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ABSTRACT

Capacitive deionization (CDI) is an emerging technology for the removal of
charged ionic species from aqueous solution; also it has several merits like low cost and
high energy efficiency. Electrodes made of commercial activated carbon with high
specific surface area supported on graphite sheet (AC/G) were successfully fabricated
and used to remove sodium chloride from dilute aqueous solution. A series of
experiments on NaCl electro-sorption by NSA/G electrodes were run at different initial
NaCl concentrations, applied potentials, and solution pH values. Direct measurement is
found to be more accurate than indirect measurement of conductivity when assessing
NaCl removal from aqueous solution. Langmuir and Freundlich isotherm models were
used to describe sodium electro-sorption at different time periods (i.e., 80 min and 10
min). The electro-sorption and desorption of sodium on NSA/G electrodes followed the
pseudo-first-order model in 1mM NaCl. Results showed applied voltage and pH were
both important factors on sodium electro-sorption. The highest sodium adsorption of ca.
0.24 mmol/g in 1 mM NaCl occurred at E-Ep,c = -1.0 V (vs. SCE) and pH; = 10. The
Gouy-Chapman theory can be adopted to preliminarily estimate the adsorbed sodium
charge density in terms of potential and pH effects. The cyclic voltammetry results
suggested that adsorption time was an important factor when predicting the sodium
charge density in 1 mM NaCl through CV method. Moreover, a ratio around 0.3:1 of
the sodium charge density estimated from CV to that measured from 10 min NaCl
electro-sorption at the same applied potential was successfully derived, indicating the

possibility of using CV for predicting ion removal capacity.

xi



Chapter 1

INTRODUCTION

Due to the ever increasing agricultural, domestic, and industrial water demand,
an energy efficient water extraction and treatment process methods is necessary in the
future [1]. The fresh water accessible for humankind only occupies less than 0.5 % of
global water resource, brackish water and seawater desalination is one of the crucial
strategies for solving the water shortage problem [2]. Nowadays reverse osmosis (RO),
multi-stage flash (MSF), multi-effect distillation (MED), and electrodialysis (ED) are
the most widely applied desalination methods. However, the above technologies have
some limitations such as high energy consumption, membrane fouling, and production
of secondary wastewater which limit them to become a sustainable solution option.
Capacitive deionization (CDI), having several merits such as high energy efficiency,
environmental friendliness, robustness, and high ion removal performance, has emerged
as a better suited alternative to existing desalination methods [3]. In addition to
desalination, CDI can also integrate with RO system [4] and be utilized in water
softening [5] ,which make it a widely applicable technology on various industrial
processes.

In a typical CDI cell, a low DC voltage (about 1.2 V) is applied to the electrode
made of porous carbon and a stream of untreated water is pumped into the cell during
the charging process. Electrode materials and surface modification on the electrode have
key influence on ion storage capacity. As the electrode is polarized, the excess charge

formed on the electrode surface enhance the adsorption of counter ions within the double



layer (EDL) [6]. According to Stumm et al. (1970) [7] and Huang et al. (1976) [8], a
polarizable interface and a reversible interface can establish in the EDL. Therefore, the
charge density on the electrode side together with the capacitance of the electrode can
be increased by adjusting the external applied electric field, i.e. a polarizable electrode
and the concentration of potential determining species (pdi) such as H" and OH, i.e. a
reversible electrode [9]. Until now, most CDI studies only focus on external electric
field as the major source of surface charge on the electrode [10]. The electro-sorption
process in the presence of an electrical flied at specific concentration of pdi (e.g. solution
pH) is rarely investigated.

Additionally, assess of CDI performance is usually assuming symmetric
adsorption on anion and cation in single salt solutions and measuring the conductivity
of the effluent which lacks for the information of actual anion and cation adsorption
density respectively [11]. Moreover, specific capacitance measurements through CV are
mostly made in a high electrolyte concentration which seems inappropriate to CDI
application because CDI is usually operated in a low concentration which is about two
orders lower than that in CV [12]. Based on the above points, this work aims to study
the electro-sorption of anions and cations separately and analyze the adsorption density
for specific ions in terms of the effects of applied potential and solution pH. The concept
of electrocapillarity and CV running in different electrolyte concentrations were applied
to explore the relation between differential capacitance calculated from CV and the ion
adsorption density obtained from direct electro-sorption processes.

The hypothesis for this study is by incorporating commercial F400 as a high
pHpzc activated carbon (AC) on the anode and commercial Nuchar SA as a low pHpc

AC on the cathode will greatly enhance the anion and cation removal in a specific pH



range. Surface properties of the two commercial ACs were established. This work
covers the part of investigating the characteristic adsorption of sodium and chloride ions
by the Nuchar-SA/Graphite electrode with negatively-charged surface first. Results
from this study provide a fundamental basis for understanding the predominant factors
in electro-sorption processes and CV analysis in CDI which can be further applied to
the electro-sorption by the F400/Graphite electrode in future studies before successfully

combining the two different surface-charged electrodes into a complete CDI cell.



Chapter 2

THEORETICAL ASPECTS

2.1 Capacitive Deionization (CDI)

Capacitive deionization (CDI), also called electro-sorption, has emerged over
years as an energy efficient and cost effective technique [13] for removing dissolved,
charged species from aqueous solution [14] and desalination of water with a low or
moderate salt content [15]. The energy efficiency of CDI for water with lower salt
concentration is due to the fact that salt as the minority in the water are removed from
the mixture while other methods extract water which is the majority phase from the salt
solution. Furthermore, energy recovery is possible in CDI by utilizing the energy release
during discharging step to charge another CDI cell [15].

A CDI cell is usually composed of a pair of oppositely-charged porous carbon
electrodes with a separator in-between and can be assembled in stacks of multiple pairs.
A CDI cycle consists of two steps, charging for water purification and discharging for
cell regeneration. In the charging step, or ion electro-sorption step, the CDI pair is
charged typically 1-1.4 V (called the cell voltage) and ions or charged species in the
feed water migrate into the pores inside the carbon material and are immobilized within
electrical double layers (EDLs). In the following discharging step, ions are released by
reversing or shorting the cell voltage, creating a brine stream enriched in ions [15]. A
cycle of the two steps of CDI operation is alternated to produce two streams of

desalinated water and brine [1].



Comparing to the limited development of CDI in the past decades, CDI attracted
enormous attention in recent years, including the development of membrane CDI
(MCDI) [16][17], novel architectures for CDI cells like flow-through electrodes [18]
and flow electrodes [19], hybrid CDI [20], inverted CDI [21], and optimized operational
modes such as stop-flow operation during ion release [22], salt release at reversed
voltage in MCDI [23], constant-current operation [24], and energy recovery from the
discharging step [25].

CDI electrodes are mainly made of porous carbon materials possessing
characteristics such as large specific surface area, suitable pore size and distribution,
high electronic conductivity, good chemical and electrochemical stability over wide
range of pH values, low hydraulic resistance, and large electrical double-layer
capacitance of the electrode in order to enhance ion removal efficiency from electro-
sorption processes [26]. A diverse of carbon materials were used for CDI electrodes
including carbon aerogels and activated carbons as the most investigated materials [26],
newer materials like activated carbon cloth [27], carbon felt [28], carbon black [29],
carbon nanotubes [30], carbon nanofiber [31], graphene [32], reduced graphene oxide
[33], and mesoporous carbon [34][35]. Activated carbon among the above materials is
the most cost-effective materials with advantages of low cost, stability, well-balanced
pore size distribution of mesopores and micropores, high specific surface area, and good
reproducibility of its commercial product which make activated carbon a most suitable

electrode material for CDI [36].

2.2 Electrical Double Layer
In order to investigate salt adsorption and charge storage within porous carbon

particles, the concept of the electrical double layer is brought up for discussion.



Generally, electrical double layer (EDL) is composed of two layers with opposite
polarity formed at the interface between electrode and electrolyte. That is, when a
charged electrode is immersed in electrolytic solutions, it will repel the co-ions and
attract counter-ions to its surface. The whole array of charged species and oriented
dipoles at the electrode-solution interface is called the electrical double layer [37]. The
earliest EDL model is proposed by Helmholtz [38]. He showed that all surface charge
on the electrode side is directly charge-compensated by countercharge adsorbed to the
surface in a condensed plane. However, the resulting constant differential capacitance
independent from potential and concentration is not true in the real system [39]. Hence
the Gouy-Chapman model modified the Helmholtz model by introducing a diffuse layer
into the EDL.

The Gouy-Chapman describes the electric potential decreases exponentially
away from the surface to the bulk fluid. By combining the Poisson-Boltzmann equation,

the potential profile through the diffuse layer can be derived [39]:

zeWy

tanh

4k T _ 21z2¢2
t hzell;’0 =e K= (es k T) (2-1)
an kT olth

or can be written as

v v,
In tanh (Ze—x) = Intanh (Ze—") —KX
4kyT 4kyT

where ks, is the Boltzman constant, T (K) is the absolute temperature, ¢ is the dielectric
constant of the medium, &, is the permittivity of free space, e is the charge on the
electron, and k~! (m) is the Debye length or the thickness of double-layer. In dilute

aqueous solutions where € =78.49 and k = (3.29x10%)zI'/? (m™') at 25°C,



Intanh(9.72%¥,) = Intanh(9.72¥,) — 3.29 x 10°z x/I (2-2)

where ¥, and ¥, are the potential (V) at distance x (m) and at electrode surface, I (M)
is the ionic strength of the solution, and z is the magnitude of the charge on the ions.
By plotting VI as a function of Intanh(9.72¥,), ¥, can be determined. If ¥, is
sufficiently low that ¥, < 50/z (mV) at 25 °C, eq. (2-2) can be simplified as

lex S qjoe_Kx (2'3)

Yo=ex¥, whenx=x"1 (2-4)

Furthermore, by considering a Gaussian box at the electrode-solution interface, the

relation between surface charge and surface potential can be obtained [39]:

. W
oM = —05 = /8k,Teeyl smh(zib;) (2-5)

For dilute aqueous solutions (¢=78.49) at 25°C, the constants can be evaluated to give
oM = —¢% = 0.117+/ sinh(19.5z%,) (2-6)

where 0and o5 are the surface charge (C/m?) on the electrode side and solution side,
Y, (V) is the potential at electrode surface relative to the bulk solution, I (M) is the ionic
strength of the bulk solution, and z is the magnitude of the charge on the ions.
Combining the two models mentioned above, in Stern’s model, EDL is consisted
of a compact layer adhere to the electrode known as Stern layer or Helmholtz layer and
the diffuse layer shown in Fig. 2.1 (a). The Stern’s model accounts for ions with finite
size and a layer of solvent on the electrode surface. Therefore, the compact layer can be
separated into the inner Helmholtz plane (IHP) where specifically adsorbed ions and

solvent molecules are and the outer Helmholtz plane (OHP) where the nearest solvated



ions are. And those nonspecifically adsorbed ions are distributed in the diffuse layer
beyond the OHP [39]. The total excess charge density on the solution side can be given
as the sum of the excess charge density from specifically adsorbed ions in IHP, ¢, and

the excess charge density in the diffuse layer, 0%:

0¥ =c'+0%=—-cM (2-7)

Moreover, the total differential capacitance, C, in the Stern’s model can be subdivided
into two parts being connected in series, that is, the capacitance in the outer Helmholtz
plane (or Stern’s layer), Cu, and the capacitance in the diffuse layer, Cp, expressed in

the form of reciprocals and in Fig. 2.1 (b):

= —+— (2-8)

At low ionic strength, potential at Helmholtz plane is large, thus ci > ci [7] .
D H

We assume Stern’ layer can be ignored in our study, so the EDL built in the electrode-
solution interface is treated as only composed of the diffuse layer. Hence the potential
distribution and charge storage in the EDL are predicted by applying the Gouy-

Chapman model in later chapters.
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Figure 2.1 (a) Structure of the electrical double layer and (b) equivalent circuit of the
total capacitance according to the Stern’s model [15][7]

2.3 Electrocapillarity

An ideal polarizable electrode is like an electrical condenser without leakage
[37]. This means that no charged species (including electrons) across the interface. A
polarizable electrode-electrolyte interface is formed where a potential difference across
the EDL is applied from an external power source. And the potential difference is that
between the polarized electrode and the reference electrode. Besides, the capacitance of
polarized electrode alters when charges approach or leave the interface [7].

