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Abstract

Development of A New Methodology for
Both Qualitative and Quantitative Surface

Characterization of Carbon Nanomaterials

Yern Seung Kim
Department of Materials Science and Engineering
The Graduate School

Seoul National University

This thesis describes a titration methodology based on a universal titration equation for
the surface characterization of carbon nanomaterials and their applications. Carbon
nanomaterials are expected to become a next-generation functional material due to their
extraordinary properties. Functionalization is one of the key procedures leading to viable
applications of carbon nanomaterials as this process generates desired functional groups
on their surfaces. These functional groups adjust the surface properties of carbon
nanomaterials to enhance their dispersibility, adsorption properties, and reactivity levels,
thereby potentially broadening the areas in which they may be used. With regard to these
procedures, the precise elucidation of surface functional groups is significant for the
proper utilization of functionalized carbon nanomaterials. Among the various

characterization techniques which have been developed thus far, the titration method has
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been widely adopted due to its simple operating principles and for the useful information
it provides.

Titration methods of carbonaceous materials are largely categorized into indirect and
direct methods. While direct titration provides information on the population of the
acidic groups in specific pKa ranges expressed in terms of the pKa distribution function,
indirect titration simply provides the concentrations of practical functional groups which
are directly applicable regarding the use of carbon materials. Hence, indirect titration has
been widely adopted for the surface characterization of various carbonaceous materials.
However, for the easy adoption of indirect titration to carbon nanomaterials, complicated
and inaccessible procedures compared to direct titration and sophisticated issues
originating from the specific properties of carbon nanomaterials should be overcome.
Therefore, the development of a titration method with a combination of the
aforementioned advantages, i.e., the convenience of direct titration and the practical
information of indirect titration, is crucial. The aim of the present study is to develop a
titration methodology which utilizes the principles of the direct and indirect titration
methods for the straightforward determination of the surface properties, and applications,
of carbon nanomaterials.

Part I describes the general concept and definition of acidities of functionalized carbon
nanomaterials. This is followed by an introduction to the basics of conventional titration
methods. The contribution of the present study stems from theoretical considerations of
the drawbacks of conventional titration methods and state-of-the-art works.

In Part II, a universal titration equation for the development of a titration methodology
is theoretically derived and its validity is experimentally demonstrated. The derived
equation is adapted to indirect titration conditions in which simple acidic molecules such
as acidic carbon compounds (ACCs) are formed during the functionalization of carbon
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nanotubes, or where atmospheric carbon dioxide (CO) is involved in the standardization
of readily adoptable indirect titration methods. The effects of ACCs and CO; are clearly
elucidated on the basis of a universal titration equation. More importantly, this critical
revisit of indirect titration shows that the conventional CO,-removal process is
completely unnecessary. This makes indirect titration simpler and more accessible, with
high precision in the results as well.

Part III develops a one-pot titration methodology by altering the conventional indirect
and direct titration methods. In this method, the pKa distribution functions of nitric acid-
oxidized carbon nanotubes (CNTs) from direct titration are reconstructed into the
concentrations of practical functional groups obtainable from indirect titration. The one-
pot titration results were fairly comparable to the well-established indirect titration
results, implying that the titration methodology developed in this study is universally
applicable.

Part IV applies the titration methodology for an analysis of the dispersion behaviors of
mixed acid-oxidized CNTs in neutral water. It is shown here that highly carboxylated
ACCs on CNTs are easily ionized in neutral water and that they play a crucial role in the
high-quality stable aqueous dispersion of CNTs. In addition, the mechanism of graphene
oxide cross-linking aided by diamine ion bridges is proposed based on the titration
methodology for the effective fabrication of GO fibers. These investigations and
analyses of practical functional groups clearly show that the developed titration

methodology is applicable for the actual utilization of carbon nanomaterials.

