

industry across the world.12 MSF is carried out in a pressure vessel that is divided into
numerous sections that have decreasing pressures and temperatures. When seawater
enters low pressure chambers, it is flashed to steam and the vapor is collected separately
from the brine to condense into freshwater (Figure 1.3). At present the multi-stage flash
distillation is one of the popular techniques because it eliminates the cost of pre-treatment
of seawater before the reverse osmosis process. However with the increasing cost of
fossil fuels for heating in multi-stage flash desalination, this process becomes
uneconomic, requiring 24-96 kJ L-1.13,14

4

Figure 1.3

Multiple stage flash system.15

Reprinted from (http://www.sidem-desalination.com/Process/MSF/) Copyright (2011)
Sidem Desalination.
1.1.4

Capacitive Deionization
Capacitive deionization (CDI) is an emerging cost-effective technology for water

desalination with a low or moderate salt content. In this technique, the salt ions are
removed from the water in contrast to the previously mentioned techniques that extract
water from the salt solution. The principle of CDI is to either apply a constant voltage
difference or a constant current between two oppositely charged porous electrodes. The
salt ions are adsorbed at the electrode surface (Figure 1.4). The charge is stored in the
electrical double layer (EDL); an essential part of the capacitive deionization by which
the salt ions are immobilized in the pores of the carbon-based material and removed from
the brackish water. After the intra-particle pores are saturated by the salt ions, the storage
capacity is reached. The saturated electrodes can be regenerated by reducing the cell
voltage to zero.
5

It has been reported that the energy required when using carbon aerogel solid as
electrode in an electrosorption cell is 0.50–1.01 kJ L-1 to desalinate a stream of water
containing 1500–2000 ppm total dissolved solid.16 Additionally, when compared to
electrodialysis, CDI does not require a membrane and also uses low voltage, usually less
than 1.23 V to prevent electrolysis. Therefore, CDI is claimed to be more efficient than
any other desalination methods.

Figure 1.4

Capacitive deionization system.17

Reprinted from http://www.azonano.com/article.aspx?ArticleID=2846. Copyright (2011)
Azonano.
1.2

History of Capacitive Deionization
Initial work on the concept of water desalination, based on capacitive

deionization, was pioneered by Murphy and Blair in 1960s.18 It was called
“electrochemical demineralization” in which graphite electrodes remove salt from water
through the adsorption of ions onto the electrode surface.19 They found that most
graphite-like materials and carbon were cation-responsive as an electrode material. At
that time, it was assumed that the mechanism for removal of ions was the formation of an
ionic bond between the ion in the solution and an ionized chemical group on the surface
6

of the electrode. The chemical groups present on the surface can be ionized due to the
either the reduction or oxidation on the electrode surface.19 Cation-selective or anionselective surface groups are responsible for this ion removal. In sodium chloride solution,
the half-cell reactions for a cation-responsive electrode is:
C + Na+ + e-

C-Na+

The non-consumable electrode material C in the reduced state will form an ionic
bond with the cation. On the other hand, the half-cell reaction for an anion responsive
electrode is:
A + Cl-

A+Cl- + e-

A will form a bond with the anion in its oxidized state. It should be noted that
oxidized A and reduced C are ion exchangers.19 They can also act as electronic
conductors when they are carbon-based materials. Coupling electrode A and C with the
passage of current at adequate applied potential can remove the salt ion from the solution.
Therefore, considerable attention lay on the development of methods to differentiate
between the cation- and anion-selective properties of the electrodes. Additionally,
incorporation of organic molecules to electrodes became popular in preparing graphite
anion-responsive electrodes.20 The organic molecules can undergo oxidation-reduction
reaction with participation of anions.
Other studies conducted by Oren, et al. and Laxman, et al. demonstrated that
capacitive deionization based on electrosorption could also remove viable bacteria cells2122

. Bacteria cells which have phosphate and lipopolysaccharide groups are negatively

charged and able to be adsorbed onto the positively charged electrode altogether with the
anions from the solution. The high concentration of anions creates a hypertonic
7

environment causing dehydration of the cells resulting in cell death.21 After the CDI
process is completed, the electrodes desorb the bacteria to prevent fouling by reversing
the potential cell to zero. This study showed that it is possible to desalinate brackish
water without additional treatment to remove bacteria.22
Furthermore, the first mathematical description of “electrochemical
demineralization” based on the capacitive mechanism was investigated by using
coulometric and mass balance analysis.23 It stated that faradaic reactions are required on
the cathode side to start demineralization. Chemical treatment is needed to form weak
acid groups on the carbon electrode surfaces. Acid groups are ionized on the cathode by
electrochemical generation of hydroxyl ions with the aim to adsorb hydrogen ions
(decreasing cations from the solution). Basic conditions created by hydroxyl will then
provide appropriate conditions for the ionization of the weak acid groups, followed by an
ion-exchange mechanism for demineralization reactions. Cell voltage is reversed during
regeneration to decrease the pH by oxidizing the adsorbed hydrogen. The anionic groups
are then converted back to the acid form, and the adsorbed cations are released.18 This
study contributed to the belief that the voltage difference has to be reversed to obtain a
functional demineralization cycle. Moreover, it was believed that the concentration of
surface groups determined the capacity of salt removal. However, this point of view has
become obsolete since the theory of “potential-modulated ion sorption”, based on the
electric double layer (EDL) theory, was discovered as the mechanism responsible for ion
removal.
Johnson, et al. demonstrated the actual concept of electrochemical
demineralization based on EDL theory.24 His group discussed the theory of potential
8

modulated ion sorption in terms of a capacitance model. The experimental program in
this study verified the theory as well as experiments to study factors such as temperature,
and the behavior of various electrode materials. Additionally, an asymmetric half-cycle
operating condition was introduced. This operating condition is crucial because reversing
the polarity is not necessary when the cell voltage, during the desalting step, is optimized.
It was highlighted that electrode degradation might occur as a result of faradaic reactions
at the interface between the electrode and the solution. However, this degradation
becomes unimportant when the current flow based on EDL theory is mostly capacitive.24
Therefore, using EDL theory one can optimize the performance efficiency without having
faradaic reactions as a concern.
1.3

Electrostatic double layer models
The electrostatic double layer model, EDL, is the basis of the capacitive

deionization technique. It is essential to understand the salt adsorption in CDI. The
physics of EDL determines whether an electrode material is appropriate for desalination.
The theory itself can be used to correlate how many ions can be removed in desalination.
In this section, the basic Gouy-Chapman theory, its limitations, and extended model will
be discussed.
A specific interfacial region is formed when an electrode is immersed in an
electrolyte solution. This region is called the double layer region in which the electrical
charge density is not zero. On the solution side of the interface, there is a double layer
consisting of an excess of ions as contrasted to the ionic strength of the bulk of the
electrolytic solution. This layer is responsible for the desalting phenomena due to the
adsorption of electrolyte at the electrode surface.
9

The concept of the electric double layer describes salt adsorption and charge
storage in the micropores within the carbon-based material. The Helmholtz model, back
in 19th century, notes that a charge separation can be formed with some excess charge in
one phase (the charge in the carbon electrode) being compensated by countercharge of
the counterions adsorbed to the surface of the electrode.25 In this context, counterions are
ions of the opposite charge to that on the surface of the electrode. Therefore, the EDL
becomes uncharged as the charge sum of these two components is zero. In other words,
Helmholtz assumed that all surface charge (electronic charge in a conductor or
chemically bound surface charge) is precisely charge-compensated by the counterion
charge condensed onto the surface.
The ideal situation for CDI according to the Helmholtz model is one salt ion pair
can be removed for each electron transferred to the electrode. One salt ion pair is said to
be completely removed based on this mechanism: one cation is transferred into the
cathode to recoup the negative charge, while one anion is transferred into the anode to
compensate for the positive charge. Unfortunately, this model does not describe the
situation for CDI sufficiently.
1.3.1

Gouy-Chapman-Stern theory for non-overlapping EDL
The limitation of the Helmholtz model is the assumption that all surface charge is

compensated by the counterion charge next to the electrode surface. The Gouy-Chapman
Stern (GCS) model suggests that ions are not packed in a plane right next to the electrode
surface. Ions are more likely to be distributed and remain in a diffuse layer close to the
surface.26 Additionally, this diffuse layer in the double layer structure is essentially
independent of chemical reaction.20 The diffuse layer consists of a compact layer in the
10

electrode, called the Helmholtz or Stern layer, and a diffuse layer outer layer.27 In the
diffuse layer, ion concentrations deteriorate progressively with the increasing distance
from the electrode surface. Figure 1.5 depicts the EDL system.

Figure 1.5

Structure of the electrical double layer (EDL) according to GouyChapman-Stern theory for a single planar EDL.4

Reprinted with permission from Porada, S.; et al., Review on the science and technology
of water desalination by capacitive deionization. Progress in Materials Science 2013, 58
(8), 1388-1442. https://doi.org/10.1016/j.pmatsci.2013.03.005 under
http://creativecommons.org/licenses/by-nc-nd/4.0/. Copyright (2013) Elsevier.
The key prediction of the Gouy-Chapman-Stern theory of the diffuse layer is that
two outcomes are possible: counterion adsorption in the diffuse layer and co-ion
desorption. Counterion adsorption happens when ions with the opposite charge of that of
the electrode surface charge are adsorbed near the surface. Co-ion desorption is when
ions that are close to the surface in the absence of charge are being expelled because they
have the same charge sign as the surface charge. It was proposed that the electronic
charge on the surface of the electrode is matched 50% by counterion adsorption and 50%
by co-ion desorption.4 The second route is obviously disadvantageous for CDI because
11

zero salt adsorption is possible. However, it was shown that zero salt adsorption only
occurs at low voltages as the voltage approaches the DH (Debye-Huckel) limit.28 The DH
limit is reached when the EDL voltage drops below the thermal voltage VT, which is RT/F
or 25.7 mV at room temperature.
Literature data confirms this effect.29 Upon increasing the applied voltage (1) the
charge increases linearly along with an increase in (2) charge efficiency from zero to
unity. Salt adsorption is the product of these two parameters. Therefore, salt adsorption
increases more than linearly with increasing cell voltage or charge. This behavior is
shown in figure 1.6

Figure 1.6

Effect of co-ion desorption on counter-ion adsorption from electrical
double layer on salt adsorption in a symmetric two electrode cell pair.28