The electrocapillary curves are the experimental data showing the interfacial
tension of mercury in an ideal polarized electrode varies with the applied potential
across the interface [37]. According to the thermodynamic theory of electro-capillarity,
for an ideal polarized electrode, the slope of the electro-capillary curves, namely the
differentiate of the surface tension is equal to the excess charge density on the metallic

electrode (known as First Lippmann Equation [7][40][41]):

(), ., = o (2-9)



where y is the surface tension in the electro-capillary curve (dyn/cm), E is the
polarizable potential (V), and g is the charge density (C/m?) on the electrode side.
Based on the definition of differential capacitance:

_ dot!
C=— (2-10)
the differential capacitance Cg (F/g or F/cm?) contributed from a polarizable electrode
can be predicted by differentiating eq. (2-9) shown in the following equation (known as

Second Lippmann Equation [7]) [42]:
vy (o) _
(aEZ)H'T'p - ( 0E )M,T,P - CE (2-11)

The differential capacitance of the interface characterizes the electrode’s ability to store
charge in response to a change in potential. In other words, the differential capacitance
of a polarizable electrode, Cg, is not constant with potential like an ideal capacitor [39].

The three important variables, surface tension, charge, and capacitance, as a
function of potential in electro-capillary theory are show in Fig. 2.2 (a). The
electrocapillary curves provide information on the specific adsorption of dissolved
substances on the electrode. As shown in Fig. 2.2 (a), at Ep.c (namely electrocapillarity
maximum, ECM), the differential capacitance is at its minimum. This is also the
potential of zero charge (Ep.c) where o} = 0 [7]. By simply following the principle that
differential capacitance is the first differentiate of charge density, charge density can be
determined by integrating the differential capacitance. And since capacitance is the
second differentiate of surface tension, surface tension can be calculated by second
integral of the differential capacitance derived from CV curves. In that way, CV

measurement may be a feasible way to estimate ion adsorption by the electrode used.
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Figure 2.2: Comparison between (a) the polarized electrode-electrolyte and (b) the
reversible oxide-electrolyte interface [7]

2.4 Reversible vs. Polarizable Electrodes

Two classes of interfaces are comprised of the electrical double layer. One is the
polarizable interface described in Electrocpillarity in section 2.3 and the other is the
reversible interface [8]. The major difference between two interfaces is the way in which
the potential difference across the interface is established [7]. Unlike from the external
applied potential, for a reversible interface, the potential at the electrode-solution
interface, ¥, (V), is determined when the electrode surface with multi-functional groups
is in equilibrium with the potential determining species in the solution [7]. In this context,
it is assumed that H" and OH are the sole potential determining species. Thus ¥, (V) is

associated with the concentration of H" and OH", which is the pH value of the solution.
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By employing the zeta potential data measured for the electrode and eq. (2-2) from the
Gouy-Chapman theory, the potential at the electrode-solution interface, ¥, (V), can be
easily calculated.

By further applying the relation of charge density and the potential created on

the surface from eq. (2-6), charge density on the reversible interface can be derived:

oty = 0.1171sinh(19.52%,) (2-12)

or can be written as:

M
W, =Lsinh-1< i ) (2-13)

19.5 0.117V1

where agf, is the surface charge (C/m?) on the electrode side, ¥, (V) is the potential at

electrode surface relative to the bulk solution.

At the point of zero charge (pHpx), ¥y is equal to zero implying no excess
positive or negative charge on the surface. We may not always know the absolute value
of ¥,. However, a potential difference exists when the bulk concentration of potential
determining species differs from pHp.c and it can be expressed from the Nernst equation

[42]:
d¥, = —0.05913 dpH (2-14)

Along with eq. (2-14) and based on the definition of the differential capacitance, the

differential capacitance of a reversible electrode, Cpn, can be acquired [8][6]:

M M M
o = =t = S _ g g 2o (-15)
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Because the electrical double layer is composed of two kinds of interfaces, the
total differential capacitance of an electrode is the combination of differential
capacitances derived from the polarizable electrode (Cg) and from the reversible
electrode (Cpn). According to eq. (2-11) and eq. (2-15) obtained above, the total

differential capacitance, C, can be expressed as [6]:

_ doM _ dag” dO'IIDWH _ daIE” dO'IIDWH _
C__E__<d5+ dE)__dE+16'9de_CE+CpH @-15)

Fig. 2.3 shows the two capacitors, one of polarizable (Cg) and the other of
reversible (Cpn) are connected in parallel, indicating not only the external applied
potential but also the functional groups resulted from potential determining species on
the electrode surface will contribute to total capacitance. Consequently, this work
studied the effects of applied potential and solution pH on the electro-sorption

experiments in NaCl solution which will be explained in chapter 4.

—

Conr

p

Figure 2.3: Equivalent circuit of the total capacitance of the electrical double layer
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Chapter 3

MATERIALS AND METHODS

3.1 Materials

The two activated carbon (AC) materials used in this study were both
commercially available: Filtrasorb 400 (Calgon Carbon Co., Moon Township, PA, USA)
and Nuchar-SA (Westvaco Co., Covington, VA, USA). These two materials will be
referred to as F400 and NSA, respectively. The graphite sheet (sheet thickness =3 mm,
area = 30 x 30 cm? per sheet), purchased from GraphiteStore.com, Inc. (Northbrook, IL,
USA) was cut and used as the substrate to immobilize the activated carbon materials.

All solutions were prepared from Fisher Reagent Grade chemicals (Fisher
Scientific, Fair Lawn, NJ, USA) and deionized water. Sodium chloride (NaCl) was
dissolved into deionized water to prepare stock solution. Sodium hydroxide (NaOH)
and hydrochloric acid (HCI, 36.5-38%) were used to adjust solution pH to specific
values. A Fisher Model Accumet AE150 pH (Fisher Scientific, Fair Lawn, NJ, USA)
meter was used for the pH measurements. Chemicals used in ion chromatography
analysis were: sodium carbonate (Na;CO3), sodium bicarbonate (NaHCO3), nitric acid
(HNOs, 69.5wt%), and dipicolinic acid (0.02 M C7HsNO4 in water) obtained from
Sigma-Aldrich (St. Louis, MO, USA).
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3.2 Experimental Procedures

3.2.1 Preparation of AC electrodes

Prior to making the AC slurry, granular F400 AC was ground into F400 powder
and sieved through ASTM sieve # 200, while powdered NSA AC without grinding was
sieved through ASTM sieve # 325 directly. Notably, both AC materials were not washed
by DI water or acid-base solutions after sieving in order to avoid any change on their
surface functional groups. Both F400 and NSA electrodes were made by the same
procedure. The AC slurry was prepared by mixing N-Methyl-2-pyrrolidone (NMP, 98%
Fisher Scientific, Fair Lawn, NJ, USA) as the solvent and Polyvinylidene fluoride
(PVDF, M.W.=530,000, Sigma-Aldrich) as the binder into homogeneous solution with
a 30:1 NMP: PVDF weight ratio. Then AC material was added into the solution with a
4: 1 AC: PVDF weight ratio. The mixture with total weight of 7 g was stirred overnight
to obtain homogeneous AC slurry.

A bare graphite sheet with the size of 5 x 12 cm? was scraped by sand paper for
about 50 times in the same direction to create a rougher surface. The graphite sheet was
later washed by DI water in ultrasonic tank for 3 min and dry in the furnace in air at 105
°C for 2 h. Then the AC electrode was made by casting the AC slurry uniformly onto a
limited area (5 x 8 cm?) of the graphite sheet, denoted as AC/G. The wet AC/G was then
sent into furnace and heated at 210 C for 1 h to have all NMP solvents evaporated and
solidify the binder. Finally, each AC/G electrode will include an effective area of 40
cm? with total AC weight of 0.8 g on it. Before any experiment, AC/G was immersed
in deionized water overnight and then vibrated in an ultrasonic tank (Fisher Model FS-
20, 40 kHz) for 3 min to ensure that proper wetting conditions were maintained and no

air bubbles were trapped in the porous material.
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3.2.2 Electro-sorption Experiments

Three-electrode system was used in all electrochemical experiments in order to
obtain comparable applied potentials on the working electrode. As the AC/G being the
working electrode (WE), a bare graphite sheet with a geometric area around 5 x 8 cm?
was used as the counter electrode (CE). The working electrode and the counter electrode
were positioned in parallel at an average distance of 2 cm and a reference electrode of
Hg/Hg>Cl/4M KCI (E* = 0.241V vs. NHE) (RREF0022, Pine Instrument Inc., Grove
City, PA, USA) was placed in the middle with the tip close to the working electrode.
Fig. 3.1 shows the electrochemical cell used to conduct electro-sorption experiments
controlled by a potentiostat (Pine Biopotentiostat model AFRDE 4, Pine Instrument Inc.,
Grove City, PA, USA) at room temperature. The current signal was recorded through
the Dataq voltage data logger (DI-808, Dataq Instruments Inc., Akron, Ohio, USA).

This setup was also used in CV measurements.
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Figure 3.1: Design of electrochemical cell used to conduct batch electro-sorption
experiments and CV measurements (side view)

Indirect measurement-conductivity

Commonly, a conductivity meter is attached to the CDI system in order to
monitor the conductivity variation continuously at the outlet of the CDI cell. The
relationship between solution conductivity and NaCl concentration is obtained
according to the calibration table made prior to the experiment. In this study, the initial
and final conductivity of the reacting NaCl solution from batch electro-sorption
experiments mentioned above were also measured by a conductivity meter (Oakton,

CTSTestr™ 50P, Vernon Hills, IL, USA) for comparison with the literature data.
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In addition, the ideal electrolytic conductivity can be calculated theoretically by

the following equations according to the definition [39]:

W=z vdy +z_v_A_ (3-1)

AT = Z'Cl-yl- = Cl‘Z+V+A+ + Cl'Z_V_ﬂ._ (3-2)

where Ci is the concentration of electrolyte i (mol/1000 cm?), p is the molar conductivity
(S-cm?/mol), A is the equivalent ionic conductivity (S-cm?/equiv), At is the total
conductivity (S-cm™), z is the magnitude of the charge on the ions, and v is the number
of anions and cations per formula unit of electrolyte respectively.
Direct measurement

Batch-mode adsorption-desorption experiments of CDI cell were conducted in
different concentrations of 250 ml NaCl solutions under neutral pH (pH 6.5) at -0.3V
(vs. SCE) for 80 min at room temperature. The experiments were then followed by a
desorption process by reversing the applied potential (+0.3V vs. SCE) for 80 min in the
same condition. After one cycle of adsorption and desorption, both working and counter
electrodes will be placed into DI water in separate beakers to desorb remaining ions on
the electrodes by applying +1V (vs. SCE) to the electrodes. An ion chromatography
(IC) was used to analyze the concentration of individual species (Na" and CI’) in the
solution during the electro-sorption experiments, that is, the direct measurement. After
the electro-sorption experiments under a certain pH value and applied voltage were done,
experiments under different pH values (pH 3 and pH 10) with different applied voltages
(from -0.7V to +0.7V vs. SCE) were also conducted at room temperature to see how

those parameters influence the performance of electro-sorption. Nitrogen gas was
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purged into NaCl solution during the experiments only under pH 10 condition to prevent

CO: dissolving into the solution rapidly.

3.2.3 Capacitance Measurement

In order to use Cyclic Voltammetry (CV) as a method to predict ion adsorption
density in the batch electro-sorption experiments mentioned above, CV experiments
were conducted in 250 ml NaCl solution under different concentrations and scan rates
with the same experimental set-up as in the electro-sorption experiments. Starting
initially from 0 V and within the scanning range of -0.9 V to +0.9 V (vs. SCE) for
NSA/G as WE. The scanning ranges were decided where few faradic reactions
happened. Besides, there are two main methods used to calculate the capacitance
through CV measurements and demonstrated below.
Method 1 (Area method)

Most CDI studies calculated specific capacitance of the electrode by integrating
the full CV cycle (to gain area between the CV curve) according to the following
equation [43][44]:

_ $r1av

o 2mvAV (3_3)

where C (F/g) is the specific capacitance, I (A) is the response current, V (V) is the
potential, m (g) is the mass of activated carbon material, v (V/s) is the scan rate, and
AV (= V.- V,) is the potential window of CV as shown in Fig. 3.2. Since capacitance,
C, is generally a function of potential, the specific capacitance obtained from method 1
is an average value of capacitance, that is “average C”, over the potential range of CV

according to Bard [39].
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Method 2 (Point method)
The current data derived from voltammetry experiments in this study can also
be used in calculating the instantaneous capacitance, C (F g™! or F cm™) as a function of

E based on the theory of electrocapillarity [37]:

do _ldt _ 1

C=w=E =y -4
C,=2 (3-5)
a — 7 -

Ic
CC == (3-6)

where o is the surface charge density (C/m?), E is the polarizable potential (V), I is the
current response (A), and v is the scan rate (V s™!). The current in CV curve is composed
of anodic current (I.) and cathodic current (L), where L is opposite in sign to I, which
can be seen in Fig. 3.2. To compare the absolute values of L. to I, Ic was added a negative
sign and the curve of L. was flipped along the x-axis in CV. Then both I. and the flipped
Ic were directly divided by the scan rate applied in CV measurements to obtain the
values of instantaneous capacitance from negative (Ca) and positive (Cc) sweeps,
respectively, which are later shown in Fig. 4.19 and 4.21. According to the electro-
capillary theory mentioned in section 2.3, the charge density and the surface tension of
an interface can be calculated by the integral of the instantaneous capacitance derived
from CV curves.