Keywords: carbon nanomaterials, surface functionalization, surface characterization,
surface functional groups, universal titration equation, titration methodology

Student Number: 2010-20584

il

A L) &

]

I

n’



Contents

Part I General Introduction to Acidity of Carbon Nanomaterials

and Titration Methods

Chapter 1 INtroduction ..........eececcveeicisnienscnncnssnneecssssecsssssecsssssecnes 2

1.1 General introduction to carbon nanomaterials and the surface characterization

TNETROAS 1ottt ettt et ettt ae e e e 2
1.1.1 Overview of carbon nanomaterials and their functionalization methods ........ 2
1.1.1.1 Carbon nanomaterials...........c..cccveruierierienieniesie e 2
1.1.1.2 Surface functionalization of carbon nanomaterials.............cccceeveeneenne. 3

1.1.2 Overview of the surface characterization methods of carbon nanomatierlas.... 6
1.1.2.1 Fourier transformed infrared spectroscopy (FT-IR) ........ccccceevveniinnnnnne. 6

1.1.2.2 X-ray photoelectron spectroscopy (XPS)......cccovveveeiivevienienienieeieene, 6

1.1.2.3 Thermogravimetric analysis (TGA) / Temperature programmed
desorption (TPD) ..ccccuiiiiieiiieeie ettt e 7

1.1.2.4 Other characterization methods...........cccevvverviiriieniiiii e, 7

1.2 Basics of titration methods for the surface characterization of carbon materials ... 10
1.2.1 Basic concept of the acidity on carbon materials...........c.cocceeviririenincennnens 10

1.2.2 Indirect titration MEthod ..........oooviiiiiiiiiiiiieeeeeee e 15



1.2.3 Direct titration MEthOM . ........oooiiiiiiiiiieeeee ettt e e e e e e 18

1.3 State-of-the-art works on titration methods for carbon nanomaterials.................... 20

1.3.1 Issues associated with indirect titration methods..........ccccovveiivinieninienenens 20

1.3.1.1 Dissolution of acidic MOIEHIES ......ceevvrerieeriieriieriieriiesie e 20

1.3.1.1.1 Carbon dioXide (CO2) ...eeeuieieriieiieiesiieiese ettt 20

1.3.1.1.2 Acidic carbon compounds (ACCS) .....ccceeveereerieeieenieerieerie e 23

1.3.1.2 PrOCEAUIE. ....ieneieiieiie ettt ettt s s 26

1.3.1.3 Adoption of indirect titration methods ..........c.cceeevirienininiiniee 26

1.3.1.3.1 AdSOIPION PIOPEILY ..eevvveereeereeiiieieeieeieesieesieeereereeseesieesneeseneennes 26

1.3.1.3.2 Reaction CheMUISEIY .....c.eevvieeeiieeriie e eiieeereeeiee e eeeevee s ens 27

1.3.2 Issue on direct titration Methods .........ccceeeeruiririiiiiiee e 29

1.3.2.1 PrOCEAUIE. ..c..ientietieiie ettt ettt s s 29

1.3.2.2 Adoption of direct titration Methods ...........cccceevieriercierciiiiieieieeene 29

1.3.2.2.1 Practical functional groups calculation...........ccccoevvvevierienvennnnnee. 29

1.3.2.2.2 DiSPErSION PrOPEILY ..ecvvvieeerreeereerreeeireesereesreesseeessseesseeessseessseeens 30

1.4 Aim and scope of this T€SEArCh ........ceevierieriiiiieieeeeeee e 32

1.4.1 Development of universal titration equation............cccceeeveeeeiieenieescreeeeireeeeen. 32

1.4.2 Standardization of indirect titration methods...........cceevevverciirciieciieiieieeens 32

1.4.3 Development of one-pot titration methodology...........cccevveviiriieiieniieniiennnens 33

1.5 RETEIEICES ...ttt ettt sttt et e b et 34
v

S e ki



Part I1 Standardization of Indirect Titration Method for Surface

Characterization of Carbon Nanomateirials

Chapter 2 Effects of Carbon Dioxide and Acidic Carbon
Compounds on The Analysis of Indirect Titration