The two electrode cell pair is made of activated carbon containing electrodes as
quantified by the charge efficiency ʌ (salt adsorption / charge). Reprinted with
permission from Zhao, R.; et al., Charge Efficiency: A Functional Tool to Probe the
Double-Layer Structure Inside of Porous Electrodes and Application in the Modeling of
Capacitive Deionization. The Journal of Physical Chemistry Letters 2010, 1 (1), 205-210.
Copyright (2010) American Chemical Society.
12

As a result, CDI works at a cell voltage 10 to 20 times above the DH limit.30 At
high voltages, GC (Gouy Chapman) theory infers that for each extra electron transferred
between anode and cathode, a complete removal of a salt ion pair is most likely to happen
because the counter-ion adsorption is dominant over the co-ion desorption. At high
voltages, co-ions that are initially present are expelled. Nevertheless, this is not always
the case because the Stern layer, which does not have adsorbed ions and is uncharged,
might have a high voltage drop across it. It is possible that 80 % of the applied voltage
drops across the Stern layer which leads to a low salt adsorption.4 On the other hand, this
energy loss from the voltage drop can be recovered when the cell is discharged again.
The Stern layer is a dielectric layer that alienates two regions of opposite charge
acting as a capacitor that is charged and discharged. Between the Stern layer and the
diffuse layer is the Stern plane which does not hold any electro-adsorbed ions or charge.
Generally, the Stern plane only indicates the closest-approach distance for ions to come
to the surface.
A relation between stored charge (density) and the voltage difference across the
EDL is derived by the EDL theory. The voltage difference across the EDL is the voltage
difference between the conducting electrode material and a position that is outside the
EDL. The EDL theory in CDI focuses on the total number of ions stored or the so called
“salt storage”. At low voltages across the EDL, the capacitance for charge storage is nonzero, but for salt storage will be zero.30 This behavior suggests that CDI is fundamentally
a non-linear process. It means that voltages required across the diffuse part of the EDL to
have water desalination by porous electrodes must be a few times the thermal voltage (~
25.7 mV at room temperature). Zhao, et al. reported that when the applied voltage
13

between the two electrodes was low, the charge efficiency reached zero.28 The charge
efficiency would approach unity only at cell voltages well above 1.0 V and at low ionic
strength (20 mM) as shown in figure 1.6.
In addition, it is expected that the specific capacitance of this diffuse layer
depends on the electrolyte concentration. In other words, specific capacitance is not a
constant in real systems. Figure 1.7 shows an illustration for interfaces between mercury
and sodium fluoride solutions of various concentrations. Variations in Cd (differential
specific capacitance) with potential and concentration indicate that the dielectric constant
of the medium and the average distance of charge separation depends on these variables.
As the electrolyte concentration increases, the electrode becomes more highly charged
and the diffuse layer becomes more compact. Therefore, there should be more
compression of the diffuse layer which would lead to increased capacitance.

14

Figure 1.7

Differential capacitance vs. potential.31

NaF solutions in contact with mercury at 25 °C. Reprinted with permission from
Grahame, D. C., The Electrical Double Layer and the Theory of Electrocapillarity.
Chemical Reviews 1947, 41 (3), 441-501. Copyright (1947) American Chemical Society.
1.3.2

Modified Donnan theory for fully overlapped EDLs
The Gouy-Chapman-Stern (GCS) theory only applies when EDLs are not

overlapping on porous electrode material. In other words, if a porous material has pores
that are large compared to the EDL thickness, it can be assumed that EDLs do not
overlap and Gouy-Chapman-Stern prediction works in terms of a single “isolated” planar
electrode. However, it was found that at high cell voltages, this theory cannot explain
experimental data in which the predicted co-ion expulsion is beyond the amount of coions that are present on the electrode.33 This deviation comes when micropores are
dominant in the porous electrode. In this case, the Debye length is larger than the pore
size so that GCS theory cannot be applied. Debye length is a measure of a charge
carrier’s net electrostatic effect including how far the electrostatic effect or EDL region
persists in a solution. Therefore, a modified Donnan (MD) approach is used to explain the
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behavior of EDLs in micropores and shown to work in some studies of charge storage in
CDI.32-33
The Donnan model refers to an unequal distribution of ionic solute concentration
separated by a boundary layer which acts as a selective barrier to ionic diffusion. When
the Debye length is larger than typical pore sizes, it is not improbable to make “Donnan”
assumption in which the electrolyte inside a carbon particles has a constant electrical
potential due to hampered ionic diffusion.34 The advantages of the Donnan approach are
its simplicity and no prediction of larger co-ion expulsions. However, this Donnan
approach does not yet explain all data for salt adsorption and charge in microporous
carbons. Therefore, modifications from the GCS and Donnan model are made. The MD
approach assumes that EDLs inside carbon particles are overlapping to the point that the
potential in the micropores becomes constant or does not change with position in the
pore.
There are two quite reasonable modifications of the “Donnan” approach for
overlapping EDLs.35 First is noting that the electronic charge is not located exactly at the
edge of the carbon material. The Stern layer follows that the ionic charge will not be able
to come infinitely close to the electronic charge of the carbon surface because of the size
of hydrated and dehydrated ions. In addition, the atomic “roughness” of the
carbon/electrolyte interface impedes this process. Secondly, there is a non-electrostatic
attraction or tendency for the ion to go into a pore in the absence of electronic charge that
has been experimentally observed.36 It includes a chemical attraction energy for the ion
when the ion relocates from outside to inside the carbon particles. In summary, this
modified Donnan approach is also important in considering the EDL behavior in CDI.
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1.3.3

Double layer capacitance
In addition to the aforementioned electrical double layer model and assumptions,

double layer capacitance is an important characteristic that directly constitutes the
amount of salt ions stored or the adsorption capacity of the electrode. In EDL region, the
storing of electrical energy in the form of charge or ion is called double layer capacitance.
Every material has a specific capacitance. Cyclic voltammetry (CV) is a common method
used to analyze and asses the presence of the specific capacitance of a material as well as
faradaic reactions.
In CV, a voltage, V, is applied across the electrode at a sweep rate, v, which is the
rate of voltage change over time during each cycle:
𝑣=

𝑑𝑉
𝑑𝑡

(3.1)

The specific capacitance, C, can be measured for a capacitor:
𝐶𝑉 = 𝑄 = ∫ 𝐼 𝑑𝑡
𝑑𝑉

𝐶 𝑑𝑡 = 𝐼
𝐶=

𝐼
𝑣

(3.2)
(3.3)
(3.4)

Where Q is the charge and I is the current. For an ideal capacitor, using a linear sweep
rate, the current is expected to be constant with constant capacitance. Therefore, an ideal
voltammogram would be a box-shaped curve immediately responding to a change in a
voltage ramp while maintaining a constant current. More commonly, the curve shows
some delay at the edges of the box because of solution and material resistances.
Moreover, a material that undergoes a corrosion process exhibits faradaic peaks at the
corrosion half-cell potentials. Typical CV responses are shown in figure 1.8.
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Figure 1.8

Schematic voltammogram of electrode materials.37

The specific capacitance can be estimated from the cv curve using the following
equation:38
𝐶=

1
2𝑣 ∆𝑚 ∆𝑉

∫ 𝐼 𝑑𝑉

(3.5)

Where C is the specific capacitance in (F g-1), v is the scan rate (V s-1), Δm is the mass of
the active material (g), and ΔV is the potential window. I dV is the area under the CV
curve.
1.4
1.4.1

Electrode for CDI
Electrode material
A porous electrode is a vital component in a CDI system and in capacitive energy

storage devices. In fact, electrode material developments in supercapacitor research can
be directly adapted for CDI research. The goal in CDI is to maximize the removal of ions
from the bulk solution, while the goal for a supercapacitor is to gain increased electrical
energy storage. Consequently, the work on material development and modelling for
supercapacitors can give complementary information for CDI electrode material.
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When an electrode has a specific capacitance of 10 µF cm-2 at an applied potential
of 1 V, the excess charge at the surface is 10 µC cm-2. This is in accordance to C=Q/V,
where C is the capacitance in farad, Q is the charge in coulomb, and V is the applied
voltage. Moreover, the number of elementary charges or ions that is stored at the surface
equals 1.036 × 10-10 ions cm-2. It is because 1 C equals to 1.036 × NA × 10-5 elementary
charges. NA is the mole electron. This demonstrates that increasing the capacitance of the
material along with the specific surface area available for ion adsorption will raise the salt
removal per unit volume of a CDI system.
Carbon-based materials have been widely used for developing and making porous
electrodes.39-43 This type of material was utilized and tested in a variety of electrolytes
from organic electrolytes to aqueous solutions.39 The capacities of carbon materials have
been reported as high as 100 F g-1 to 300 F g-1 following surface functionalization.39 The
performance of carbon-based electrodes is based on accessible specific surface area, pore
connectivity, electronic conductivity, electrochemical stability, wetting behavior, and cost
considerations. Examples of carbon-based materials commonly used for CDI are
graphene-like carbon flakes, carbon nanotubes, carbon aerogels, and activated carbon.4043

To get a high specific capacitance, a carbon material needs to have a high specific
surface area with high ion mobility. Obtaining a good combination of both is difficult to
accomplish. A higher specific surface area correlates to a smaller pore size with a larger
total number of small pores. However, a larger number of small pores creates ion
transport limitations as well as steric hindrance when the pore walls become more curved.
Ion size is an important consideration to develop proper pore size of the electrode
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material, for example the ionic radius is 1.16 Å for Na+ and 1.67 Å for Cl-. These ion
sizes grow larger when solvated in an aqueous solution: 3.58 Å for sodium and 3.31 Å for
chloride.44 In general, larger pores are thought to facilitate better transport pathways yet
decrease the total specific surface area.
Some studies using activated carbon cloth suggest that a partial desolvation of
ions can occur, allowing access to small pores.45-47 Mesoporous carbon containing large
numbers of small micropores shows a high capacitance. The pores in this study were the
same size or smaller than a single ion with a single solvent molecule. The suggestion was
that ions were partially stripped of solvent molecules to occupy carbon pores.48 In other
words, partial ion desolvation, contradicting the solvated ion adsorption theory, can also
lead to an improved capacitance due to confinement of ions in the charge storage
mechanism.
The pore size terminology according to the IUPAC is based on their size:
macropores are larger than 50 nm; mesopores are between 2 nm and 50 nm; and
micropores are less than 2 nm.49 This classification is independent of the type of porous
material, the kind of pores, and where the pore is located (either inside a particle or
between particles). Figure 1.9 schematically shows classification of pores and pores
nomenclature in CDI theory.
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Figure 1.9