In conclusion, though area method is the most generally used method to estimate
specific capacitance of the electrode, it only calculates the average value of capacitance
over a certain potential range. Instantaneous capacitance, on the contrary, reveals

different values as a function of potential. Therefore, by exploiting point method with a

20



known capacitance, we can predict the voltage needed to applied in electro-sorption
when designing experiments. In addition, by comparing the calculated charge density
of adsorbed ions from the integral of instantaneous capacitance in CV with the actual
ion adsorption density from direct batch electro-sorption experiments under the same
experimental conditions, we can assess how reasonable CV can predict ion adsorption

density in the electro-sorption process.

v 1 >
1, |
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1R - '
| - v, E
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Figure 3.2: Current-potential plot resulting from a cyclic linear potential sweep (CV)
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3.3 Chemical Analysis

In order to analyze individual species in the solution, the Metrohm ion
chromatography (940 Professional IC, Metrohm, Riverview, FL, USA) system
equipped with an auto-sampler and analytical columns (both anion and cation) was used
to detect the concentration of sodium and chloride in this study. Before injecting the
samples into IC, 1ml solution aliquots were withdrawn, diluted to Sml and then filtrated
through a 0.45-um Nylon syringe filter (Simsii, Inc 133 Port Irvine, CA, USA). The
mixture of 3.2 mM Na>COs and 1mM NaHCO3 was used as anion eluent and the mixture
of 1.7 mM HNOs3 and 0.7 mM dipicolinic acid (C7HsNOs) as cation eluent for the
effluent mobile phase in IC. 0.1 wt % methanol was used for suppressor rinse and 0.1
M H>SO4 as suppressor regenerant. A computer with MagIC Net software (version 2.4)
was utilized for instrument operation and data processing. Both anion and cation pumps
were degassing manually by removing the caps and drain eluent out the pipelines for 5
to 10 min before analysis. The Homework mode was run for about 20 min to ensure a
stable baseline of conductivity value. All samples were injected by an auto-sampler
connected to the IC. The injected samples would split into two flows and went through
anion and cation columns separately. The flow rate was set at 0.7 ml/min for anion
analysis and 0.2 ml/min for cation analysis. The injection volume was 20 pL for anion

and 10 pL for cation. The total analysis time for each sample was 12 min.
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3.4 Surface Characterization

The surface of activated carbon is characterized for specific surface area, pore
size distribution, surface morphology, XPS, XRD, and surface charge. Before the
measurements of BET, XPS, XRD, and zeta potential, F400 and NSA were processed
into powder less than 75 pm and 45 um, respectively, as mentioned in section 3.2.1. The
surface area and pore size distribution of AC were deduced from the nitrogen physical
adsorption measurement data obtained by using an accelerated surface area and
porosimerty system (ASAP 2020, Micromeritics Instrument Corp., Norcross, GA, USA)
based on the Brunauer—-Emmett-Teller (BET) method. Before the measurement,
powdered AC samples (each >100 mg) were stored in a freeze dryer and outgassed
overnight under vacuum conditions at 10°® Torr to remove moisture.

The micro-morphology and surface structure of AC coated on the electrodes
were characterized by a scanning electron microscopy (SEM, Auriga 60, Carl Zeiss Co.,
Germany) with a resolution of 1 nm when operating at 15 kV acceleration voltage. The
AC electrode samples were prepared in the size of 0.5 x 0.5 cm? and coated with a layer
of gold for 90 seconds to prevent charging issue before SEM analysis. An energy-
dispersed analysis of X-ray (EDX) apparatus was installed onto SEM to detect the
elements composition on the electrode surface.

An X-ray photoelectron spectroscopy (XPS, K-Alpha XPS, Thermo Fisher
Scientific Inc., USA) with an excitation source of monochromatic Al-Ko was utilized
to analyze the surface chemistry of NSA and F400 activated carbons. Prior to
transferring AC samples from a separate introducing chamber into the analyzer chamber,
the samples were passed through a desorption chamber maintained at about 10” Torr in
order to remove volatile matters. The C-C bond located at 284.8 eV was used as a

reference peak for calibration when fitting the resulting spectra. An X-ray Diffraction

23



(XRD, Bruker D8, BRUKER AXS, Inc., Madison, WI, USA) with Cu-Ka radiation (40
kV, 40 mA) as the X-ray source was employed to deduce crystalline structure of the AC
samples. The scanning degree (20) started from 10° to 90° with the increment of
0.05°/sec.

The surface charge of AC was measured in terms of zeta potential by using the
Zetasizer (Malvern Nano ZS, Malvern Panalytical Ltd., UK). Both F400 and NSA
powdered samples were not washed and 1g of AC powder was dispensed in 500 ml
NaCl solution of various ionic strengths from 107 to10' M. 40 ml aliquots withdrawn
from the AC suspension were collected in 24 centrifuge tubes for each ionic strength.
To adjust the pH of AC dispersed NaCl solutions, different amount of HCI and NaOH
were added to the solutions manually. Lastly, the adjusted NaCl solutions with AC
powder were equilibrated in a reciprocal shaker overnight (about 24 h). And about 10
to 13 tubes with solution pH values from 1 to 12 were chosen and put into quartz cells

for zeta potential measurements.
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Chapter 4

RESULTS AND DISCUSSION

4.1 Characterization of Activated carbon

4.1.1 Surface Area and Pore Size

Brunauer—Emmett—Teller (BET) was performed to characterize the surface area
and pore size distribution of the two activated carbons used in this study. Table 4.1
shows that both activated carbons have large surface area which are close to the reported
numbers from other studies [9][45]. In addition, NSA AC contains average pore size
around 7.3 nm and total pore volume around 1.2 cm?/g. NSA also has a higher surface
area than F400 does which may due to several reasons during the activation step like
activation temperature and activating agents used, etc. [46] To sum up, large surface
area of both AC is beneficial when being made into porous AC electrodes in electro-

sorption applications.

Table 4.1:  Surface area and pore size of NSA AC and F400 AC

BET Surface Area Total Pore Volume Average

AC (m%/g) (cm’/g) Pore Size
g g (nm)
NSA 1732.63 1.16 7.26
F400 802.36 0.842 152

? From reference [47]
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4.1.2 SEM Analysis

Scanning electron microscopy (SEM) was used to investigate the surface
morphology of the graphite substrate and the prepared activated carbon electrodes. Fig.
4.1 (a), (c), and (e) illustrate larger rectangular particles with some scrapes on the
graphite substrate and smaller irregular particles on both AC electrodes covering the
graphite structure. It can be seen in a much closer magnification the parallel layer
structure on the graphite substrate shown in Fig. 4.1 (b). Because micropores and
macropores are very small and hard to be detected in SEM, only macropores and larger
cavities showed in Fig. 4.1 (d) and (f) for NSA/G and F400/G electrodes. The parallel
layer structure of graphite cannot be observed again when the activated carbons are
coated on it.

Fig. 4.2 presents the SEM-EDX spectrum images of graphite substrate and the
AC electrodes revealing the constituents of elements in weight percentage on the surface.
It shows a 99.9% of C on graphite substrate indicating graphite composed of almost
pure C. Both AC electrodes contain nearly 20 % of F which should come from the PVDF
used in making the electrodes. If adding the other two major elements, C and O in
activated carbon, about 80 % of C+O could be obtained in both NSA/G and F400/G.
The ratio of (C+O): F correspond to the ratio of AC: PVDF for the preparation of AC
electrodes in previous chapter. Other elements like P on NSA/G electrode and Al, Si,
Fe, and Ca on F400/G electrode should result from the ash contents on AC due to lack

of the washing step [9].
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Figure 4.1: SEM observation of (a) & (b) graphite, (c) & (d) NSA/G electrode, and (e)
& (f) F400/G electrode
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Figure 4.2: SEM-EDX spectrum image of (a) graphite, (b) NSA/G electrode, (c)
F400/G electrode XRD analysis
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Fig. 4.3 shows the crystal structure analyzed by X-ray Diffraction for Graphite,
NSA and F400 activated carbons. The crystalline peaks showing in 26= 26.3°, 42.6°,
44.8°, 54.2°, and 77.5° for graphite sheet corresponding to the reflection planes (0 0 2),
(100),(101),(004),and (1 10) can be assigned to C crystal as the form of graphite
by referring to ICDD database. On the other hand, there was no crystal structure found
in NSA AC and F400 AC. Only broad peaks near 25° and 40° appear which correspond
to (0 0 2) and (I O 0) reflections of disordered micro-graphitic stacking. This
demonstrates that NSA and F400 ACs are less-crystalline porous solids with random

orientation of the stacking units [48].

4.1.3 XPS Analysis

X-ray photoelectron spectroscopy (XPS) was used to determine the chemical
state of elements found on the surface. Fig. 4.4 shows the XPS analysis of NSA and
F400 activated carbons in terms of C 1s and O 1s atomic orbitals. Both activated carbons
have C 1s peak deconvoluted into four peaks, C—C/C—H (aromatic C and protonated
C at 284.8 eV), C—O (aromatic C at 286.1-286.6 eV), C=0 (ketonic C at 286.8-288.3
eV), and COO (carboxylic C at 290.6-291.1 eV) [49]. Results show that aromatic and
protonated compounds were the major C groups in NSA AC while F400 AC had higher
percentage of C—O and carboxylic groups comparing to the aromatic groups. The XPS
spectrum of O 1s for both AC shows three intense peaks at binding energy of 533.6-
533.9, 531.2, and 532.4-532.6 eV corresponding to ether oxygen atoms in esters and
anhydrides (R—O—C=0), carbonyl oxygen atoms in amides and anhydrides (O=C),
and the carbonyl oxygen atoms in esters (O=C—O0), respectively [50]. It is seen that

NSA AC contains O—C and O=C as major O groups and F400 has the highest ratio of
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O=C—O0 group. The groups of O=C and O=C—O were mainly contributed to the

formation of oxygen-containing aromatic functional groups during activation [6].
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Figure 4.3: XRD spectrum of graphite, NSA and F400 activated carbons
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O 1s chemical states
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4.1.4 Zeta Potential

Two kinds of activated carbon were studied: NSA (L-type) and F400 (H-type)
[9]. With ionized surface (CO"), L-type carbons contain negative charges and ample
oxygen-containing groups on its surface while the protonated surface (C-OH>") of H-
type carbons has a reduced surface with more positive charges [51]. Fig. 4.5 shows the
zeta potential of NSA and F400 samples as a function of pH with NaCl concentration
(or ionic strength) of 102-10"! M. Results show negative zeta potential in a wide range
of pH and a pHp,c around pH 3 for NSA. This is similar to that in the literature [45]. On
the other hand, the pHyc around pH 6 for F400 is slightly lower than pHp,c around pH
7 for the Electrophoretic mobility measurements in the literature [9]. The surface of
F400 could be gradually oxidized upon exposure to air atmosphere or during the
grinding process, which turns out a lower pHpzc.

Usually, pHpc obtained by electrophoretic mobility measurement (zeta potential)
will be lower than pHp,c measured from alkalimetric titration. Due to slowly oxidation
of external carbon surface, electrophoretic mobility measurement which detects the
potential of shear plane, yields a lower value of pHp,. Though alkalimetric titration
involves the interaction of H" and OH™ in both internal and external carbon surface,
resulting in higher pHpzc [9]. Thus the pHp.c value for F400 in this study is lower than
those reported in the literature [9] [52]. However, the trend that NSA has lower pHpz

than F400 is still true in the zeta potential measurements.
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Figure 4.5: Zeta potential of (a) NSA and (b) F400 activated carbons. Experimental
conditions: final pH = 1.0 to 12.0, [I] = 0.01-0.1 M NaCl
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4.2 Batch Eletro-sorption of Sodium Chloride by NSA/G Electrode

Table 4.2 shows the comparison of experimental methods and electro-sorption
performance in CDI with various carbon electrodes. It can be concluded that most CDI
studies only recorded cell voltages in the two-electrode system. In addition, cyclic
voltammetry is the most common method used to measure the average specific
capacitance of the electrodes at a certain scan rate. Also, the majority of research
measured conductivity difference and calibrated it into concentration to determine the
electro-sorption capacities of the electrodes. However, in this way, we cannot know the
exact voltage applied on the electrode, which is a crucial factor in investigating electro-
sorption performance. Besides, according to the electrocapillary theory, differential
capacitance is a function of potential, being related to the electronic charges of carbon
surface, immobile chemical charges in the porous structure, and mobile ionic charges in
the solution [53]. Thus instantaneous capacitance calculated by eq. (3-4) should be a
better way for analyzing the property of electric double layer on the electrode. Finally,
conductivity measurements for electro-sorption capacity are based on the assumption of
symmetric adsorption of anions and cations, which lacks for the information of actual
removal of anions and cations respectively.