CUTVES cevereererreeneecereesseecsssesessssssssssssssssssssssssssessossassssesees 41

2.1 TNETOAUCTION ...ttt ettt ettt et sb et ebesbeeneenne s 41
2.2 EXPEIIMENTAL....ooiiiiiiiiiiiiiie ettt e e tb e e e e e aae e tbeeenraeennnee e 43
2.2.1 Chemicals and materials ........cccceevieriiiiiiiiieieeee e 43
2.2.2 Potentiometric titration of Model ACCS.......cccuevcivecierierieeieee e 43
2.2.3 Indirect titration of NCNTs with and without the removal of ACCs............... 44
2.3 Results and diSCUSSION .....c.eeueeieriieiieieiteeiieie sttt st s nne e 45
2.3.1 Theoretical derivation of universal titration equation.............cccceeeeveeereveennnen. 45

2.3.2 Adoption of model ACCs (BA, Ph) and CO; to the universal titration equation

....................................................................................................................... 60
24 CONCIUSIONS ..ottt ettt ettt e s s s s s s aaesssannnnn 64
2.5 RETETEIICES ...ttt ettt ettt et st s e e s s s e s e s e s e s s asasssasaasssennnnnns 65

vi

_H {l 1_'_” B

]

I

n’



Chapter 3 A Simple Method for Analysis of Indirect Titration

Results Regardless of The Carbon Dioxide Effect..... 67

3.1 INErOAUCTION ..ttt ettt st e b 67
3.2 EXPEIrIMENTAL ....oooiiiiiiiieiieciccie ettt e st e st e e eab e e seesaeneees 69
3.2.1 Chemicals and materials ...........ccccerieriiiiiieiieie e 69
3.2.2 in-COy-titration of Pre-reaction DasSeS ........cceeccveeeveeerieerieeniiieeneeeereeesveesenens 69
3.2.3 ex-COx-titration of the pre-reaction bases ..........ccevvvercvercierrerrrereerreeseenenens 70
3.2.4 in- and ex-COx-titration Of MCNTS ...cc.civiiiiiiiiiiiieiiesece e 70
3.2.5 Determination of the surface functionality of the MCNTS .......c..cccoevvieriiennne 72
3.3 Results and diSCUSSION .......cevueiuirieriiriieiiniieiieeett ettt 75
3.3.1 CO; effect on the in-CO»-titration behavior of each reaction base................. 75

3.3.2 Comparison of the in-COs-titration behavior with the ex-CO,-titration behavior

3.3.3 Surface functionality of MCNTs as determined by in- and ex-COs-titration.. 88

3.4 CONCIUSIONS ...ttt ettt e e e e e ettt e e e e e e ee e eeeeeesessanaaseeeeeesenannns 92
35 RETEIENCES ..o 93

vii

,H "‘l 1_'_” (e

]

I

n’



Part III One-Pot Titration Methodology for Surface

Characterization of Carbon Nanomateirials

Chapter 4 One-pot Titration Methodology for The Surface

Characterization of Oxidized Carbon Nanotubes...... 96

4.1 INErOAUCTION .....viiiiiieeiiie ettt e ettt e et e et e e s beeeteeeseseeesbaeessseessseeesseessseaans 96
T 25 431 0 111151 171 TSP 96
4.2.1 Chemicals and materials .........ccceerieriiiiieiieieese e 99
4.2.2 Indirect titration of oxidized CNTS .....cccueeriiriiiiiiiieicieeeeeeee 99
4.2.3 One-pot titration of 0Xidized CNTS .....cceeviieriieriieiiiiieieeeeree e 101
4.3 Results and diSCUSSION ......ceevuiieiiieeiiieciiieeieeeieeeeitee et e ereeeseveesbeeeaseeesreeeenas 102
4.3.1 Calculation of proton binding curve and pKj distribution function.............. 102
4.3.2 Theoretical derivation of one-pot titration methodology ............cccceeeeenenne. 109
4.3.3 Practical application of one-pot titration methodology..........ccccccvveeeureennnennn. 116