Pore nomenclature (a), classification of intraparticle pores (b).4

Reprinted with permission from Porada, S.; et al., Review on the science and technology
of water desalination by capacitive deionization. Progress in Materials Science 2013, 58
(8), 1388-1442. https://doi.org/10.1016/j.pmatsci.2013.03.005 under
http://creativecommons.org/licenses/by-nc-nd/4.0/. Copyright (2013) Elsevier.
However, it is also crucial to point out that pores have different shapes. The pore
shape heavily depends on the carbon material, the synthesis condition, and the postsynthesis procedure. The pore shapes could be estimated as cylindrical, spherical, or slit
shaped as the simplest geometry. Templated carbons, such as carbon aerogels and
ordered mesoporous carbons, show highly ordered cylindrical pores.38,50 In contrast, most
activated carbons in the form of powder are assumed to have slit-shaped pores.
Moreover, activated carbons are preferred compared to templated carbons because of
their high surface area with moderate cost.
In this study, a carbon-powder type of material, biochar, was used due to its high
surface area, low cost consideration and ease of fabrication. In making CDI electrodes
from biochar, a film electrode preparation is adopted from techniques used in energy
storage devices. Biochar was mixed with a polymeric binder and a solvent before
electrode preparation.
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1.4.2

Biochar
Biochar is defined by Lehmann and Joseph as a product of thermal decomposition

of organic materials under limited oxygen at temperatures of less than 700 °C.51 The
production of biochar is similar to that of the charcoal. However, the intended use of
biochar product is different than charcoal. Biochar was first used as a soil amendment,
carbon storage, and filter for percolating soil water. Therefore, biochar is classified as a
different material than charcoal.
Furthermore, biochar production technique includes thermal and anaerobic routes.
Thermal processes are through pyrolysis, gasification, and torrefaction.52-53 Pyrolysis is a
technique in which the biomass is heated in either the absence of oxygen or small amount
of oxygen. The temperature used in pyrolysis is about 500 °C and the biomass is heated
slowly to produce the main product of biochar.52 Alternatively, fast pyrolysis in which
the biomass is heated rapidly to about 500 °C will produce bio-oil as the main product.
On the other hand, gasification uses higher temperatures, varied between 600 °C to 1400
°C, in the presence of air or steam. The amount of oxygen into the reaction chamber is
controlled to achieve partial combustions of the raw material. Carbon monoxide, carbon
dioxide, and hydrogen will be produced.53 Less biochar product will be produced from
biomass gasification than from the pyrolysis technique. In torrefaction, a temperature of
200 °C to 300 °C is used to heat the biomass under atmospheric pressure with a heating
rate of less than 10 °C per minute.53 Water and other lower molecular weight compounds
are removed during torrefaction. Biopolymers like cellulose, lignin and hemicellulose
partially break down. The final product will be the torrefied biomass (solid, dry,
blackened material) or bio-coal.54
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Using biochar as an electrode material for CDI broadens its application as a
renewable material in different processes. The primary market for biochar is currently
soil amendment, carbon sequestration, and water remediation.55 Biochar also exhibits a
promising removal ability of organic and inorganic contaminants (e.g., Cu2+, Zn2+, and
Pb2+ ions) with adsorption capacities up to 300 mg g-1 as an adsorbent.44 Therefore,
biochar is proposed in this study as an alternative electrode material for CDI with a
reliable adsorption capacity.
1.4.3

Activated biochar
The activation of carbon-based material for increasing adsorption capacity is

commonly performed through chemical activation, physical activation, or a combination
of both.56 Moreover, the activated material obtained via chemical activation will usually
possess a higher surface area, a better pore development, and a high carbon yield. The
manufacture of low cost activated carbon through potassium salts (e.g., KOH and K2CO3)
activation has been widely performed in recent decades.57 It was reported in some
literature that KOH activation yields highly microporous material when compared to that
produced by ZnCl2 or H3PO4 activation.58-59 KOH boosts the specific surface area and the
formation of OH functional groups on the carbon surface.60 Additionally, the metallic K,
which is produced during activation, can intercalate into the carbon lattices leading to an
expansion of the lattices.61 Therefore, chemical activation of biochar by KOH was
performed in this study.
It was proposed that the main products of KOH activation below 700 °C are H2,
H2O, CO, CO2, K2O, and K2CO3.62 The reactions below are suspected to take place:
2KOH  K2O + H2O

(1)
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C + H2O  CO + H2

(2)

CO + H2O  CO2 +H2

(3)

CO2 + K2O  K2CO3

(4)

First, KOH is dehydrated to form K2O at around 400 °C. Afterward, the carbon
will react with water and produce H2. This reaction consumes the carbon. The carbon
dioxide produced by the reaction of CO and water will then react with K2O to form
K2CO3. Moreover, a reaction between carbon and KOH predicted by combining
experimental data and theoretical calculations is listed in the equation (5). This reaction
has a negative standard Gibbs free energy change (ΔG°) at around 570 °C.57
6KOH + 2C  2K + 3H2 + 2 K2CO3

(5)

Moreover, it was indicated that K2CO3 is formed at around 400 °C and KOH is
completely consumed at 600 °C.63 The K2CO3 in equation (4) and (5) significantly
decomposes into CO2 and K2O at temperatures above 700 °C (equation (6)). The CO2
formed can be further reduced by carbon to produce CO at high temperature (equation
(7)). K2CO3 and K2O can be also reduced by carbon to produce metallic K at
temperatures above 700 °C (equation (8) and (9)).
K2CO3  K2O + CO2

(6)

CO2 + C  2CO

(7)

K2CO3 + 2C  2K + 3CO

(8)

C + K2O  2K + CO

(9)

According to the above observations and discussions, three widely accepted
mechanisms for KOH activation are:61-63 (a) the carbon framework etching by redox
reactions between potassium compounds and carbon as demonstrated in equation (5), (8),
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and (9), developing the pore network through chemical activation; (b) H2O and CO2
formed in equations (1), (3), and (6) specifically contributes to the development of
porosity via the gasification of carbon, and physical activation shown in equation (2) and
(7);64 (c) the intercalation of the metallic K (equation (5),(8), and (9)) into the carbon
lattices of the carbon matrix can result in the expansion of carbon lattices (figure 1.10).61

Figure 1.10

Activation mechanism by the intercalation of metallic K into the carbon
lattices.60

Reprinted with permission from Romanos, J.; et al., Nanospace engineering of KOH
activated carbon. Nanotechnology 2012, 23 (1), 015401. Copyright (2012) IOP
SCIENCE.
The KOH activation process is followed by further washing with HCl and
deionized water to completely remove K and other potassium compounds from the
carbon matrix. The washing step leaves the carbon lattices expanded and not able to
return to their previous nonporous structure. Therefore, high microporosity is achieved.
Altogether, the development of high specific surface area with a lot of micropores is the
result of comprehensive and collaborative reactions of chemical activation, physical
activation, and carbon lattice expansion of intercalated metallic K.
On the other hand, according to Zaini, et al., a starting material which has been
pre-carbonized could provide larger specific surface area and more initial pore
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development.65 As a result, KOH molecules can easily come into contact with the outer
surface of the char. A further increase in the activation temperature and time might also
result in a lower surface area as the graphitic layer stacking becomes tightened. The
lowered surface area results from the micropores collapse to mesopores and finally
macropores.47
1.5

Thesis Outline
Here, activated biochar is proposed as an alternative electrode material that

substitutes for a carbon-powder material, such as activated carbon. Activated biochar not
only has an advantage of low-cost but also shows a promising removal capacity when
used as an adsorbent to remove organic and inorganic contaminants in wastewater
treatment. The goal of this work is to show that activated biochar can be used as an
electrode material in CDI.
In chapter 2, experimental methods will be described, including the synthesis, and
characterization of biochar electrodes used in CDI experiments. Drop casting deposition
is used in the electrode fabrication. Furthermore, physical characterization of the
activated biochar includes SEM and TEM imaging, elemental analysis, BET surface area
measurement, and Raman spectroscopy. Electrodes are characterized electrochemically
by electrical solid conductivity measurement, cyclic voltammetry (CV) and galvanic
charge-discharge (GCD) measurement. CV and GCD measurement will explain physical
properties of EDL region which consist of specific capacitance of the electrode and IR
drop across the electrode. Moreover, CDI experiments in various NaCl concentrations
were carried out by galvanostatic measurement in which a constant current is applied and
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the voltage difference across two electrodes is measured over time. The CDI of the NaCl
solution was characterized by AAS and with a conductivity meter.
In chapter 3, the results of physical and electrochemical characterization will be
explained. In chapter 4, the CDI experiment and the removal capacity of the activated
biochar electrodes are discussed. In chapter 5, there will be a conclusion including a
possible future work.
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CHAPTER II
MATERIAL AND METHODS
2.1
2.1.1

Material preparation
Biochar activation
Black Owl Biochar Environmental Ultra was purchased from Biochar Supreme

company (Everson, WA). The carbonaceous precursor is the by-product of gasification of
timber industry waste wood (Douglas fir). Auger fed, chipped (approximately 3 inches)
green Douglas fir wood was introduced into an air-fed updraft gasifier at 900 – 1000 ºC
with a residence time of about 1 s. The surface area reported by the company is 690 m2 g1

. The received biochar was ground and sieved to between 75 µm and 150 µm mesh size.