Gabelich et al. showed that solution pH changed after the electro-sorption of
NaCl, which may affect the conductivity values of solution. Thus the conductivity
measurement they used to decide ion sorption capacities may not be very accurate. In
this study, we recorded the initial and final conductivity, pH, and respective
concentrations for sodium and chloride ions during electro-sorption processes. A three-
electrode system was used to determine the absolute voltage applied on the working
electrode and explore the instantaneous capacitance of CDI varying with applied

potentials.
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Table 4.2:  Comparison of experimental methods and electro-sorption performance in CDI with various carbon electrodes

Electrode material Experimental  Initial Electro-sorption capacitance, C  NaCl removal Ref.
condition [NaCl] measurement
(mg/L) Method Value Method Value
(F/g) (mg/g)
ZrOx nanofiber/AC 2-electrode; 104 CV (aCh 869.86 Cond.? 16.35  [44]
1.2V
AC 2-electrode; 200 EIS 56 Cond. 3.68 [54]
15V
Polyaniline/AC 2-electrode; 600 CV (aC) 90 Cond. 20 [55]
(asymmetric) 1.4V;
(MCDI%)
Anionic polymer 2-electrode; 409 - - Cond. 7.6 [56]
modified carbon cloth 1.2V
(asymmetric)
Carbon nanosheet 2-electrode; 500 - 196 Cond. 15.6 [57]
~1.1V
Nano-titanium 2-electrode; 50 CV (a0) 56.2 Cond. 9.6 [58]
carburizing electrodes 14V
Graphene 2-electrode; 8 Galvanostatic 189 Cond. 14.25 [59]
1.8V charge/discharge
Nitrogen-doped carbon  2-electrode; 100 CV (aC) 179 Cond. 11.5 [60]
spheres 1.6 V
Carbon xerogel/carbon  4-electrode; 251 I/v (iC?) ~ 130 Cond. ~1.7 [21]

cloth (asymmetric) 0 V; (iCDP) (Si-CX)
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Table 4.2 continued.

Electrode material Experimental ~ Initial  Electro-sorption capacitance, C  NaCl removal Ref.
condition [NaCl] measurement
(mg/L) Method Value Method Value
(F/g) (mng/g)
Ag (a%), HOMCs (¢”) 2-electrode; 58.4 CV (aC) 104.2 AA for Na* 20.82 [61]
(asymmetric) 1.2V (HOMC:s)
Ti1O2-modified AC 2-electrode; 5.84 - - Cond. 4.38 [62]
cloth 1.0V
CNTs-CNFs 2-electrode; 100 - - Cond. 3.32 [63]
1.2V
AC cloth 2-electrode; 1000 CV (aC) 41.5 Cond./ ~60% [64]
15V (uS/cm) IC for cations Na"*
SiOx/carbon fiber 3-electrode; ~30 - - ICP for 82 % [65]
Mg-Al,O3/carbon fiber -1.5V cations Na*
(asymmetric)
AC 2-electrode; 292 - - Cond./ 9.63 [66]
1.2V IC for anions  CI°
Carbon aerogel 2-electrode; 292 - - Cond. 75.97 [67]
20V
Nafion-AC 2-electrode; 500 CV (aC) 148 Cond. 10.8 [68]
(asymmetric) 30 mA/g (CC) /EIS
AC-QPVP (a) 2-electrode; 500 EIS (iC) - Cond. 9.6 [53]
AC-HNOs(c) 0V (iCDI)

(asymmetric)
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Table 4.2 continued.

Electrode material Experimental ~ Initial  Electro-sorption capacitance, C  NaCl removal Ref.
condition [NaCl] measurement
(mg/L) Method Value Method Value
(F/g) (mng/g)
AC 2-electrode; 100 CV(aC) 101 Cond. 7.71 [69]
1.2V
Graphene 2-electrode; 25 CV(aC) 140 Cond. 1.35 [11]
20V
AC 3-electrode; 58.4 I'v (iC) ~102 (Co) IC forNa", Cl 5.44 This
(asymmetric) -0.7V (pH 10) ~78 (Ca) Na* study

'aC = average capacitance. *iC = instantaneous capacitance. >*Cond. = conductivity. *‘MCDI = membrane CDI.
5iCDI = inverted CDI. %a = anode. ¢ = cathode.



4.2.1 Indirect Measurement-Conductivity

To compare with other studies measuring salt removal in CDI processes by the
conductivity difference, initial and final solution conductivities were recorded during
the electro-sorption of NaCl and shown in Table 4.3. The relationship between solution
conductivity and NaCl concentration is obtained according to the calibration table made
prior to the experiment. The amount of NaCl removal was calculated in terms of

adsorption capacity by the following equation:

_ (Co=Ce)xV
- m

T, (4-1)

where I'e (mmol/g) is the equilibrium adsorption density, Co (mM) is the initial
concentration, C. (mM) is the equilibrium (or final) concentration, V (L) is the volume
of solution, and m (g) is the mass of AC on the electrode.

Table 4.3 shows the initial and final solution conductivities with NaCl
adsorption density from the electro-sorption of 1 mM NaCl for 80 min by the NSA/G
electrode. The NaCl removal derived from conductivity measurements calculated by eq.
(4-1) show negative values and very little adsorption density (-0.271~-0.072 mmol/g)
comparing to the amounts of adsorbed sodium and chloride ions measured directly by
IC. Since much more Na" ions (0.158 ~ 0.086 mmol/g) and CI ions (0.008 ~ -0.012
mmol/g) were removed in the same experiments from direct measurements shown in
Fig. 4.11 (b), the resulting NaCl removal from conductivity measurements are
problematic. In addition, indirect conductivity measurement is based on the assumption
of symmetric adsorption of Na" and CI" ions and ignores the change of solution pH, it
cannot differentiate the exact adsorption amounts of Na™ and CI" ions, which may vary

depending on electrode materials. Furthermore, the estimated number of NaCl
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adsorption density from solution conductivities may also be affected by the pH change
shown in Table 4.3, leading to inaccurate evaluation of salt removal.
In the theoretically aspect, the ideal electrolytic conductivity can be calculated

by the following equations according to the definition [39]:

W=z vdy +z_v_A_ (4-2)
AT = Z'Cl-yl- = Cl‘Z+V+A+ + Cl'Z_V_ﬂ._ (4-3)

Based on the values of limiting ionic conductivity at infinite dilution in aqueous
solutions at 298K, Lo (S-cm?/equiv) = 50.11 for Na*, Ao = 76.34 for CI', ko = 349.82 for
H", and Ao = 198 for OH", the total conductivity, At (S-cm™), of 1 mM NaCl solution at

pH 6.5 can be calculated theoretically:

Ar = XCipy = Cyg+ing* + Cor-ter- + Cy+iig+ + Cop-ton- (4-4)
. .
=(1° ><1><1><50.11)+(&><1><1><76.34)
1000 1000

10775
1000

+ (“’_6'5 x 1x1x349.82) + (

><1><1><198)
1000

=126.57 x 107 = 1.27 x 10™* (S-cm™)

In order to investigate how ions contribute to the solution conductivity, the
concentrations of ions appearing in the NaCl solution measured by IC and pH meter and
also their corresponding conductivities calculated by eq. (4-4) are listed in Table 4.4 for
comparison with the measured solution conductivities. As can be seen in Table 4.4, the
total conductivities calculated from initial and final ion concentrations and their trends
are similar to the solution conductivity measured by the conductivity meter at different

applied voltages, suggesting that the theoretically calculated conductivity by eq. (4-4)
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are highly correlated to the actual solution conductivities. The Na“ concentration
decreased and H' concentration increased after electro-sorption with less variation in
chloride and OH" concentrations, resulting in the increase of final conductivities.
Although the amounts of sodium ions reduced were larger than the amounts of proton
increased, the calculated final conductivities still increase because of the high limiting
ionic conductivity (Ao) of H'. Same results also appeared in the measured conductivities.

The results from Table 4.3 demonstrate that conductivity is not only contributed
from Na" and CI ions, H" and OH" in aqueous solution also have significant influence
on it. Therefore, the method used to calculate NaCl removal by calibrating solution
conductivity into NaCl concentration without considering pH variation in Table 4.3 is
unreliable. Even though the solution conductivity increased after the electro-sorption,
Na' and CI" ions were stilled removed. And the amounts of ion removal were calculated
according to the initial and final sodium and chloride concentrations obtained from IC
shown in Table 4.4, whose values are much higher than the NaCl removal in Table 4.3
derived from conductivity measurements.

In addition, the removal of Na* and CI" ions at the same applied voltage but with
opposite sign should be equal based on the assumption of symmetric adsorption.
However, the removal of Na" at E-Ep,c = -0.4 V is a lot higher than the removal of CI
at E-Ep.c = 0.4 V shown in Fig. 4.11 (b). Hence, the assumption of symmetric adsorption
of anions and cations followed by the indirect conductivity measurement is not
applicable in this study. The difference between initial and final conductivities
measured in NaCl solution during electro-sorption processes should not be simply
converted into equal molar of sodium and chloride ions being adsorbed as lots of

literatures have done.
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To conclude, individual ion concentrations should be measured directly in order

to evaluate actual amounts of Na“ and CI" removal. The conductivity measurement of

NaCl removal which cannot differentiate the contribution of different ions is inaccurate.

And the assumption of symmetric adsorption on NaCl depends on different electrode

materials which should not be applied to every electrode.

Table 4.3:  Experimental results from the electro-sorption of 1 mM NacCl for 80 min
by the NSA/G electrode using indirect conductivity measurement

E-Epze Cond. (1) Cond. (f) pHi pHr NaCl
(V) (uS/cm) (uS/cm) removal
(mmol/g)

-1.0 128.1 245.0 5.81 3.37 -0.271

-0.8 118.7 207.0 6.36 3.61 -0.205
-0.6 116.8 147.8 6.07 3.98 -0.072

!'i and f represent initial and final respectively.

Table 4.4:  Experimental results from the electro-sorption of 1 mM NacCl for 80 min
by the NSA/G electrode using direct IC measurement

E-Epzc Concentration Conductivity Ion removal

V) (mM) (uS/cm) (mmol/g)
i/ff Na* CI' H' OH Calc? Meas? Na* CI

-1.0 i 095 096 0.0016 6.5x10° 121.5 128.1 0.16  0.008
f 045 094 0.43 2.3x10% 2432 2450

-0.8 i 0.99 095 0.0004 23x10° 122.5 118.7 0.12 -0.011
f 0.63 099 0.25 4.1x10® 1923 207.0

-0.6 i 1.13 0.80 0.0009 1.2x10° 118.0 116.8 0.084 -0.003
f 0.86 0.81 0.11 9.6x10%  141.7 1478

!'i and f represent initial and final respectively. 2Calc. = calculation.

3Meas. = measurement.
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4.2.2 Direct Measurement-Effect of Initial Sodium Chloride Concentration

The results of zeta potential measurements indicated the surface of NSA/G
electrode is negatively charged over a wide range of solution pH suggesting that the
electrode may be more favorable on the adsorption of positively charged ions. Plus,
sodium adsorption is a lot more evident than chloride adsorption by the NSA/G
electrode in different experimental conditions which will be discussed in later section.
Here we discuss sodium adsorption by the NSA/G electrode first.

Fig. 4.6 shows the effect of initial electrolyte (NaCl) concentration on Na*
removal by NSA/G electrode as a function of time. Results show that the percentage of
sodium decreased in a faster rate at the beginning and became slower during charging
of -0.3V (vs. SCE) in 80 min. Besides, more than 90% of Na" uptake onto the electrode
was released into the solution during desorption when reversing the potential to +0.3V
(vs. SCE) for another 80 min. The profile also indicates a lower removal percentage of

Na" in a higher initial NaCl concentration during the adsorption process.
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Figure 4.6: Percent remaining for sodium ions as a function of time by the NSA/G
electrode. Experiment conditions: initial [NaCl] = 0.1, 1,10 mM, working
potential = -0.3 V vs. SCE for adsorption, and +0.3 V vs. SCE for
desorption at pHi= 6.5

4.2.3 Adsorption Isotherms

A series of electro-sorption experiments were run at different initial NaCl
concentrations (0.1- 30 mM) in certain adsorption time periods to assess the absolute
amount of Na' removal and establish Na" adsorption isotherms. Fig. 4.7 (a) and Fig. 4.8
(a) show adsorption density of Na' as a function of equilibrium sodium concentration
fitted by two widely used adsorption models, Langmuir and Fruendlich adsorption
isotherms. Results show higher Na" uptake in higher sodium concentration in both short

and long adsorption periods. In addition, Langmuir adsorption isotherm fitted the Na*
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adsorption better in 80 min while Fruendlich adsorption isotherm fitted the adsorption
data in 10 min better as evidenced of larger r* value in Table 4.5.
Considering Langmuir isotherm for monolayer adsorption, the amount of

adsorbate on the electrode surface can be expressed as the following equation [70]:

_ r maxKLCe
Fe=lac, (4-5)

values of Kr and I'max can be determined graphically by linearizing eq. (4-5):

Ce 1 Ce
I‘e I‘maxKL Fmax

(4-6)

where C. = equilibrium Na" concentration (mmol/L) in the solution, I'c = equilibrium
Na" adsorption density (mmol/g) on the electrode surface, I'max = maximum Na®
adsorption density (mmol/g) for saturated monolayer coverage, and Kr = Langmuir
constant (L/mmol) and is an affinity parameter related to the bonding energy to the
surface [71]. By plotting Ce/T"e versus Ce, I'max is equal to the inverse of the slope and
K1 can be determined from the intercept shown in Fig. 4.7 (b).