The sieved biochar was mixed with concentrated KOH (7 mol L-1) and stirred at room
temperature for 2 h. The impregnated biochar was then vacuum filtered to separate it
from the solution and dried overnight at 110 °C.
Afterward, the impregnated biochar was carbonized at 600, 700, 800, and 900 °C
for 2 h under Ar gas flow, followed by extensive washing with distilled water and 0.1
mol L-1 HCl to remove KOH completely from activated biochar. From here on, five
samples are referred to as BO (untreated biochar), BO 600, BO 700, BO 800, and BO 900
with the suffix indicating the carbonization temperature as above.
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2.1.2

Electrode preparation
A mixture of ground and sieved activated biochar and Nafion (5 wt% in lower

aliphatic alcohols and water; Sigma Aldrich) at a 9:1 mass ratio was mixed in isopropanol
(99.8% assay; Fisher Scientific). The mixture was sonicated for 1 h and then deposited on
2 cm × 2 cm carbon cloth (CC4 Plain model) obtained from Fuel Cell Earth (Woburn,
MA). The amount of activated biochar deposited was ~ 15 mg. Before deposition, the
carbon cloth was treated in 60 °C HNO3 (1 mol L-1) for 75 min followed by extensive
washing with deionized water. After deposition, electrodes were dried in an oven at 110
°C for 3 h to completely remove the solvent. Two sets of electrodes were made from each
activated biochar sample. The mass of active material on the electrode was calculated by
weighing the carbon cloth before and after deposition.
In addition, to get more accurate weight of the active material, 10 samples of
carbon cloth were also treated in HNO3 and dried in an oven at 110 °C for 3 h. The
percentage of mass loss of the carbon cloth during HNO3 treatment is included in the
calculation of the weight of active material.
2.2
2.2.1

Physical and Electrochemical Characterization
SEM and TEM imaging
Morphological analysis of biochar samples was conducted by using SEM and

TEM imaging. JEOL JSM-6500F field emission scanning electron microscope was used
for SEM imaging at accelerating voltage of 15 kV. JEOL 2100 200 kV TEM was used
for TEM imaging.
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2.2.2

Elemental Analysis
The elemental composition of the samples was measured by Micro-Analysis, Inc

(Wilmington, DE). The C, H, and N elemental content of samples were characterized by
combustion method with TCD detector. The ash content of the samples was measured
using Thermogravimetric Analysis (TGA). The rough oxygen content of the samples was
approximated by calculating the remaining percentage from C, H, N and TGA analysis.
2.2.3

B.E.T. surface area analysis.
The surface area, micropore volume, and micropore diameter size were measured

by Brunauer-Emmet-Teller (BET) methods, using Micromeritics TriStar II Plus 3030
Analyzer and N2 adsorption isotherm. Prior to each BET experiment, about 150 mg of
sample was vacuum degassed at 180 °C for 1 h in the built-in degas port of the
instrument.
2.2.4

Raman spectroscopy
The Raman spectra were recorded at an excitation wavelength of 632 nm using A

Horiba Jobin Yvon XploRa integrated confocal micro Raman system with a HeliumNeon laser source. The samples deposited on a stainless-steel substrate were exposed to a
laser beam at room temperature. To assure the consistency of the results, data were
collected from three different regions of each sample.
2.3
2.3.1

Electrochemical characterization
Electrical conductivity
The resistivity of the biochar powders was measured using an electrometer

(Keithley 6512) and a current source (Keithley 220). About 15 mg of sieved and dried
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powder (mesh size between 75 and 150 µm; dried 2 h at 120 °C) was placed between two
Cu plate electrodes and a weight of 5 kg cm-2 was applied to produce a sample thickness
between 1.5 mm and 2.0 mm. A constant current was applied across the Cu plates and the
resulting cell potential was measured. The resistance of the sample was calculated from
the applied current, the cell potential, the sample thickness, and the sample area.
2.3.2

Cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD)
Cyclic voltammetry was conducted using biochar working electrodes in 0.1 M

NaCl in a three-electrode configuration with a silver/silver chloride (Ag/AgCl) electrode
and platinum mesh as a reference and counter electrode. Cyclic voltammetry was
performed by a Solartron 1470 E potentiostat over a 0.4 V potential window range.
Potential scan rates are varied between 1 mV s-1 up to 10 mV s-1. Galvanostatic
charge/discharge analysis was done by applying a constant current with a current load of
0.1 A g-1 over 5 cycles with respect to the mass of the sample deposited on the carboncloth current collector.
2.4

Capacitive deionization (CDI) and electrosorption
Capacitive deionization of 10 mg L-1, 50 mg L-1, 100 mg L-1, and 200 mg L-1 Na+

in 10 ml NaCl solution was conducted by placing two identical electrodes at 10 mm
distance in a test cell. Figure 2.1 depicts a schematic representation of the CDI test cell.
Both electrodes were connected to a potentiostat (Solartron 1470 E) and charged at a
constant current of 0.1 mA g-1 for 30 min. To measure the removal capacity of the
electrodes, a solution conductivity and AAS were used. The conductivity of the salt
solution was measured at the beginning and the end of charging cycle. For AAS, samples
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were taken from the test cell electrolyte at the beginning and the end of the charging
cycle to determine the amount of Na+ removed. Four replicates were taken after each
experiment to get the standard error of the measurement. The difference between the
initial and final amount of Na+ was normalized per amount of activated biochar on each
electrode and reported as removal capacity in mg g-1.

Figure 2.1

Schematic representation of CDI test cell using biochar electrodes

In using AAS, calibration curve was made from sodium standard solution 1,000
ppm (Lab Chem, PA) which was diluted to the range from 0.05 ppm to 5 ppm (figure 2.2)
to get a linear regression equation for estimating unknown concentrations.
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Figure 2.2

Calibration curve of sodium standard solutions with a concentration range
of 0.05 ppm to 5 ppm.

Four replicates of each concentration of test solution were diluted to concentration
range of calibration curve (10 ppm to 2 ppm; 50 ppm to 2.5 ppm; 100 ppm to 1 ppm; 200
ppm to 2 ppm). Note also that before taking replicates, the volumetric flasks should be
washed by HNO3 1 M and flushed with deionized water to avoid left over Na+ on the wall
of volumetric flasks. The absorbance value of the replicate was fitted into a regression
line of the calibration curve (y = bx + a) to get an estimate (where y is the absorbance, b
is the slope, x is the analyte concentration, and a is the intercept). An estimate
concentration of an unknown has an error associated with the calibration curve, which is
calculated by using equation 2.1:

𝑠

1

1

𝑠𝐶𝐴 = 𝑏𝑟 √𝑚+𝑛+

2
̅𝑠𝑎𝑚𝑝 −𝑆
̅
(𝑆
𝑠𝑡𝑑 )

̅
(𝑏)2 ∑𝑖(𝐶𝑠𝑡𝑑 −𝐶
)
𝑖 𝑠𝑡𝑑
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(4.1)
2

where 𝑠𝐶𝐴 is the standard deviation (uncertainty) of the analyte’s concentration, m is the
̅
number of replicate used to calculate the sample’s average signal (𝑆𝑠𝑎𝑚𝑝
), n is the
̅ is the average signal of calibration standards, and
number of calibration standards, 𝑆𝑠𝑡𝑑
̅ are the individual and mean concentrations for the calibration standards.
𝐶𝑠𝑡𝑑𝑖 and 𝐶𝑠𝑡𝑑
Since unknowns were diluted to a concentration within the range of the
calibration curve, estimated analyte concentration and its standard deviation were
multiplied with the dilution factor to get the actual concentration of the unknowns. After
that, the difference between initial and post deionization actual concentration was
calculated as the amount of sodium desorbed. The removal capacity is then reported as
mg of sodium per g of activated biochar by dividing the amount of sodium desorbed by
the volume of the test cell and then the weight of active material. Propagation of error
calculation is necessary since the capacity is calculated by difference. The appropriate
equation (equation 2.2) is designed to combine uncertainties from multiple variables:

𝑠𝑥 = √𝑠𝑎 2 + 𝑠𝑏 2

(4.2)

Here 𝑠𝑥 is the uncertainty of the amount sodium desorbed (from the difference between
initial and post deionization concentration), 𝑠𝑎 is the uncertainty of initial concentration,
and 𝑠𝑏 is the uncertainty of post deionization concentration.
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CHAPTER III
RESULTS AND DISCUSSION OF CHARACTERIZATION
3.1
3.1.1

Physical Characterization
SEM and TEM imaging
SEM images show that biochar has a sponge-like structure that enables more salt

ions and solvated ions to be adsorbed inside the cell structure (Figure 3.1). SEM and
TEM imaging affirms that KOH activation caused substantial changes in the surface
morphology, while maintaining the original textural properties of the material.

Figure 3.1

SEM image of untreated biochar showing a sponge-like structure.

As can be seen from figure 3.2 (a), the SEM image of the untreated biochar shows
less apparent pores and micropores on the surface in comparison to activated ones. In
activated biochar samples, more micropores and cracks were generated, causing a rough
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structure to be observed on the surface (Figure 3.2 (b)). This micropore generation
greatly enhanced the surface area of the char up to 1245.97 ± 1.47 m2 g-1 for BO 900.

(a)

(b)

Figure 3.2

SEM images of (a) untreated biochar and (b) activated biochar.

TEM imaging was used to study the nanoscale structural changes. The untreated
biochar, which was pre-carbonized at 800 °C, has an amorphous carbon structure (Figure
3.3 (a)). After KOH activation, the amorphous carbon structures start to become more
ordered as observed in BO 600 (Figure 3.3 (b)) and BO 700 (figure 3.3 (c)). As the
activation temperature increases, it can be seen that the carbon matrix develop into
graphite-like structures, which is supported by observation of lattice fringe spacing in
these structures of ~ 0.34 nm, typical of graphite 002 basal plane.66 The graphite like
structure is certainly apparent in BO 900 (figure 3.3 (e)). On the other hand, BO 800
shows the initial formation of graphite structure starting from the edges of the particles
(figure 3.3 (d)). In addition, the lattice planes follow the contours of the particles.
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(a)

(b)

(c)

(d)

(e)

Figure 3.3

TEM images of (a) untreated biochar; (b) BO 600; (c) BO 700; (d) BO 800;
(e) BO 900.

BO: Untreated biochar; BO 600: activated biochar treated at 600 °C; BO 700: activated
biochar treated at 700 °C; BO 800: activated biochar treated at 800 °C; BO 900: activated
biochar treated at 900 °C.
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The graphitic structures in BO 900 could be associated with the removal of
heteroatoms from the biochar matrix and small carbon sheets to form larger ones. Also,
the morphological changes after KOH treatment is due to the introduction and
intercalation of potassium into the carbon lattices of the carbon matrix. As the KOH
activation process is followed by the washing step, which removes the potassium from
carbon lattices, the presence of potassium is not observed in SEM and TEM images.
3.1.2

Elemental Analysis
Table 3.2 presents the C, H, N, and O content of activated biochar samples. The

rough oxygen content is obtained by calculating the remaining percentage from C, H, N,
and ash content. KOH activation decreased the H/C and O/C ratios and increased the
carbon content of biochar samples. A trend of decreasing H/C and O/C ratios with
increasing activation temperature is an indication of increased heteroatom removal and
enhanced carbonization within the samples.
Table 3.1

Elemental analysis (as wt.%) and ash content of activated biochar samples.

Sample

C

H

N

O

H/C

O/C

Ash content (%)

BO
BO 600
BO 700
BO 800
BO 900

87.12
86.81
89.84
90.90
90.96

0.70
0.76
0.63
0.39
0.49

0.41
0.61
0.60
0.36
0.52

7.41
9.62
6.94
6.82
5.91

0.0080
0.0088
0.0070
0.0043
0.0054

0.085
0.111
0.077
0.075
0.065

4.36
2.20
1.99
1.53
2.12

However, in BO 600, the hydrogen, nitrogen, and oxygen content is slightly
increased. At activation temperature below 700 °C, the removal of heteroatoms in the
char structure might be incomplete, leading to the presence of oxygen and nitrogen
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containing compounds that were produced during activation.60 Therefore, the amount of
hydrogen, nitrogen, and oxygen content is slightly higher in BO 600.
In addition, the ash content decreased after activation. This could be attributed to
the mass loss of biochar upon activation (Table 3.2). The oxide compounds that were
present in biochar might have been reduced by the carbon from biochar matrix in high
temperatures. Also, the acidic rinse step after activation could wash away the reduced
compounds and thus decreased the ash content.
Table 3.2

Activated biochar mass loss upon activation.

Sample

Initial mass (g)

Post-activation mass (g)

Mass loss (%)

BO 600
BO 700
BO 800
BO 900

4.02
4.00
4.03
4.05

2.86
2.81
2.64
2.50

28.86
29.75
34.49
38.27

3.1.3

Surface Area and Porosity
One of the most important variables in determining CDI performance is the

surface area of the material. From the surface area test results (Table 3.3), activated
biochar samples were found to have predominantly microporous. The total micropore
volume increases with increasing activation temperature. Also, the BET surface area
increases almost linearly with increasing activation temperature, with the highest surface
area obtained of 1245.97 ± 1.47 m2 g-1 (BO 900). The introduction of KOH to the char
structure creates more micropores and causes morphological changes, increasing the
surface area. Moreover, t-plot analysis, a commonly used method to obtain information
about the micropore volume and micropore surface area of an adsorbent, suggests that
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most of the surface area obtained is from the micropore area. In other words, micropores
occupy most of the char surface.
Table 3.3

Surface area and porosity of activated biochar samples.

Sample BET surface area (m2 g-1) Micropore volume (cm3g-1) Average pore width (nm)
BO
BO 600
BO 700
BO 800
BO 900

709.92 ± 0.12
749.60 ± 0.80
806.36 ± 0.71
1030.63 ± 1.07
1245.97 ± 1.47

0.30
0.33
0.36
0.46
0.62

0.85 - 1.31
0.98 - 1.34
0.98 - 1.32
0.86 - 1.36
0.87 - 1.31

According on table 3.2, the average pore width of the micropores is almost on the
same range for all the samples. Note also that the pore size of the activated biochar (~ 8.5
Å – 13.6 Å) is bigger than the size of the sodium and chloride ion, which are around 3.58
Å and 3.31 Å in the solvated forms. Therefore, ions should be able to enter the
micropores easily.
3.1.4

Raman Spectroscopy
Raman spectroscopy is one of the major characterization techniques for analyzing

the development of structural order in carbon-based materials. Raman spectroscopy was
used to study the structural changes of activated biochar samples in this study. Raman
spectra of activated biochar are shown in figure 3.4. The D and G bands at around 1580
and 1360 cm-1 are important features in the Raman spectra of carbon-based materials.
The ratio of D/G peak intensity has been utilized in investigating the structural
development from amorphous to ordered graphite-like structure.64,74 A characteristic of a
graphite-like structure in a carbon matrix is a decreased D/G ratio.67
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Figure 3.4

Raman spectra of activated biochar samples.

Black: BO (untreated biochar), red: BO 600 (activated biochar treated at 600 °C), green:
BO 700 (activated biochar treated at 700 °C), blue: BO 800 (activated biochar treated at
800 °C), purple: BO 900 (activated biochar treated at 900 °C).
A 2D peak at 2639 cm-1 for the BO 900 sample confirms structural transformation
from amorphous to graphitic.68 Only BO 900 shows this peak, indicating that graphitelike structure is present. The D/G ratio of each spectra was calculated by normalizing and
integrating the peaks using ORIGIN software (Table 3.4).
Table 3.4

D/G ratio of biochar samples.
Sample

D/G Ratio

BO

1.479

BO 600

1.745

BO 700

1.637

BO 800

1.635

BO 900

1.576
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3.2
3.2.1

Electrochemical Characterization
Electrical Conductivity
Electrical conductivity measurements were performed on dried biochar samples.

The following equation is used:69

𝑉=𝐼𝑅

(5.1)

Where V is the cell potential, I is the applied current, and R is the resistance of the
solid sample or the electrical resistivity. This specific electrical resistance is an intrinsic
property that measures the ability of a given material to resist carrying an electrical
current. Moreover, the electrical conductivity is the reciprocal of the electrical resistivity.
The resistivity cell that is used in this study is illustrated by figure 3.5. An
assumption is that the solid sample (biochar) has a uniform cross section between two
metal plates with a uniform flow of electric current. In this case, the electrical resistivity
is designed as ρ which is defined as:

𝜌=

𝑅𝐴
ℓ

(5.2)

Where R is the electrical resistance of a uniform specimen of the material in ohms
(Ω), ℓ is the length of the piece of material in centimeter (cm), and A is the crosssectional area of the sample in square centimeter (cm2). In addition, the conductivity is
designated as σ (Ω-1 cm-1), the inverse of resistivity (equation 3.3).70 Conductivity has a
SI unit of siemens per meter (S m-1).

𝜎=
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1
𝜌

(5.3)

The resistivity cell measurement is described in Figure 3.6. A current was applied
to the resistivity cell containing biochar sample by a current source. The range of applied
current was 1 mA – 100 mA. A weight of 5 kg was applied between two metal plates to
consistently compress the sample and the pores or the air gap between the carbon
particles. The elimination of the air gap by compression will allow electrons move easily
from one particle to another as the current is applied in order to get uniform current
distribution within the cell.71 The cell potential was recorded by a programmable
electrometer, the voltage measured was between: 1 mV – 1.5 V.

Figure 3.5

Resistivity cell.

A is the area of the metal plates used to compress the biochar sample; ℓ is the length of
the compressed biochar sample.
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Figure 3.6

Resistivity cell measurement – DC circuit.

A is the current source; V is the voltmeter; I is the current flow; V is cell potential of the
resistivity cell.
From the equation 3.1, the resistance of the cell can be calculated to obtain the
conductivity of the biochar sample using equation 3.2. The electrical conductivity of
biochar sample is normalized per gram of sample as tabulated in table 3.5.
Table 3.5

Powder electrical conductivity of activated biochar samples.

Sample

R (Ω)

stdev (n=6)

ℓ (cm)

A (cm2)

σ (Ω-1cm-1 g-1)

BO
BO 600
BO 700
BO 800
BO 900

6.50
5.72
3.90
4.48
12.00

0.18
0.08
0.02
0.07
1.02

0.192
0.198
0.224
0.226
0.237

0.71
0.71
0.71
0.71
0.71

2.78
3.26
5.41
4.74
1.86

The amount of sample put between two stainless steel plates was 15 mg. As the
activation temperature increased, the resistance of the sample decreased which leads to
increased electrical conductivity up to BO 700. However, at the activation temperature
above 700 °C, the electrical conductivity decreases. Huang, et al. found that the porosity
of the material greatly influenced thermal and electrical properties of the material.72 His
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study showed that as the specific surface areas of activated carbon fibers increased, the
resistivity increased exponentially. Thus, the increase of resistivity could be attributed to
the specific surface area as well as the porosity of the material as after activation, more
micropores were developed that results in higher specific surface area.
This trend was also seen by Hashisho et al., who studied the electrical resistivity
of activated carbon fiber cloth (ACFC) samples with selected degrees of
activation/porosity.73 A rise in the resistivity with increasing degree of activation was
ascribed to an increased amount of material removed from the sample, which led to
increased porosity of the fiber. Moreover, the cross section available for current to flow
through the fiber decreased. Therefore, the decrease in electrical conductivity in BO 800
and BO 900 can be caused by increased surface area and porosity of the char, leading to
lowered cross section available to flow the current.
Additionally, the decrease in electrical conductivity in BO 800 and BO 900 might
also be caused by smaller particle size distribution. After activation, biochar samples
were sieved between 75 µm and 150 µm. However, more particle sized at 75 µm could be
dominantly produced in BO 800 and BO 900 as high activation temperature can break
particles into smaller size. This will cause the ability to conduct a current to decrease as
more gaps are introduced in a compressed cell that contains small particles during the
measurement.
In a study conducted by Dehkhoda, et al. in which fast pyrolysis biochar of woody
biomass is used for capacitive deionization, their electrical conductivity values range
from 0.43 to 2.1 Ω-1 cm-1 g-1. In comparison, most of electrical conductivity values of
activated biochar samples in this study are almost twice their values.
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3.2.2

Electrical Double Layer (EDL) Behavior of Activated Biochar
Cyclic voltammetry (CV) and galvanic charge/discharge (GCD) experiments were

carried out to investigate electrical double layer (EDL) performance of activated biochar.
The salt solution used was 0.1 M NaCl. The electrodes were made of activated biochar
deposited on a carbon cloth current collector using 10 wt% of Nafion as binder. A three
electrode system was used in the experiment: reference electrode (Ag/AgCl), auxiliary
electrode (platinum mesh), and working electrode (biochar electrode).
Firstly, a bare carbon cloth was scanned at different potential ranges to ascertain
the appropriate potential window for the CV. The appropriate potential window was
found when the shaped of the voltammogram is rectangular without additional faradaic
current, which would indicate a non-capacitive component to the current that can
contribute to another reaction going on in the system. In this study, the EDL domain was
between -0.1 V and 0.2 V. As can be seen in figure 3.7, the potential window between 0.1 V to 0.2 V does not show faradaic peaks at the scan rate of 10 mV s-1. However, there
is also dissolved oxygen reduction seen at the small peaks around -0.25 V and -0.3 V on
activated biochar treated at 900 °C.
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Figure 3.7

Voltammograms of different biochar samples treated at different
temperatures at -0.5 V to 0.5 V (vs. Ag/AgCl) potential window.