On the other hand, the empirical Freundlich isotherm considered as a multi-layer
process can be employed to predict the increasing adsorbate on a heterogeneous surface

as the solution concentration increases by the following equation [72]:
e = KpCe!/™ C))
values of Kr and n may be calculated by taking the logarithm of eq. (4-7)

logI" ., = (1/n)logC, + logKg (4-8)

where Ccand I'c have the same definitions as in the Langmuir isotherm, n = adsorption

intensity and 1/n is a function of the strength of adsorption in the adsorption process;
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Kr = Freundlich constant (L™ mmol!"""g) and is an indicator of adsorption capacity
[73]. By plotting log I'c versus log Ce, nis equal to the inverse of the slope and Kr can
be determined from the intercept shown in Fig. 4.8 (b). The situation n>1 is most
common indicating a normal adsorption and a favorable sorption process lies between
1<n<10. Furthermore, 1/n is also a heterogeneity parameter where the smaller 1/n, the
greater the expected heterogeneity [71].

Table 4.5 summarizes the parameters derived from fitting Na" adsorption data
with Langmuir and Freundlich models to explain the adsorption performance of Na“ on
the NSA/G electrode. Different models were predominated in different adsorption time
periods implying that both models may partly represent the adsorption of Na". The large
1% value of 0.99 in Table 4.5 suggests the applicability of the Langmuir isotherm and the
maximum adsorption density (I'max) observed was 0.982 mmol/g for 80 min adsorption.
In the meantime, better fitting of Freundlich model in 10 min adsorption denotes the
heterogeneous adsorption of Na* from aqueous solution by NSA/G electrode [74]. This
may due to the heterogeneity nature of NSA activated carbon [75] and the electrical
charging to create the variety of sites with different adsorption energy from the electro-

sorption process. [6]

Table 4.5: Summary of parameters from Fig. 4.7 and Fig. 4.8 fitted with the
adsorption models

Monolayer Langmuir Freundlich
Time [ max KL r Kr n 2
(min) (mmol/g) (L/mol) (L"" mmol-Mgt)
80 0.98 0.231 0.99 0.107 1.425 0.96
10 0.23 0.138 0.91 0.0254 1.647 0.97
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Figure 4.7: (a) Adsorption density of Na' as a function of equilibrium sodium
concentration and (b) linear fit of the experimental data in (a) by using
Langmuir isotherm model. Experimental conditions: initial [NaCl] = 0.1-
30 mM, working potential = -0.3 V vs. SCE for 10 min and 80 min
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Figure 4.8: (a) Adsorption density of Na' as a function of equilibrium sodium
concentration and (b) linear fit of the experimental data in (a) by using
Frendlich isotherm model. Experimental conditions: initial [NaCl] = 0.1-
30 mM, working potential = -0.3 V vs. SCE for 10 min and 80 min
respectively by the NSA/G electrode at pHi= 6.5
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4.2.4 Adsorption Kinetics

Since the pseudo-first-order rate equation has been generally applied to describe
the adsorption of pollutants from wastewater and the electro-sorption of ions in CDI
processes [76][55], the kinetics of Na* electro-sorption on the NSA/G electrode was
analyzed using pseudo-first-order model presented by Lagergren shown in the following
equations [76]:

St = k(D= ) (4-9)

where I'e and 't (mmol/g) are the adsorption densities at equilibrium and time t (min),
respectively, ki (min™') is the pseudo-first-order rate constant. By integrating eq. (4-9)

with the boundary conditions including I" =0, at t=0 and I"{=1" at t=¢ [6], yields

In (Fer_eF t) =k, t (4-10)

or can be rearranged to:

K
log(I'e = T'p) =logl'e — (4-11)
The adsorption density was calculated by the following equation:
Co—CoXV
I, = % (4-12)

where Co and C; denote the initial concentration and the concentration (mmol/L) of Na*
at time t, respectively, V is reaction volume (L), and m is mass of AC on the NSA/G
electrode. Finally, the adsorption density profile as a function of time could be written
as eq. (4-13) for adsorption kinetics [6]:

;=T ,.(1—e Fraat) (4-13)

For desorption:

I'y="T ede T (F e r e,de)e_kl'det (4-14)
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where T and T, ¢c (mmol/g) are the adsorption densities of Na' at equilibrium of
adsorption and equilibrium of desorption, respectively, ki, ag and ki, ¢c are the adsorption
and desorption rate constants, respectively. By plotting “log (I'e - I't) versus t” for
different concentrations of NaCl, the rate constants determined from the slope along
with the corresponding r* values are presented in Table 4.6. The adsorption kinetics
profiles in different NaCl concentrations fitted with eq. (4-13) and eq. (4-14) are also
shown in Fig. 4.9.

The results shown in Fig. 4.9 and Table 4.6 indicate that the adsorption rate
decreased when the solution concentration increased. However, Chen et al. [ 77] reported
the opposite result. The discrepancy may be due to the lower values of correlation
coefficient (1) at 0.1 mM and 10 mM during adsorption, resulting in error when
estimating the rate constants. On the contrary, the desorption rate with higher r* values
increased when the solution concentration increased. This corresponds to that generally
increase of solution concentration results in an increase of the driving force, which will
increase the diffusion rate of Na" [78]. To conclude, the electro-sorption of Na' onto
NSA/G electrode at 1 mM with the highest r? values in both adsorption and desorption
processes may follow the pseudo-first-order rate model. The 1mM concentration of

NaCl was then chosen to be the experiment condition for later studies.

Table 4.6: Summary of parameters from Fig. 4.9 fitted with pseudo-first-order model

Adsorption Desorption
NaCl (mM)  kiag(min) T kige (min) T
0.1 0.0574 0.891 0.044 0.964
1 0.0548 0.933 0.050 0.999
10 0.0281 0.909 0.605 0.982
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Figure 4.9: Adsorption density of Na* as a function of time by the NSA/G electrode.
Data fitted by pseudo-first-order rate model. Experiment conditions: initial
[NaCl]=0.1, 1, 10 mM, working potential =-0.3 V vs. SCE for adsorption,
and +0.3 V vs. SCE for desorption at pH; = 6.5
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4.2.5 Direct Measurement-Effect of Applied Potential and Solution pH

Fig. 4.10 shows the adsorption density for sodium and chloride ions as a function
of applied potential by NSA/Graphite electrode in different solution pH. The applied
potential was referenced both to a SCE and the potential of zero charge, Ep,c = 0.3 V. It
is seen that sodium adsorption is a lot more evident than chloride adsorption especially
in negative potentials for all three pH conditions which are also shown in Fig. 4.11. The
lines in Fig. 4.11 are for the guidance of data points above the E,.. The chloride
adsorption did not increase even in more positive potentials which may due to the
negatively-charged surface of the NSA/G electrode. Therefore, we will focus on
discussing only the adsorption of sodium ions in the following sections.

Fig. 4.12 (a) shows the effect of initial pH on the electro-sorption of sodium ions
by NSA/G electrode as a function of applied potential. Results show that applied
potential and pH play important roles in Na" adsorption. As all data points were derived
in 1mM NaCl solution for 80-min adsorption, it is not surprising that adsorption of Na"
increased with increasing applied potential to more negative for all three pH values. And
sodium adsorption density shows nearly zero or negative under positive potentials. The
other significant parameter that affects the adsorption of Na" is the initial solution pH.
The pHp.c of NSA activated carbon measured from zeta potential is around pH 3. And
it shows that sodium removal decreases when the initial pH was lower and close to the
pHpzc of NSA at a certain applied potential.

To consider the two main factors that influence the adsorption of sodium ions,
the total adsorption density of sodium, I". is separated into two parts and expressed as
the sum of sodium adsorption density derived from the potential effect (polarizable

interface), I" g, and sodium adsorption density derived from the pH effect (reversible

interface), I" oy, which can be written,
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Te:TE+ TpH (4-15)

Then the values of total sodium adsorption density (mmol/g) were transferred into total
sodium charge density (C/g), oy,+, on the electrode surface shown in Fig. 4.12 (b) to
be furthered analyzed for the contribution of pH effect and potential effect on the total

amount of sodium adsorption.
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Figure 4.10: Adsorption density of sodium and chloride ions by the NSA/G electrode
as a function of E-E,.c. Experiment conditions: initial [NaCl] = 1 mM at
different pH values for 80 min adsorption. Ey,c = 0.3V (vs. SCE).
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SCE). The lines are only guide to the eye.
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Figure 4.12: Adsorption density of sodium ions by the NSA/G electrode in the units of
(a) mmol/g and (b) C/g as a function of E-Ey,.. Experiment conditions:
initial [NaCl] = 1 mM at different pH values for 80 min adsorption. Epzc =
0.3V (vs. SCE). The lines in (a) are only guide to the eye.
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Theoretical estimation of sodium charge density

According to the Gouy-Chapman theory stated in section 2.2 and section 2.4,
the relation between surface potential and charge density can be used to predict the
sodium charge density on the electrode from the following equations [39]:

ze¥,
)

oM = —g5 = (8ka5501)1/2 Sinh(zka

(4-16)

For dilute aqueous solutions (¢=78.49) at 25°C, the constants can be evaluated to give
oM = —¢% = 0.117/1 sinh(19.5z%¥,) (4-17)

By substituting for ¥, by the applied potential referenced to the potential of zero charge,
Epz (=0.3V vs. SCE), sodium charge density in the solution phase (¢, C/m?) can be
predicted. The charge density on the electrode side contributed from potential effect can

then be written as a function of applied potential:
o = 0.117+/1 sinh(19.5z¥§) (4-18)

where o (C/m?) is the surface charge and WE (V) is the potential at electrode surface
both resulting from the external applied potential.

On the other hand, zeta potential of the NSA/G surface measured in the previous
section was considered here to estimate the surface potential on the electrode side for
the sake of predicting the sodium charge density derived from pH effect. According to
the Gouy-Chapman theory, surface potential at different solution pH can be obtained by

the following equations [39]:

2,2y1/2
— Rt = (2” : ) (4-19)

egokpT

w
tanh =—= /tanh
4kpT

Zelzuo
4kpT
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or

v, Wy,
In tanh (Ze—x) = In tanh (Ze ") —KX
4k T 4k T

In tanh(9.72¥,) = Intanh(9.72%¥,) — k x at 25°C (4-20)

when the potential at distance x, ¥,, is substituted by the zeta potential, &, and assume

x = k™1, eq. (4-20) can be reformulated into

Intanh(9.72¢) = Intanh(9.72¥,) — 1 (4-21)
tanh(9.72¥,) = el*Intanh(9.72¢) (4-22)
_ 1 —1,,1+Intanh(9.72¢) ~
Y, = 573 tanh™" (e ) (4-23)

By applying eq. (4-23), surface potential of the electrode can be determined and
was shown in Fig. 4.13 (a). Because there is no surface potential data for ionic strength
of 102 M, extrapolation was used in order to evaluate the surface potential in 10> M
under different pH values. Surface potential as a function of the square root of the ionic
strength (10", 5x102, 102 M NaCl) was shown in Fig. 4.13 (b) for extrapolation. Lastly,
the charge density on the electrode side contributed from pH effect can be determined

from the surface potential by using eq. (4-24) [39]:
oy = 0.117V1sinh(19.52¢7") (4-24)

where g,y (C/m?) is the surface charge and lIJOIDH (V) is the surface potential both
resulting from the potential determining species (H" and OH") in the solution.
Based on eq. (4-15), total sodium adsorption density is the sum of sodium

adsorption density derived from potential effect and pH effect. Hence, total charge
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density, o7 (C/m?), on the electrode surface can also be expressed as the sum of surface

charge contributed from potential effect and pH effect by combining eq. (4-18) and eq.