E (V vs Ag/AgCl): cell potential; I (A): current.
After that, the CVs of activated biochar samples were obtained at different
potential scan rates: 1, 3, 5, 7, and 10 mV s-1 at a potential window between -0.1 V to 0.2
V (vs. Ag/AgCl). Voltammograms of bare cloth and activated biochar electrodes (before
and after KOH activation) with different activation temperatures and scan rates are shown
in figure 3.8.
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(a)

(b)
Carbon cloth

Untreated

(d)

(c)
600 °C
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(f)

(e)
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Figure 3.8

900 °C

Voltammograms of (a) bare carbon cloth; (b) BO; (c) BO 600; (d)BO 700;
(e) BO 800; (f) BO 900.

E (V vs Ag/AgCl): cell potential; I (A): current.
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It is known that an ideal EDL material shows a rectangular shaped CV
voltammograms.36 The higher the current in the voltammogram, the larger the
capacitance. Figure 3.8 shows that the higher activation temperature of the biochar, the
higher current is observed. The higher current means that the electrode has a better
conductivity as well as salt adsorption. Also, it is suspected that more micropores are
predominantly formed with higher activation temperature that will provide more surface
area to facilitate ion transport into the porous structure of the electrode. Generally, the
highest faradaic current is also obtained from an electrode material that has a higher
surface area because there are more micropores available for ion adsorption. Moreover,
further decreasing the scan rate to 1 mV s-1 all samples show almost an ideal rectangular
shape. This can be attributed to more ionic accessibility into the micropores during longer
time of analysis.43, 74 On the other hand, at a higher sweep rate, the shape of the
voltammogram becomes distorted due to the slow ion transport when each fast cycle is
completed.
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Figure 3.9

Voltammograms of activated biochar electrodes at 1 mV s-1.

E (V vs Ag/AgCl): cell potential; I (A): current.
Figure 3.9 shows a close inspection of biochar samples voltammograms at the
lowest scan rate which exhibits the highest capacitance values. It can be seen that all the
CV curves show typical capacitor like characteristics with symmetric cyclic types. This
indicates that the electrosorption charge/discharge is a reliable and reversible process.75
The capacitance values of each electrode were calculated using Matlab program based on
the equation mentioned in the previous chapter (chapter 1.3). Table 3.6 summarized the
capacitance values of each electrodes at different scan rates.
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Table 3.6

Total capacitance of activated biochar electrodes.
Sample

Scan Rate (mV/s)

Capacitance (F/g)

CC

10
7
5
3
1
10
7
5
3
1
10
7
5
3
1
10
7
5
3
1
10
7
5
3
1
10
7
5
3
1

0.10
0.09
0.09
0.10
0.11
26.37
37.65
41.89
48.03
60.60
32.31
33.55
34.83
36.85
41.17
47.29
55.79
63.36
72.70
85.88
50.50
58.79
66.68
76.98
118.50
52.16
59.61
66.34
74.56
87.35

BO

BO 600

BO 700

BO 800

BO 900
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Figure 3.10

Comparison of specific capacitance obtained from CV curves with
increasing voltage sweep rates in 0.1 M NaCl.

v (mV s-1): sweep rate; C (F g-1): capacitance.
According to table 3.6, the electrode coated with activated biochar treated at 800
°C exhibits the highest capacitance at the lowest sweep rate (1 mV s-1). Therefore, the
desalination efficiency of BO 800 is expected to be higher than other biochar samples
since the higher capacitance implies the higher efficiency in removing salt ions.
Additionally, the capacitance of each sample decreases with increasing scan rate.
However, capacitance values of BO 800 and BO 900 compete at higher scan rates of 10
mV s-1, 8 mV s-1, and 7 mV s-1. The capacitance values of BO 800 are 50.50; 58.79;
66.68. Respectively, capacitance values of BO 900 are 52.16; 59.61; 66.34. This might be
due to the higher number of micropores on BO 900 compared to BO 800. In fact, the
capacitance values of BO 900 at smaller scan rates (i.e. 3 mV s-1 and 1 mV s-1) are
smaller than those of BO 800 because of the presence of graphite-like structure which
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lowers the electrode surface wettability, impeding solvated ions to enter the pores during
longer time analysis.
In comparison to some studies conducted by Zou, et al. and Dehkhoda, et al., the
specific capacitance values of activated biochar samples in this study is comparable. Zou,
et al. used activated carbon and ordered mesoporus carbon (OMC) as electrode material
with specific capacitance of 107 F g-1 and 133 F g-1.43 Dehkhoda, et al used activated
biochar from woody biomass and obtained specific capacitance of 240 F g-1 with a higher
surface area of 1,674 m2 g-1.76
Galvanostatic charge and discharge (GCD) experiment was conducted to further
examine the EDL performance of activated biochar samples. A triangular-shaped GCD
diagrams indicates an ideal EDL material.77 This reflects good reversibility and confirms
that attested electrosorptive behavior occurs due to electrostatic interaction without
Faradaic reaction. This triangular shape is due to voltage change linearly as times
increase. On the other hand, a non-triangular-shaped of GCD curve indicates that a redox
process is present, which is not desired in capacitive deionization.78 The GCD curves
were obtained at a current load of 0.1 A per gram of activated biochar for each electrode
as shown in figure 3.11.
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(a)

Untreated

(b)
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(c)
700 °C

Figure 3.11

GCD curves of (a) untreated biochar (BO); (b) BO 600; (c) BO 700; (d)
BO 800; (e) BO 900.
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(d)
800 °C

(e)
900 °C

Figure 3.11 (Continued)
E (V vs Ag/AgCl): cell potential; t(s): time
IR drop (ohmic drop) resulted from electrolyte potential drop and contact
resistance, and it also depends on charge-discharge current density. The GCD curves
show a significant change at the initial discharge voltage of every cycle that is brought by
the ohmic drop and concentration polarization at the electrode-solution interface due to
the passage of the current during the charging process. It is an indication of the total
electrode resistance of the activated biochar and ionic migration related resistances in
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both the bulk solution and in the pores.76 As can be seen from the GCD curves, the higher
the temperature of activation, the smaller IR-drop feature. This could be a result of: (1)
higher electrical conductivity, and (2) the higher number surface area available for ion
adsorption. In addition, the higher the capacitance, the longer it takes for the electrode to
charge and discharge the ions from electrical double layer (EDL) region. This
phenomenon can be seen from figure 3.11 that untreated biochar (BO) has the fastest
time to finish charge and discharge cycle as it has lower capacitance value from the
others. The electrode resistances based on GCD experiment (IR-drop) are shown in Table
3.7.
Table 3.7

3.3

Ohmic drop of biochar electrodes
Electrode

IR-drop (V g-1)

BO
BO 600
BO 700
BO 800
BO 900

0.033
0.021
0.020
0.016
0.013

Discussion
The results of all physical characterization suggest that KOH activation changes

physical features of biochar, such as: surface morphology, surface area, and graphitic
structure. Electrochemical characterization results also give evidence that increasing
activation temperature improves biochar electrodes performance with higher capacitive
current and lower IR drop.
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According to the Raman spectra, BO 900 has the most graphite-like structure
compared to other activated biochar samples treated at lower temperatures. Also, BO 900
has the lowest IR-drop in GCD (galvanostatic charge/discharge) experiment suggesting
that the graphite-like structure is present. However, the specific capacitance of BO 900 is
slightly lower than BO 800 due to the reduced wettability of the electrode surface. It is
because the order of carbon sheets is tightened and water molecules along with solvated
ions have difficulties in penetrating all the pores inside the carbon structure. This will
lead to decreased ion adsorption during capacitive deionization. Moreover, untreated
biochar sample (BO) has the lowest D/G ratio (Table 3.4) because the disorder
characteristic of the carbon matrix could be low prior to chemical activation.76 After
KOH activation, KOH is introduced to the char structure leading to disordered mesopores
and micropores distribution on the char structure and increasing surface area of the char.
As the activation temperature increases, the D/G ratio decreases due to removed oxygen
functional groups from the char structure through gasification (formation of CO and
CO2)63, creating graphite-like structure especially at the highest temperature (BO 900),
that is indicated by the 2D peak. The decrease in the oxygen content is also seen in from
elemental analysis results (Table 3.1). The removal of oxygen functional groups leads to
tightened and ordered carbon sheets. Therefore, the D/G ratio increases again with
increasing activation temperature which leads to a decreased disorder level.
TEM images, supporting the Raman analysis, confirms the presence of graphite
like structure at BO 900 which decreases the wettability of the sample. Moreover, based
on elemental analysis, a trend of decreasing oxygen content and increasing carbon
content is observed as the activation temperature increases. BO 900 has the lowest
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oxygen content and the highest carbon content. In accordance to that, TEM imaging
shows that BO 900 has the most ordered carbon structure (graphite-like structure) as the
oxygen and other heteroatoms were removed from the carbon matrix and the carbon
sheets become tightened and ordered.
In addition to Raman and TEM analysis, BET surface area measurement shows
that biochar surface area increases almost linearly with increasing activation temperature.
Also, micropores occupy most of the char surface as can be seen in SEM images (Figure
3.2). The increasing surface area of the material is in accordance to the increasing
capacitance as activation temperature increases. Thus, the adsorption capacity should also
get higher with increasing activation temperature. However, in BO 900, the adsorption
capacity becomes like that of BO 800 because of the hydrophobicity of the sample as the
graphite-like structure builds most of the char structure. This lowers ionic accessibility of
the sample because the electrode surface becomes hydrophobic.
In summary, KOH activation improves physical and electrochemical features of
the biochar for capacitive deionization. Activated biochar treated at 800 °C will then be
used as the main electrode material for capacitive deionization in this study due to its
highest capacitance as well as other supporting physical features. Although BO 900 has a
graphite-like structure, which is expected to have better conductive properties, the
wettability of the electrode surface is reduced, leading to decreased capacitance of the
electrode at longer time of analysis.
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CHAPTER IV
RESULTS AND DISCUSSION OF CAPACITIVE DEIONIZATION
4.1

Capacitive deionization
The principle of CDI is to either apply a constant voltage difference or a constant

current between two oppositely charged porous electrodes. When two identical electrodes
are used, it is assumed that the anion adsorption in the anode equals to the cation
adsorption in the cathode. It is also implied that the applied cell voltage is assumed to be
equally divided over both electrodes.4 Therefore, AAS measurement was conducted to
analyze Na+ removal which is assumed to be the same as Cl- removal. In addition, ionic
conductivity measurement was done to examine the salt ion removal capacity as it
measures how much ions are presence in the solution.
Activated biochar electrodes used for capacitive deionization were BO 800
(biochar activated at 800 °C) as it has the highest specific capacitance value with
supporting features, such as high surface area and initial graphitic formation. Biochar
electrodes were used for capacitive deionization of 10 ppm, 50 ppm, 100 ppm, and 200
ppm Na+ in 10 ml NaCl solution. Electrodes were charged at a constant current of 0.1
mA. The voltage difference monitored in this study was around 0.2 V – 1.1 V, which is a
few times higher than Debye-Huckel limit28 (Figure 4.1).
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4.1.1
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Graph E (V) vs time (s) during capacitive deionization (constant current).