(4-24):

or = 0 + oy = 0.117VTsinh(19.52%F) + 0.117V1 sinh(19.5z%F") (4-25)
Onat = —(0p + 0py)

= —0.1171 sinh(19.5z%¢) — 0.117VT sinh(19.52¢") (4-26)

As long as adding a negative sign to the total charge density on the electrode side, total
sodium charge density (C/g) on the solution side, g4+, can be estimated. The calculated
OpH» O, and oy at different pH and potentials are shown in Table 4.7.

Fig. 4.14 shows the comparison of calculated charge density obtained from pH
effect and potential effect at E-Ep.c=-0.3 V. It can be seen that the major amount of
surface charge is contributed from the external applied potential for all three pH values.
However, the percentage of surface charge and also the actual amount of charge in C/m?
unit on the electrode derived from pH effect increased as increasing solution pH. This
is reasonable since the surface of the NSA/G electrode becomes more negative when
being away from the pHz in a higher solution pH. The result corresponds with Fig.
4.12 (b) revealing larger adsorbed sodium charge density (opposite signed to the total
charge density on the surface) in higher pH values at the same potential.

Fig. 4.15 compares the adsorbed sodium charge density by the NSA/G electrode
between the calculation numbers by eq. (4-26) and the values from direct adsorption at
the same experimental conditions. It shows that the calculated sodium charge density is

much higher than the experimental data in the potential range from -1.0 to 0 V in every
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pH. The difference between the maximum sodium charge predicted from theoretical
calculation and the realistic values may due to the surface area (1732.63 m?/g) of NSA
AC on the electrode not fully utilized for electro-sorption. The EDL built on the
electrode-solution interface is considered as a capacitor and was charging when
applying a potential. It may not be absolutely charged through the whole surface area
within 80 min thus only adsorbed few sodium ions. Besides, the total sodium charge
density predicted from eq. (4-26) has the highest value under pH 3 which is reversed to
that from direct electro-sorption. This is caused by the higher ionic strength of pH 3

resulting in more surface charge calculated from the applied potential.

58



20 -I rrr|rrrr|rrrrrrrr [ rr 111t |_
L om (@) ]

0 —%
: o i
20 [ 5o A .
i o e) i
— B A .
T 40 [ - 0 A o A
;; : o A o i
wr o~ ]
80 - 0O o0.01m O -]
C O 0.05M O :
100 A& 0.1m I
oo by s by by oy by by

0 2 4 6 8 10 12
pH
0
rrrr|rrrr|rrrr|rrr [T T1
[ (b) -
N - O o ]
=30 —
- o) -
— . O AN
> i i
E w0 | A ]
o - -
S B ]
: O i
-90 - O pH3
| A O pH6.5 |
R A pH10 -
-120 -I PN NN T [N T T T [N T T [N T WO T N T T W W |-
0.05 0.10 0.15 0.20 0.25 0.30 0.35
\II (M1/2)

Figure 4.13: (a) Surface potential as a function of pH at [I] = 10!, 5x102, 10> M NaCl
and (b) surface potential as a function of ionic strength at pH 6.5 and pH
10 of the NSA AC.
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Table 4.7:  Calculated charge density contributed from pH effect and potential effect
respectively and the total charge density in 1 mM NaCl on the NSA/G
electrode by using eq. (4-25).

E-Epe (V) = QU(’)’" -1.0 -0.8 -0.6 -0.3 0
pH3 OpH (C/mz) -1.53x1073 -1.53x1073 -1.53x1073 -1.53x1073 -1.53x1073
OpH 1.98x107 9.79x10° 4.83x10* 0.17 100.00
L% (%)
oT
Og (C/mZ) -7.70x10° -1.56x10* -3.15x10? -9.08x10! 0.00
O 100.00 100.00 100.00 99.83 0.00
— (%)
oT
o (C/md) 7.70x105  -1.56x10*  -3.15x10>  -9.10x10"  -1.53x10°
pH6.5 OpH (C/mz) -1.22x10%  -1.22x1072 -1.22 x102 -1.22 x102 -1.22 x102
OpH 2.24x10° 1.11x10* 5.46 x1073 1.86 100.00
L% (%)
oT
oy (C/md) -5.44x10°  -110x10°  -223x10°  -6.42x10" 0.00
Og 100.00 100.00 100.00 98.14 0.00
— (%)
or
or (C/mZ) -5.44 x10° -1.10 x10* -2.23 x10? -6.55x10! -1.22 x102
PH10 g,y (C/md) 2.15x102  -2.15x102  2.15x102  -2.15x102  -2.15x10?
OpH 3.76x10° 1.86x10% 9.17 x1073 3.09 100.00
L= (%)
or
Og (C/mZ) -5.71 x10° -1.16 x10* -2.34 x10? -6.74x10! 0.00
O 100.00 100.00 100.00 96.91 0.00
— (%)
oT
o (C/md) S71x10°5 -1.16x10*  -2.34x102  -6.95x10"  -2.15x107

60



108

Op /o1
104 |- -O'E/O'T 7
99.8

100 —

28.1 96.9
96 - —
X 92 |- -
- = e

L
© 4L —
3.09
1.86
0.16
0
pH 3 pH 6.5 pH 10
pH;
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Figure 4.15: Total sodium charge density obtained from (a) calculation by eq. (4-26)
and (b) direct adsorption. Experiment conditions: initial [NaCl] = 1 mM
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PH variation during electro-sorption process

Fig. 4.16 (a) shows the pH variation between initial and final solution pH in
different applied potentials. Results show that only at E-Ep,c =0, solution pH barely
changed after the electro-sorption process. Solution pH decreased and finally stopped
at about pH 3 when applying more negative potentials while it increased and approached
around pH 10 as applying more positive potential after the electro-sorption in NaCl
solution. Reasons that possibly caused the change in solution pH may come from
faradaic and/or non-faradaic reactions.

Some common faradaic reactions that may occur on the surface of NSA/G
electrode during electro-sorption are summarized in Table 4.8. The standard redox
potentials at different pH conditions in Table 4.8 are calculated by the following Nernst
equation:

2.303RT
NneF

Ey =E; — logQ, (4-27)

which can be written in terms of solution pH:

R |t0g ([[’ifj]]nn) + nypH| (4-28)

where Ep; (V) is the standard reduction (or redox) potential measured against the NHE
at pH 0, Q: is the reaction quotient, ne is the number of electrons transferred, F is the
Faraday constant (96485 C mol™), R is the gas constant (8.314 J K! mol™), T (K) is the
temperature.

Among the redox reactions listed in Table 4.8, reactions that will produce
protons are water oxidation (4-a) and hydrogen oxidation (4-c). However, the NaCl

solution in pH range from 3 to 10 contains no hydrogen gas for hydrogen oxidation. The
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only possible reaction left is water oxidation which requires 1.052 V ~0.639V (vs. NHE)
in solution of pH 3 ~ pH 10 according to Table 4.8. The negative applied potentials (-
0.3 V~-1.0 Vvs. SCE or -0.056V ~ -0.76 V vs. NHE) were not high enough to drive
the water oxidation reaction though it may happen on the anode (as counter electrode)
of an unknown potential in the three electrode system. On the other hand, reactions that
will produce hydroxide ions are oxygen reduction (4-b) and water reduction (4-d). But
the positive applied potentials (0.2V ~ 0.4V vs. SCE or 0.44V ~ 0.64V vs. NHE) are
too high to stimulate both oxygen and water reduction potentials in all three pH
conditions. Although for the same reason, those reactions may happen in the cathode
(as counter electrode) containing an unknown potential. In order to determine what
reactions affected solution pH in the electro-sorption process, further electrochemical
investigation of NSA/G electrode will be done in the next section.

Other than faradaic reactions, asymmetry of anion and cation removal and
different adsorption rates of H and OH ions may also cause the pH fluctuation during
the electro-sorption process. Based on higher removal of sodium ion on the cathode than
chloride ion on the anode during electro-sorption shown previously in Fig.4.11, a charge
imbalance in the solution would be created, resulting in the compensation for positive
charges. The system thus tended to produce more protons to offset the charge inequality
through water electrolysis [79]. In addition, selective adsorption of H and OH™ may be
another reason causing pH evolution because of higher mobility of H" than OH" to the
electrode surface [79].These capacitive phenomena without electron-transfer resulting
in the imbalance of electro-neutrality can be compensated by faradaic reactions even
below the needed redox potentials because CDI is not operating in steady-state [15]. Fig.

4.16 (b) shows an approximate linear relationship and positive correlation between pH
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variation and sodium charge density. It again demonstrates that higher sodium
adsorption contributes to larger pH difference in all applied potentials which agrees with

the inference relating to the non-faradic H" production for charge balance

Table 4.8: Standard redox potentials in aqueous solutions at 25°C in V vs. NHE

Ep (pPHO) Ep(pH3) Ep(pH6.5)  Ep (pH10)

V) V) V) V)
0, + 4H* + 4e” = 2H,0 (4-a) 123 1.05 0.85 0.64
0, +2H,0 + 4e” =40H~  (4-b) 040 0.22 0.018 -0.19
2H* +2e” =H, (4-¢) 0 -0.177 -0.384 -0.590
2H,0 + 2e” = Hy + 20H™ (4-d) 083 -1.01 -1.21 -1.42
Na* 4+ e~ = Na (4-e) 271 2.71 -2.71 2.71
Cl, +2e” = 2CI- (4-f) 136 1.36 1.36 1.36
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4.3 Electrochemical Analysis of the NSA /G Electrode

4.3.1 Cyclic Voltammetry

Fig. 4.17 (a) and (b) depict cyclic voltammetry curves for the NSA/G electrode
at different scan rates in both low (1 mM) and high (100 mM) electrolyte concentrations
within the scan range of -0.9 V and 0.9 V (vs. SCE). The scan range was chosen to
include the potential range applied in the electro-sorption experiment in previous section.
A remarkable difference between low and high concentrations is that the CV curve in
high concentration indicates a quasi-rectangular shape while it is barely seen a
rectangular shape in the low concentration. The CV curves tested at scan rates from 2
to 30 mV/s in the high concentration all show capacitive current in the middle region
with some Faradaic reactions only observed on both end of the curves.

According to the faradaic reactions listed in Table 4.8, the oxidation peak shown
around +0.6 V (or +0.84 V vs. NHE) in 100 mM NaCl solution in Fig. 4.17 (b) should
be water oxidation (Ey; = 0.846 V vs. NHE at pH 6.5). And the reduction peak shown
around -0.1 V (or +0.14 V vs. NHE) should be water reduction reaction (Ej=-1.212 V
vs. NHE at pH 6.5). Though +0.14 V is higher than the standard water reduction
potential, the reaction may still occur due to different nature of Pt electrode in the
standard condition and the NSA/G electrode used in this study. Besides, the much higher
concentration of H>O than the other species in the solution will also trigger the water
reduction reaction.

On the other hand, in the low concentration of 1mM NaCl solution, only one
peak appearing in negative scan direction at around -0.3 V can be observed at a very
low scan rate in Fig. 4.17 (a). Electrolyte starvation (or depletion) may explain why no

rectangular shape shown in the CV curve. Due to the solution of low concentration
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containing insufficient amount of ions that can be adsorbed onto the electrode surface,
a current decay from -8 mA to -5 mA arises before the maximum applied voltage is
reached in the negative scan of CV [80]. This explanation can be verified by comparing
the experimental stored charge from CV to the total available charge (Na") in the
electrolyte. The charge which was stored over the negative scan (+0.9V to -0.9V vs.
SCE) of CV run, was found to be 6.55 (C g!) from the integration of experimental
current-time profile. Meanwhile, the total available charge from the solution of 1mM
NaCl is calculated to be 30.15 (C g!) according to the amount of solution and the
electrode mass.