Removal capacity by AAS
In the beginning, capacitive deionization was done in 50 ml batch of NaCl

solution. Figure 4.2 shows adsorption capacity of BO 800 in different concentrations of
50 ml test solution.
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Figure 4.2

Adsorption capacity of BO 800 in 10 ppm, 50 ppm, 100 ppm, and 200 ppm
Na+ in 50 ml NaCl.

Adsorption capacity of BO 800 in different sodium concentrations seem to
increase almost linearly with increasing concentrations. The highest adsorption capacity
reached was at 200 ppm sodium concentration with removal capacity of 59.98 mg of
Na+ per g of active material. However, all removal capacity values become uncertain
because the standard errors associated with them are bigger than the removal capacity
value. Based on the error propagation calculation (equation 2.1 and 2.2), the amount of
error associated with each removal capacity is listed in table 4.1.
Na+ removal capacity of activated biochar electrode in 50 ml NaCl solution
with one-sided and two-sided t-test.

Table 4.1

Concentration (ppm)

Capacity (mg/g)

10
50
100
200

3.51
9.94
11.09
59.98

Uncertainty One-sided t-test Two-sided t-test
4.46
18.30
35.19
88.91
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No
No
No
No

No
No
No
No

To examine if the removal capacity is greater than zero for each concentration,
one-sided and two-sided t-test were performed. The t value is calculated by using
equation 4.1:

𝑡=

̅ − 𝜇0
𝜇
𝑠
⁄ 𝑛
√

(6.1)

where 𝜇̅ is the mean of removal capacity (from four replicates), s is the standard
deviation of the removal capacity, n is the number of replicates, and 𝜇0 is the tested value
of null hypothesis (𝜇0 = 0). The null hypothesis is that the mean of removal capacity
equals to zero (𝜇̅ = 𝜇0 ). The alternate hypothesis is that the mean of removal capacity
does not equal to zero (𝜇̅ ≠ 𝜇0 ) or greater than zero (𝜇̅ > 𝜇0 ). If the calculated t value is
greater than tabulated t (tcalc > ttable), then we reject the null hypothesis and accept the
alternative hypothesis.
The one-sided t-test is used to determine whether the test parameter calculated
from the sample data is greater than (or less than) a critical value (in this case, the
critical value is zero). This test deals with normal distribution, sample mean and
standard deviation. This one-sided t-test determination is at 95% confidence level (figure
4.3).
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Figure 4.3

One-sided t-test distribution at 95% confidence level.79

Reprinted from Stone, D. C.; et al., Stats Tutorial - Instrumental Analysis and
Calibration. http://www.chem.utoronto.ca/coursenotes/analsci/stats/12tailed.html.
Copyright Department of Chemistry, University of Toronto.
The one-sided t-test determines whether sample data give a result within the white
area representing the upper 5% of possible values, or the blue area representing the
lower 95% of possible values. The blue area constitutes the area represented by the null
hypothesis, 𝐻𝑂 : 𝜇 = 𝜇𝑂 (in this case the 𝜇𝑂 = 0). In other words, this implies 𝜇 ≤ 𝜇𝑂 ,
since the white or unshaded region represents 𝜇 > 𝜇𝑂 . In this case if tcalc > ttable, the null
hypothesis is rejected meaning that the probability of removal capacity equals to or less
than zero is 5 % (0.05), which will be represented by “Yes” or significant. In table 4.1,
“No” represents that the removal capacity is not greater than zero.
The two-sided t-test examines whether two means are significantly different from
one another. The two-sided t-test determination at 95% confidence level is depicted in
figure 4.4.
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Figure 4.4

Two-sided t-test distribution at 95% confidence level.79

Reprinted (adapted) from Stone, D. C.; et al., Stats Tutorial - Instrumental Analysis and
Calibration. http://www.chem.utoronto.ca/coursenotes/analsci/stats/12tailed.html.
Copyright Department of Chemistry, University of Toronto.
In this case, the null hypothesis is that the removal capacity of BO 800 and zero
come from the same population (𝐻𝑂 : 𝜇 = 𝜇𝑂 ). If this is true, then it is expected that both
population lie within the blue area representing 95% of the possible values centred on
the population mean. The alternative hypothesis is that (𝐻𝐴 : 𝜇 ≠ 𝜇𝑂 ). It suggests that
means are from different populations, then one of them will fall in the either of the white
areas each representing 2.5% of the possible values (one above and one below the
population mean). As stated before, if tcalc > ttable the null hypothesis is rejected meaning
that two populations are different, which is represented by “Yes”. However, in 50 ml
solution tcalc < ttable, meaning that rejecting the null hypothesis is failed. In other words,
biochar electrode is not shown to adsorb Na+ in 50 ml NaCl solution.
The data in table 4.1 suggests the following question: what is the reason for the
high error at each concentration? Why does the error gets bigger at higher
concentration? Several reasons were identified: errors introduced by dilution of the 200
ppm Na+ solution to the two ppm level (to allow detection with AAS) and the volume of
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the solution. Since the amount of Na+ removed is constant and small, the larger the
volume, the greater the error. In other words, seeing a small change in a large
background becomes difficult. Therefore, a smaller volume (10 ml) of test solution was
applied to see a small change in a smaller background, which would lead to a more
reliable removal capacity.
Figure 4.5 shows adsorption capacity of BO 800 in different concentrations of 10
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ml NaCl solution.
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Figure 4.5

Adsorption capacity of BO 800 in 10 ppm, 50 ppm, 100 ppm, and 200 ppm
Na+ in 10 ml NaCl.

Table 4.2

Na+ removal capacity of activated biochar electrode in 10 ml NaCl solution
with one-sided and two-sided t-test.

Concentration (ppm)

Capacity (mg/g)

10
50
100
200

2.03
4.70
8.31
20.42

Uncertainty One-sided t-test Two-sided t-test
1.22
3.55
6.80
27.40
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Yes
Yes
Yes
No

Yes
No
No
No

Adsorption capacity of BO 800 in 10 ml of different sodium concentrations also
showed an increase, which is almost linearly with increasing concentrations. The highest
adsorption capacity reached was at 200 ppm sodium concentration with removal
capacity of 20.42 mg of Na+ per g of active material. The difference with 50 ml-batch
test solution is that significant results for t-tests are obtained. In other words, the biochar
electrode is shown to adsorb Na+. From here on, the data represented will be from 10 ml
batch experiment, since 50 ml batch experiment failed all t-tests.
It can also be seen from table 4.1 that removal capacities become bigger as Na+
concentration is increased and with bigger errors. According to electrical double layer
(EDL) theory, increased electrolyte concentration will lead to increased capacitance as
the electrode becomes more highly charged and the diffuse layer becomes more
compact.31 However, in this case it is uncertain whether this theoretical prediction is
occurring since the uncertainty gets higher with increasing concentration. The
assumption is that increased capacitance occurs, which will result in the rise of
adsorption capacity. Therefore, weighted least square (WLR) and original least square
(OLR) technique were used to ascertain whether the capacitance and removal capacity
does increase with increasing Na+ concentration.
Ordinary least square (OLR) technique assumes that there is constant variance in
the error from 10 ppm to 200 ppm. Conversely, weighted least square (WLR) technique
was used because the ordinary least squares assumption of constant variance in the
errors is violated (standard error becomes bigger with increasing Na+ concentration).
Figure 4.6 depicts weighted least square and original least square technique for removal
capacity of BO 800 in 10 ml NaCl solution.
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Figure 4.6

Weighted least square (WLR) and ordinary least square (OLR) of Na+
removal capacity in 10 ml NaCl solution.

WLR was done using R program by fitting an ordinary least square model first to
the data set and then fitting a weighted least square model using weights = 1/SD2. The
linear regression equation obtained from WLR is y = 0.072839 x + 1.2736, where y is
the removal capacity in (mg/g) and x is the Na+ concentration in ppm. Since the slope is
0.072839, which is greater than zero, it appears that the removal capacity does increase
with increasing concentration.
The control experiment for this study was also done to examine whether the
biochar electrode adsorbs Na+ without a current applied. Biochar electrodes were
immersed in 10 ml NaCl solution for 30 min. The same procedure of analysis was applied
to examine the removal capacity of the blank experiment. Table 4.3 shows blank removal
capacity with uncertainties and t-test results.
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Na+ removal capacity of activated biochar electrode without current applied
in 10 ml NaCl solution with one-sided and two-sided t-test

Table 4.3

Concentration (ppm)

Capacity (mg/g)

10
50
100
200

0.3574
1.3121
0.7898
1.4976

Uncertainty One-sided t-test Two-sided t-test
1.2942
6.5490
13.6902
27.1975

No
No
No
No

No
No
No
No

The uncertainty of blank in 10 ppm Na+ concentration is in the same range with
that of capacitive deionization in 10 ppm (table 4.1). Also, t-test results imply that all
blank removal capacity is not significant. Increasing concentration in blank experiment
also increases the uncertainty, even the uncertainty values are bigger than the removal
capacity values. Therefore, it cannot be stated with confidence that the blank does
remove Na+ from the solutions.
Also, the mass loss of carbon cloth current collector after HNO3 treatment was
investigated to get a more accurate mass of the active material deposited on carbon cloth.
The mass of active material plays an important role in determining the removal capacity.
If the mass loss of carbon cloth after HNO3 treatment was not considered, the mass of
active material would have been smaller and thus increase the removal capacity value
that is reported per g of active material. In this case, the percentage of mass loss is
included in calculating the weight of active material. Figure 4.6 shows percentage of
carbon cloth mass loss after HNO3 treatment. The average value of the data, which is
1.13%, was taken as the mass loss percentage in general.
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Figure 4.7
4.1.2

Weight loss percentage of 10 carbon cloth treated in HNO3 for 1 h.

Removal capacity by conductivity meter
Ionic conductivity and pH measurement were done at room temperature (22 °C).