The total available charge calculated from 1mM NacCl solution is more than the
charge stored over the negative scan of CV, thus electrolyte depletion cannot explain
the peak showing in Fig. 4.17 (a). However, lower diffusion rate of Na* ions from the
bulk solution caused by the grow of diffusion layer may be the reason. The diffusion
layer containing Na" ions that are electro-adsorbed to the electrode surface continues to
grow upon scanning to more negative potentials. This slows down the diffusion rate of
Na" ions from the bulk solution to the electrode, resulting in a decrease in the current.
The phenomenon is more evident in slower scan rate with longer time for the diffusion

layer to grow [81].
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Figure 4.17: CV curve of the NSA/G eclectrode at different scan rates. Experimental
conditions: (a) [NaCl] = 1 mM and (b) 100 mM; effective mass of AC =
0.8 g; pHi= 6.5
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4.3.2 Comparison of Capacitance and Electro-sorption Capacity

The non-faradaic current response from CV scanning in anodic and cathodic
direction, brought by the charging of chloride and sodium ions respectively, could
represent the capacitance of the electrode. According to eq. (3-5) and eq. (3-6), the
anodic (Ca) and cathodic (C¢) instantaneous capacitances can be obtained by separately
dividing the anodic (I.) and cathodic (L) current extracted from CV curves by the scan
rate. In order to find out some relation between this instantaneous capacitance derived
from CV measurements and the actual electro-sorption capacity from direct adsorption
experiments in different NaCl concentrations, instantaneous capacitance as a function
of applied potential was plotted in Fig. 4.18 and 4.20 (b) and the data are summarized
into Table 4.9 and for caparison.
Low NaCl concentration

For predicting ion adsorption density in the batch electro-sorption experiment in
1mM NacCl solution, CV was conducted in the same concentration which is much lower
than it generally made for specific capacitance measurements. Fig. 4.18 shows the value
of C, and -C. as a function of applied potential at different scan rates in 1mM NaCl
solution. The instantaneous capacitance increases as decreasing the scan rates which can
be attributed to the more effective diffusion of the electrolyte ions into micropores at
the low scan rate. The cathodic instantaneous capacitance (-Cc) with a negative sign
indicating the capacitive charging of sodium ions at 2mV/s was thus chosen to compare
with sodium adsorption density from direct electro-sorption. The values of -C. at given
potential were listed in Table 4.9 for comparison.

Next, the values of instantaneous capacitance were converted into capacitive
charge density in order to compare with the sodium adsorption density obtained from

electro-sorption experiments. The converted capacitive charge density was calculated
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from multiplying instantaneous capacitance by the applied potential as shown in the

following equation [82],

c=CV (4-29)

where o (C/g) is the capacitive charge density accumulated on the single NSA/G
electrode; C (F/g) is the instantaneous capacitance of the electrode measured using CV
tests; V (Volt) is the applied potential to the three electrode system. Table 4.9 compares
the calculated capacitive charge density from CV curves and direct sodium adsorption
density from electro-sorption in 1mM NaCl solution at pH 6.5. As can be seen, the
values of capacitive charge density are much smaller than the direct sodium adsorption
density especially at negative applied potentials.

Based on electrocapillary theory, another method to calculate capacitive charge
density is to integrate the instantaneous capacitance derived from CV curves by using
eq. (2-11). Fig. 4.19 (a) shows the integral of instantaneous capacitance, that is the
charge density on the surface of NSA/G electrode as a function of potential (red line).
Assuming that charge density obtained from capacitance is utilized to adsorb electrolyte
ions from the solution and Ep. is the potential at the intersection of —C. curve and Ca
curve, a negative sign was added to the red line on the left of E;c resulting in the blue
line in Fig. 4.19 (a). Therefore, the blue line indicates capacitive charge density of Na*
adsorbed on the NSA/G electrode and can compare with the sodium adsorption density
shown in Fig. 4.19 (¢).

Similarly, the highest value of capacitive charge density derived from CV is
about 3 C/g which is much lower than 15 C/g obtained from the direct adsorption at the
potential of -0.7 V (vs. SCE). The calculated charge density from CV in ImM NaCl is

too less to represent the direct electro-sorption of sodium ions in the same solution.
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Figure 4.18: Instantaneous capacitance of the NSA/G electrode at different scan rates.
Experimental conditions: [NaCl] = 1 mM; effective mass of AC = 0.8g;
pHi=6.5

Table 4.9: Comparison of capacitive charge of Na" derived from CV at 2mV/s and
Na" charge stored from 80 min direct sorption in ImM [NaCl]; pHi= 6.5

B CV measurement Direct sorption
(V VS. SCE) -Cc (F/g) O Na+ (C/g) O Na+ (C/g)
0.21 (Epz) 1.18 -0.25 0.43
0.00 3.20 0.00 3.88
-0.30 4.73 1.42 7.49
-0.50 3.43 1.72 11.07
-0.70 2.98 2.09 15.23
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Figure 4.19: (a) Charge density calculated by eq. (2-11) and (b) instantaneous
capacitance derived from CV at 2 mV/s; sodium adsorption density in the
unit of (¢) C/g and (d) mmol/g obtained from direct electro-sorption for 80
min by using the NSA/G electrode. Experimental conditions: [NaCl] = 1
mM; effective mass of AC = 0.8g; pHi = 6.5
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High NaCl concentration

Since the value of capacitive charge density derived from CV is only about a
quarter of that obtained from the direct adsorption CV measurements in low NaCl
concentration (1mM), it cannot estimate the sodium adsorption in the electro-sorption
process very well. Here we run CV in higher NaCl concentrations which are similar to
general CV operations. In order to realize the relation between instantaneous
capacitance and electrolyte concentration in CV measurements, the CV scanned in
different concentrations at 2mV/s under pH 6.5 was performed in Fig. 4.20 (a). The
instantaneous capacitance calculated from the CV curve in different concentrations is
shown in Fig. 4.20 (b). Dash lines in Fig. 4.20 stand for instantaneous capacitances
below Epzc which are not taken into account here.

According to electrocapillary theory, instantaneous capacitance can be
integrated into charge density on the surface of electrode by applying eq. (2-11). Thus
the surface charge density on NSA/G electrode in different NaCl concentrations is
converted from Fig. 4.20 (b) into Fig. 4.21 (a). We assume that charge density integrated
from -C; are all utilized to adsorb and remove sodium ions in the solution. As such, the
cathodic charge density in Fig. 4.21 (a) can reflect the amount of adsorbed sodium
charge density on the electrode. This part of cathodic charge density was thus added a
negative sign and flipped along x-axis to compare with the direct sodium adsorption
density in ImM NaCl solution (blue solid dots) which is shown in Fig. 4.21 (b).

Although the data points for direct sodium adsorption in 1mM NaCl do not
overlap with any curve derived from CV in different concentrations completely, they
have the same trend and are within same order of magnitude especially with the

concentration of 10 mM. In addition, the discrepancy between the estimated sodium
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charge density form CV and those from direct sorption should be due to different
adsorption time periods applied in each measurement. The hollow dots represent the
sodium charge density adsorbed for 2 to 40 min in the same experimental set up as the
solid dot at -0.3 V. The hollow dot of 2 min overlaps with ImM curve derived from CV
well which implies the adsorption of sodium ions happened in a very short time period
in CV at -0.3 V with less amount of sodium ions be adsorbed. As increasing the
adsorption time in direct electro-sorption, the hollow dots move up showing larger
sodium charge density. Therefore, the amount of sodium charge density depends on the
adsorption time applied. The time parameter needs to be considered when predicting

sodium adsorption through any method.
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Figure 4.20: (a) CV and (b) instantaneous capacitance of the NSA/G electrode in
different NaCl concentrations. Experimental conditions: scan rate =2mV/s;
effective mass of AC =0.8 g; pHi= 6.5
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Experimental conditions: scan rate = 2mV/s; effective mass of AC=0.8 g;
pHi= 6.5. Blue dots in (b) show adsorbed sodium charge density from 80
min electro-sorption in ImM NaCl by NSA/G
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Capacitance calculated by different methods mentioned in section 3.2.3 in
different NaCl concentrations are shown in Fig. 4.22 (a). Data of the point method at
Ep.c and -0.3 V are obtained from values of instantaneous capacitance at -0.3 V and E,,c
under different concentrations in Fig. 4.20 (b). Data from the area method is the average
capacitance calculated from the area between CV curves within -0.7 V to +0.7 V (vs.

SCE) in different concentrations by the following equation:

_ $rav
T 2mvAv

(4-30)

Results of Fig. 4.22 (a) show the values of cathodic capacitance derived from
three different ways are similar and have the same trend. The capacitance calculated
from CV area is less than the instantaneous capacitance transformed directly from the
current in CV by the other two methods. Furthermore, the values of instantaneous
capacitance at -0.3 V from CV calculated by point method was compared to the sodium
charge density obtained from direct electro-sorption for 80 min and 10 min showing in
Fig 4.22 (b). As can be seen, sodium charge density collected from direct electro-
sorption for 80 min is a lot greater than the instantaneous capacitance calculated from
CV. However, sodium charge density for 10 min electro-sorption fitted by Freundlich
isotherm model is much closer to the instantaneous capacitance data derived from CV.
Since there is a multiple around 0.3 between the unit of —C. (F/g) and that of ¢ na+ (C/g)
according to eq. (4-29), 6 na+ converted from the instantaneous capacitance of CV under
-0.3 V is actually about 0.3 times of that obtained from the 10 min electro-sorption. This
difference should mainly result from the different time periods applied in CV

measurements and direct adsorption experiments.
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For CV measurements, the cathodic capacitive current responding at -0.3 V
happened immediately within only seconds. Plus, the adsorption of sodium ions as a
function of time has maximum slope at the beginning of electro-sorption experiment
which can be seen in Fig. 4.9. This illustrates that the adsorption rate is the fastest when
first start and becomes slower over time. Thus the instantaneous capacitance and charge
density calculated from CV are representing sodium adsorption at the very beginning
time of the electro-sorption with the fastest adsorption rate.

However, for direct adsorption experiments, the result of sodium adsorption
density is the total adsorbed sodium ions in NaCl solution over 80 (or 10) minutes. The
number of sodium adsorption density should depend on how long the electro-sorption
was conducted. This is true because sodium adsorption density from electro-sorption
for 80 min is larger than that for 10 min and both of which are much larger than the
sodium charge density measured in CV for only seconds.

To conclude, CV measures charge density at a certain voltage in a short time
period while electro-sorption shows total adsorbed charge density under a fix applied
voltage in a long time period. Time period should be taken into account when applying
CV method to predict ion adsorption density from electro-sorption process. In spite of
the discrepancy between CV method and the electro-sorption process, the trend of
instantaneous capacitance derived from CV can still be fitted with Freundlich isotherm
model very well. In addition, there is a ratio around 0.3:1 between sodium charge
density calculated from CV and that from 10 min electro-sorption process in different
concentrations which could be further used to predict sodium adsorption density of

electro-sorption processes within same time period for other concentrations.
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Chapter 5

MAJOR FINDINGS AND FUTURE RESEARCH

5.1 Major Findings

Two kinds of commercial activated carbon were supported on graphite sheet to
prepare electrodes for electro-sorption of sodium chloride in dilute aqueous solutions.
Surface characterization showed high BET surface area of 1732.63 m*/g and 802.36
m?/g for NSA AC and F400 AC, respectively. The ratio of AC: PVDF (4:1) for electrode
preparation can be confirmed in the SEM-EDX spectra. Results of X-ray analysis
showed the chemical states of C and O on the surface and that both ACs are less-
crystalline porous solids. Zeta potential measurements indicated the pHp,. of NSA AC
and F400 AC are around 3 and 6, respectively.

This study investigated the capacitive properties during electro-sorption of
sodium chloride by the NSA/G electrode and left that part of F400/G electrode for future
work. Results revealed conductivity measurements for determining NaCl removal is not
accurate since the assumption of symmetric adsorption of anions and cations is not
always true and that conductivity values will be affected by other ions like H" and OH"
in the solution. Thus, individual concentrations of sodium and chloride ions had been
analyzed by IC to evaluate the actual NaCl removal. Based on the results of much higher
adsorption on sodium ions than chlorides ions by the NSA/G electrode in NaCl solutions,
further analysis on sodium electro-sorption under different electrolyte conditions were
done. Results showed Langmuir and Freundlich models are best applicable to the

adsorption isotherms of Na* by the NSA/G electrode for 80 min and 10 min adsorption,
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respectively. Also, the electro-sorption and desorption of Na' onto the NSA/G electrode
follow the pseudo-first-order rate model very well in 1mM NacCl.

Sodium adsorption densities by the NSA/G electrode were analyzed in terms of
electrical double layer whose charging mechanisms were composed of polarizable and
reversible interfaces. Therefore, the electro-sorption data were examined through two
important factors, applied potential and solution pH which have showed obvious
influence on sodium removal. Along with the aid of Gouy-Chapman theory, the
adsorbed sodium charge densities contributed from both potential effect and pH effect
can be estimated. And the difference between the theoretically predicted sodium charge
density and the actual values may possible due to NSA/G electrode as a capacitor was
not absolutely charged.

Cyclic voltammetry showed the electrochemical characteristics of NSA/G
electrode performing in the same conditions as in the electro-sorption process. Owing
to different time periods applied between CV measurements and electro-sorption
processes on sodium adsorption, a higher electrolyte concentration (e.g. 10 mM) in CV
is essential to estimate the adsorbed sodium charge density from 80 min electro-sorption
in lower NaCl concentration (e.g. ImM). However, a ratio around 0.3:1 of the sodium
charge density obtained from CV to that measured from 10 min electro-sorption at the
same applied potential is successfully derived. Overall, results demonstrated that
potential and pH effects both play important roles on ion electro-sorption and CV

method is a feasible way in estimating Na" adsorption density by NSA/G electrode.
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5.2 Future Research Needs

Results of the present study demonstrated the design of NSA/G electrode with
negatively-charged surface to electrochemically adsorbed sodium and chloride ions
under different pH conditions. It was found that NSA/G electrode asymmetrically
adsorbed anions and cations and that direct measurement of ion removal was more
accurate than indirect conductivity measurement when assessing CDI removal of NaCl
from aqueous solutions. Thus, we suggest to determine NaCl removal by analyzing the
concentrations of individual species in solution by IC or other ion analytical instruments
in future CDI studies.

Besides, results showed externally applied potential and pH were both important
factors on sodium electro-sorption by NSA/G electrode. Therefore, F400/G electrode
with positively-charged surface should favor adsorption of anions. A series of sodium
and chloride electro-sorption experiments need to be compared by F400/G electrode in
the future. In order to verify the hypothesis that NaCl removal will be greatly enhanced
by incorporating F400 as a high pHp,c AC on the anode and NSA as a low pHp,c AC on
the cathode in a specific pH range, an asymmetric electrochemical cell assembled by
NSA/G and F400/G electrodes can be tested in two-electrode system as to compare the
performance of other CDI cells on the electro-sorption of ions.

Lastly, the instantaneous capacitance of electrodes at a certain potential
estimated by CV measurement is more accurate and practical than the average
capacitance calculated by the area method which has been applied in most literature. By
exploiting point method with an expected capacitance, we can predict the voltage

needed to apply in electro-sorption when designing experiments in the future.
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6

Appendix

SUPPORTING INORMATION
Table A.1: Plotting data for Fig. 4.5
NSA AC F400 AC
0.01M 0.05M 0.1M 0.01M 0.05M 0.1M
pHr C(mV) pHr  C(mV) pHr C(mV) pHr C(mV) pHr  C(mV) pHr C(mV)
9.89 -24.83 10.67 -19.30 11.10 -1590 1.24 7.10 1.23 5.45 1.34  6.22
8.34 -26.07 10.01 -20.80 9.65 -1693  2.15 7.79 2.16  6.83 3.17  -0.02
6.72 -26.13 8.75 -1890 7.07 -12.20  3.18 5.54 3.01 6.17 426 -2.08
4.60 -20.20 6.61 -13.93 5,67 -13.23 459 3.15 440 045 517  -2.17
4.05 -19.07 4.94 -13.10 3.72  -6.29 4.97 241 545  -3.89 583 -5098
3.39 -14.07 4.00 -9.18 279  -541 5.28 -2.10 6.12  -4.83 560 -3.71
2.75 -4.13 3.04 -6.24 205 -2.07 6.00 -11.80  6.50  -9.39 6.84 -14.30
2.14 -0.86 2.59 -3.56 1.77  -0.88 6.64 -13.40 695  -9.89 7.53  -10.70
1.96 4.64 2.05 -1.64 .51  0.25 6.85 -23.50 878  -17.20 945 -15.30
1.78 9.46 1.78 0.45 1.42  0.41 8.65 -26.40  10.66 -22.10 10.65 -16.80
1.57 1.13 10.66 -3480 1190 -25.30 11.85 -19.40
1.45 1.34 11.99 -42.50 7.56  -10.30

1.06 1.61 6.32 -11.70




Table A.2: Plotting data for Fig. 4.6

0.1lmM 1 mM 10 mM
Time C/Coy Time C/Cy Time C/Co
(min) (%) (min) (%) (min) (%)
0.0 100.0 0.0 100.0 5.0 100.0
2.0 84.8 2.0 94.4 10.0 96.7
5.0 82.7 5.0 86.5 20.0 92.3
10.0 83.0 10.0 88.3 40.0 81.1
20.0 73.1 20.0 76.9 60.0 84.5
40.0 583 40.0 74.1 80.0 76.5
80.0 54.4 80.0 66.6 85.0 94.0
85.0 63.2 90.0 76.4 90.0 96.5
90.0 69.6 100.0  82.6 100.0 93.7
100.0 71.7 160.0 91.8 120.0 93.2
120.0 88.7 160.0 94.9
160.0 92.2
Table A.3: Plotting data for Fig. 4.7 (a) and (b)
Fig. 4.7 (a) Fig. 4.7 (b)
80 min 10 min 80 min 10 min
e Ce Ie Ce e CTe Te Ce/Te
(mmol/g) (mM) (mmol/g) (mM) (mmol/g) (g/L) (mmol/g) (g/L)
0.02 0.06 0.01 0.10 0.02 0.06 0.01 15.66
0.04 0.50 0.01 0.53 0.04 0.50 0.01 43.26
0.10 0.61 0.03 0.81 0.10 0.61 0.03 24.23
0.67 6.99 0.09 8.84 0.67 6.99 0.09 95.24
0.77 17.76 0.19 29.48 0.77 17.76 ~ 0.19 152.39
0.85 27.38 0.85 27.38
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Table A.4: Plotting data for Fig. 4.9

Time I't Time I't Time It
(min)  (mmol/g) (min) (mmol/g) (min) (mmol/g)
0 0.000 0 0.000 5 0.000
2 0.005 2 0.016 10 0.093
5 0.006 5 0.039 20 0.219
10 0.006 10 0.033 40 0.541
20 0.010 20 0.066 80 0.672
40 0.015 40 0.074 85 0.171
80 0.016 80 0.096 100 0.181
85 0.016 90 0.068 120 0.194
90 0.013 100 0.050 160 0.145
100 0.011 160 0.024
120 0.010
160 0.004
0.003

Table A.5: Plotting data for Fig. 4.10 and Fig. 4.11

pH3 pH 6.5 pH 10

E-Epre Te(Na") Te(Cl) Te(Na") Tc(Cl) Te(Na") TI.(Cl)
V) (mmol/g) (mmol/g) (mmol/g) (mmol/g) (mmol/g) (mmol/g)
-1 0.055 -0.006 0.158 0.008 0.237 -0.004
-0.8 0.031 0.001 0.115 -0.012 0.206 -0.002
-0.6 0.011 0.002 0.086 -0.004 0.122 -0.022
-0.3 -- 0.000 0.040 0.019 0.054 -0.011

0 0.008 0.009 0.004 -0.006 -0.007 0.002
0.2 0.002 0.003 -0.048 0.013 -0.021 -0.024
0.4 -0.002 0.001 -0.090 0.010 -0.151 -0.015
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Table A.6: Plotting data for Fig. 4.12 (a) and (b)

Fig. 4.12 (a) Fig. 4.12 (b)

pH 3 pH 6.5 pH 10 pH 3 pH6.5 pH 10
E'Epzc I I Ie E‘Epzc ONa+ ONa+ ONa+
(V) (mmol/g) (mmol/g) (mmol/g) (V) (Clg) (Clgy (Clg)
-1 0.055 0.158 0.237 -1 5.345 15.229 22.825
-0.8 0.031 0.115 0.206 -0.8 3.008 11.070 19.900
-0.6 0.011 0.086 0.122 -0.6 1.049 8275 11.816
-0.3 -- 0.040 0.054 -0.3 -- 3.881 5.181
0 0.008 0.004 -0.007 0 0.762 0429 -0.710
0.2 0.002 -0.048 -0.021 0.2 0.167 -4.632 -2.030
0.4 -0.002 -0.090 -0.151 0.4 -0.155 -8.679 -14.526
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Table A.7: Plotting data for Fig. 4.13 (a)

0.01M 0.05M 0.1IM
pHr C Yo ONa+ pHr C Yo ONa+ pH¢ C Yo ONa+
(mV) (mV) (uC/cm?) (mV) (mV) (uC/cm?) (mV) (mV) (uC/cm?)

11.10 -29.07 -99.67 -4.00 10.67 -19.30 -57.06 -1.59 11.10 -15.90 -45.65 -1.18
7.31 -27.60 -91.72 -3.40 10.01 -20.80 -62.47 -1.80 9.65 -16.93 -49.01 -1.30
6.75 -25.17 -80.12 -2.67 8.75 -18.90 -55.66 -1.53 7.07 -12.20 -34.21 -0.84
4.64 -15.60 -44.69 -1.15 6.61 -1393 -3947 -0.99 5.67 -13.23 -37.33 -0.93
4.02 -12.77 -35.92 -0.89 4.94 -13.10 -36.92 -0.92 3.72 -6.29 -17.23  -0.40
3.37 -11.27 -31.45 -0.76 4.00 -9.18 -25.40 -0.60 2.79 -5.41 -14.78 -0.34
2.66 -7.32 -20.11 -0.49 3.04 -6.24 -17.09 -0.40 2.05 -2.07 -5.63 -0.13
2.07 1.51 4.11 0.11 2.59 -3.56 -9.69 -0.22 1.77 -0.88 -2.40 -0.05
1.97 3.35 9.12 0.26 2.05 -1.64 -4.47 -0.10 1.51 0.25 0.69 0.02

1.78 0.45 1.21 0.03 1.42 0.41 1.12 0.03

1.57 1.13 3.06 0.07

1.45 1.34 3.66 0.08

1.06 1.61 4.38 0.10
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Table A.8: Plotting data for Fig. 4.15 (a) and (b)

Fig. 4.15 (a) Fig. 4.15 (b)

E-Epzc pH3 pH 6.5 pH 10 E-Epze  pH3 pH 6.5 pH 10

(V) Estimated Na" surface charge (C/g) (V) Observed Na' surface charge (C/g)
-1 1.33E+09 9.43E+08  9.89E+08 -1 5.35 15.23 22.83

-0.8 2.70E+07 1.91E+07  2.00E+07 -0.8 3.01 11.07 19.90

-0.6 5.47E+05 3.86E+05  4.05E+05 -0.6 1.05 8.27 11.82

-0.3 1.58E+03 1.13E+03  1.20E+03 -0.3 0.80 3.88 5.18

0 2.64E+00 2.11E+01 3.72E+01 0 0.76 0.43 -0.71
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Table A.9: Plotting data for Fig. 4.16 (a) and (b)

Fig. 4.16 (a)

-1.0V -0.8V -0.6V -0.3V ov 0.2V 04V

pHi  pHr  pH; pHr  pHi pHr  pHi pHr  pH; pHr  pHi  pHr pHi  pHr

5.81 3.37 6.36 3.61 3.19 314 6.5 5.5 6.35 6 318 3.19 317 2.7

3.18 3.12 3.15 3.21 10.25 397 1048 9.62 3.16 3.19 634 1028 6.52 10.36

9.97 3.59 10.45 3.35 10.25 3.97 10.75 105 1041 10.53 10.31 11.13

10 35 5.75 3.75

Fig. 4.16 (b)

-1.0V -0.8V -0.6V -0.3V ov 0.2V 04V

ApH  ona+ A pH ONa+ A pH onat+ ApH ona+ ApH oner ApH ona+  ApH  onar
(Clg) (Clg) (Clg) (Clg) (Clg) (Clg) (Clg)

2.44 1523 2.75 11.07 0.05 1.05 1.00 388 0.35 043 -0.01 0.17 047 -0.15

0.06 5.35 -0.06 3.01 6.28 12.40 0.86 5.18  -0.03 076 -394 -463 -384 -8.68

6.38 2539 7.10 1990 6.28 11.82 0.25 -0.71 -0.12 -2.03 -0.82 -14.53

6.50 22.83 2.00 8.27
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Table A.10: Plotting data for Fig. 4.22 (b)

Adsorption for 80 min Adsorption for different time at -0.3V
E (V) ona+ (C/g) E (V) Time (min)  ona+ (C/g)
-0.7 15.23 -0.3 2 1.56
-0.5 11.07 -0.3 5 3.74
-0.3 7.49 -0.3 20 6.40
0 3.88 -0.3 40 7.17
0.3 0.43 -0.3 80 9.25
Table A.11: Plotting data for Fig. 4.23 (a) and (b)

Fig. 4.23 (a) Fig. 4.23 (b)

Point method Area method Point method (-0.3V)  Direct sorption

(-0.3V) Epze 80 min 10 min
[NaCl]; -C. -Ce -Ce [NaCl]; -Cc [NaCl]f ona+ [NaCl]f ona+
(mM)  (Flg) (Flg)  (Flg) (mM)  (F/g) (mM) (C/g) (mM)  (Clg)
1 4.73 1.18 0.45 1 4.73 0.06 1.57 0.10 0.59
5 10.07 4.85 2.22 5 10.07 0.50 3.94 0.53 1.18
10 15.16 9.00 4.89 10 15.16 0.61 9.26 0.81 3.23
20 19.49 14.27 8.35 20 19.49 6.99 64.87 8.84 8.96
30 22.00 18.34 10.59 30 22.00 1776 74.62 29.48 18.67
50 25.52 23.57 13.64 50 25.52 27.38 82.00
100 29.30 29.87 17.08 100 29.30
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