After applying current, the temperature of the solution increased slightly up to 26 °C,
which can affect the ionic conductivity measurement. In higher temperature, the
conductivity value will be higher due to faster ion movements in the solution. Figure 4.8
shows recorded ionic conductivity changes after capacitive deionization.
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Figure 4.8

Ionic conductivity measurement of NaCl solution after capacitive
deionization of 30, 60, 90, and 120 min.

Figure 4.8 suggests that the ionic conductivity values did not change significantly
after capacitive deionization. It was suspected that other chemical reactions involving
oxygenated functional groups that are present in the activated biochar occurred during the
process. Therefore, other ions formed due to these reactions might perturb the ionic
conductivity measurement. Further details will be discussed in the next section.

4.2

Discussion
Determination of removal capacity by AAS and conductivity meter has several

limitations as can be seen from the results. Source of errors found comes from the volume
of the test solution, dilution of high concentration Na+, and pH changes of the solution.
Several reasons of why these issues affected the measurements will be discussed.
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The volume of the test solution plays an important role as the larger the volume,
the greater the error. It is because the removal amount of Na+ is an absolute value and
measuring a small change in a large background becomes erroneous. As the volume of
the test solution was decreased from 50 ml to 10 ml, one can see that the uncertainty
becomes smaller and t-tests show significant results (by comparing Table 4.1 and Table
4.2). To further minimize the background and the errors associated with it, reducing the
volume of the test solution will be necessary for future work.
The dilution of high concentration of Na+ to allow detection by AAS also causes a
large amount of error at the final calculation of removal capacity. The removal capacity
was obtained by subtracting the initial concentration and post-deionization concentration.
Since these two numbers were obtained by the multiplication of dilution factor, the errors
associated with them become large. In other words, subtracting two numbers which have
large errors worsen the uncertainty of the final value.
Another important limitation is pH changes of the solution. Removal capacity in
capacitive deionization experiment is commonly evaluated by conductivity meter using
salinity measurement.29, 80-81 Conductivity meter measures how many ions are present in
the solution. However, it has been shown in some studies that conductivity measurement
is not reliable when there is a pH change in the salt solution.81-82 It was found that pH
changed subsequently to the applied potential (equation 4.2 and 4.3).82
−
−
HO−
2 + 2H2 O + 2e → 3OH (E = 0.87 V)

(6.2)

2Cl− → Cl2 (𝑎𝑞) + 2e− (E = 1.39 V)

(6.3)

At a potential of 1.0 V, the solution pH increased due to a reduction of dissolved
oxygen. At a potential of 1.2 V, the pH will decrease due to an oxidation of chloride at
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the anode. Also, electrical dialysis of water occurs at 1.23 V. Consequently, most studies
conduct the experiment at the voltage limit of 1.2 V even though ion removal capacity
increases significantly by increasing the applied voltage.83 Higher voltage means more
free electric charge on the electrode surfaces, which leads to higher removal capacity.
Additionally, Diaz, et.al showed that NaCl standard solutions with different pH have
different conductivity values.
In this study, it was observed that pH change occurred after applying current
(Figure 4.9). An increase in pH (Figure 4.9 (b)) might be attributed to a reduction of
dissolved oxygen (E = 1.0 V) that will produce hydroxide ions (equation 4.2) at the
cathode. Also, the production of hydronium ions at the anode (due to electrolysis of
water) could decrease the pH (Figure 4.9 (a)). In electrolysis of water, an oxidation
reaction occurs at the positively charged anode, generating oxygen gas (equation 4.4).
+
2H2 O(𝑙) → O2 + 4H(𝑎𝑞)
+ 4e−

(6.4)

Other chemical reactions involving oxygenated functional groups that are present
in the activated biochar could also form other ions and perturb the ionic conductivity
measurement. The lack of conductivity change in NaCl solution in this study is likely due
to these interferences.
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(a) 10 ml

Figure 4.9

(b) 50 ml

pH change of (a) 10 ml batch NaCl solution and (b) 50 ml batch NaCl
solution after capacitive deionization.
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CHAPTER V
CONCLUSION AND FUTURE WORK
5.1

Conclusion
Activated biochar was developed as an alternative and low-cost electrode material

for capacitive deionization of NaCl. KOH activation greatly enhanced pore and
conductive properties of biochar, such as increased surface area, graphitic structure
formation, and increased carbon content. These properties can be seen from physical and
electrochemical characterization of biochar electrodes. Moreover, the removal capacity of
biochar is around 2 mg/g with significant results for both one-sided and two-sided t-test.
This is comparable with other studies that used activated carbon, carbon aerogel, and
ordered mesoporous carbon which have removal capacity around 0.5 to 4.6 mg/g. 16, 43, 84
Cyclic voltammetry and galvanostatic charge/ discharge measurement were used
to study the electrical double layer characteristics of all activated biochar electrodes. The
electrical double layer (EDL) phenomena is believed to be responsible for salt adsorption
on electrode surface.24 KOH treatment increased surface area and gave rise to more active
sites available for salt ion adsorption in the EDL region, which lead to increase specific
capacitance of the electrode from 60.60 F g-1(untreated biochar) to 118.50 F g-1(activated
biochar treated at 800 °C). The GCD experiment also showed that increasing activation
temperature reduces the electrode resistance (IR drop) from 0.033 V g-1 to 0.013 V g-1.
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The lower IR drop indicates a lower electrode resistance. Therefore, increasing activation
temperature will result in increasing salt removal capacity.
Activated biochar treated at 900 °C (BO 900) has a lower specific capacitance
than BO 800. This is due to the graphitic structure formation (as can be seen from Raman
spectra (2D peak) and TEM images) which increases hydrophobicity at the electrode
surface. This makes it difficult for water and solvated ions to enter the available active
sites. Therefore, BO 800 was chosen as the best electrode material in this study to
determine the removal capacity in capacitive deionization experiment.
In completing this work, several sources of error were identified. In determining
the removal capacity of biochar electrodes by AAS, the hygiene of the glassware and
vials for NaCl solution is extremely important because Na+ is present in the tap water and
detergent used to clean the glassware. These sodium ions, if not washed properly, will
mislead the AAS calibration curve and results. Hence, washing the glassware with HNO3
and distilled water is required before measurements.85
In addition, since the AAS linear range for sodium is from 0.01 to 5 ppm, the
NaCl test solutions were diluted to that concentration range. Therefore, the standard error
associated with each test solution becomes bigger at the end due to multiplication of
dilution factor. One-sided and two-sided t-test were employed to examine whether the
removal capacity of biochar electrodes is greater than zero. The most reliable removal
capacity value obtained at 10 ppm Na+ is 2.03 mg/g of Na+ in 10 ml batch NaCl solution
with positive t-test results. At high concentration, the initial concentration was
substracted by post-deionization concentration with high relative errors (due to dilution
errors). The change in post-deionization concentration from the initial concentration was
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small and the error in both concentration measurements made capacity measurements
unreliable. Since the amount of biochar limits the amount of salt removed, increasing the
concentration lowers the accuracy of the capacity determination.
Conductivity measurements were done as an alternate method from the AAS in
determining the removal capacity. However, it was found that the conductivity of NaCl
solution did not change significantly due to pH changes in the solution. These pH
changes might be caused by a reduction of dissolved oxygen (E = 1.0 V), an oxidation of
chloride (E = 1.2 V), or other chemical reactions involving oxygenated functional groups
that are present in the activated biochar.81 Therefore, conductivity measurement is
considered not reliable in this study.
5.2

Future work
Activated biochar electrodes have been shown to adsorb Na+ from NaCl solution.

However, the standard error associated with each removal capacity is considerably large,
especially in higher concentration of Na+. Therefore, stating that increasing concentration
of NaCl does increase the removal capacity with a high confidence level becomes
difficult. Note that the standard error of read absorbance and solution preparation is
within 5%, yet the dilution of high concentration of Na+ increases the error of the actual
concentration and removal capacity. To reduce the error and improve precision of AAS
measurement, a smaller volume of NaCl solution will be applied. If the experiment batch
is reduced to 5 ml, it would be possible to further reduce the error. In a smaller volume of
NaCl solution, there will be less number of Na+ to enable the measurement of a big
change in a small background. Also, electrodes could be increased in area.
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For conductivity measurement, as pH changes in the solution perturb ionic
conductivity, a new method based on the determination of the chloride ion concentration
by means of a chloride selective electrode chloride will be applied. This technique is
independent of pH change, one of the main limitations of the determinations based on
ionic conductivity measurements.81 Additionally, an improvement in precision with this
method is expected because no dilution is necessary before the measurement (dilution is a
source of error in AAS measurement). This technique was shown to be a more reliable
alternative for evaluating the desalination performance in capacitive deionization.81
Another future work is to adsorb a divalent ion, such as Zn2+, Mg2+, Pb2+ or Ca2+.
It is interesting to see whether divalent ions will create a different behavior of biochar
electrodes in terms of removal capacity.
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A.1

R Code for weighted least square (Figure 4.6):
###original least square###
>Capacity <-c(2.026,4.704,8.306,20.423)
>Concentration <-c(10,50,100,200)
>plot(Concentration,Capacity)
>OLR<-lm(Capacity~Concentration)
>abline(OLR)
>plot(resid(OLR))
>summary(OLR)
###weighted least square###
>SD <-c(1.2216,3.5538,6.7981,27.3975)
>WLR <- lm(Capacity ~ Concentration, weights=1/SD^2)
>summary(WLR)
>plot(x=Concentration, y=Capacity,
panel.last = c(lines(sort(Concentration), fitted(WLR)[order(Concentration)],
col="blue"),lines(sort(Concentration), fitted(WLR)[order(Concentration)],
col="red")))
legend("bottomright", col=c("blue","red"), lty=1,inset=0.07, legend=c("OLR",
"WLR"))
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A.2

Matlab code for specific capacitance (Table 3.5):

% Matlab code for calculating the specific capacitance by having "x" and "y"
% x=[]

put voltage (which is in V) in "x"

% y=[]

put current (which is in A) in "y"

% substitute "SR", "AM", and "PR" with your values
SR=0.001;
AM= 0.015;
PR= 0.30;

% Scan Rate (V/s)
% Mass of active material (g)
% potential range in V

% the absolute value of AUC is area under curve (with A.V unit)
V= x;
AUC = trapz(V,y);
Area=abs (AUC)
% SC: Specific Capacitance (F/g)
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