4.3.4 Comparison between one-pot and indirect titration results of oxidized CNTs

..................................................................................................................... 129
4 CONCIUSIONS ...ttt e e e e ettt e e e e e e et aeeeeeeseseeraaaaeaeeeas 138
A5 RETEIEIICES ...ttt s s s s assasaaesasansnnnnn 139

viii

_H {l 1_'_” B

]

I

n’



Part IV One-Pot Titration Methodology for Applications of

Carbon Nanomaterials

Chapter 5 High-Quality Aqueous Dispersions of Carbon

Nanotubes for Preparation of High-Performance

BUCKYPAPEIS...ccoovvneriicrsssnniicssssnerncssssssssncssssssssnsssssnnnns 142

5.1 INEFOAUCTION ..ttt ettt ettt e st e st e et e e 142
5.2 EXPEIrIMENTAL .....ccuiiiiiiiieiieiiecte sttt ettt ste e e b e enbeebaesaaensae e 145
5.2.1 Preparation of 0Xidized CNTS......ceoviieriierieriierieriese et 145
5.2.2 Preparation of CNT dispersions and buckypapers........ccccccceeevveercreeenveennnen. 146
5.2.3 CharacteriZAtiON ........ccveeieeieeieeteeieesteeseesteeseteseeeteebeesteesseesssesnseenseenseenses 147
5.3 Results and diSCUSSION ......eoiuiiiiiiiiiiieii ettt ettt et e e s 149
5.3.1 Preservation and removal of ACCs from CNTs after oxidization................. 149
5.3.2 Surface properties of ACC-removed and unremoved CNTs........c.ccceeueeneee. 151
5.3.3 Dispersion properties of CNTs in aqueous SOIUtion..........ccceeevveerveeerveennnen. 164
5.3.4 Morphologies and properties of CNT buckypapers.......c.ccocevereevienereennene 168
5.4 CONCIUSIONS ..ttt ettt ettt ettt ettt ettt et e bt e s et e et e et e bt e bt e sbeesaeesnneenseenne 175
5.5 RETETEICES ...ttt ettt 176

ix

]

I

n’



Chapter 6 Ionic Cross-Linking of Graphene Oxide and Diamines

for Preparation of High-Performance Graphene Oxide

| 073 OO 179

6.1 INErOAUCTION ...ttt ettt et e st e e e 179
6.2 EXPEITMENLAL.....ccuiiiiiiieiiieiiie ettt ettt et e e tee e e sbeeetaeesssaeensaeennseeas 183
6.2.1 Preparation of GO solution spinning dope..........ccceeeeveererieneneerieneneeeene. 183
6.2.2 Preparation of diamine cross-linked GO fibers..........ccccevveeneeniiniciiennnenne 184
6.2.3 CharacteriZation ..........evueruieierieeeieie ettt ettt sttt eee e 184
6.3 Results and diSCUSSION ......eeiuiiiiiiiiiiieie ettt et e s 186
6.3.1 Physical and chemical properties 0f GO.........c.ccccveveiiierieenciieeie e 186
6.3.2 Formation mechanism of GO fIDers.........cceevieviieriiniiiiieieeeee e 191
6.3.3 Properties and performances of GO fibers.........ccccvevevieerieenciieicieeciee e, 199
6.4 CONCIUSIONS ...ttt ettt ettt ettt es et et e e bt est et e e st eneesbeeseeaeeees 207
0.5 RETEIEINCES ....eetieiie ittt ettt st e st sane e 208

Chapter 7 Concluding Remarks........ccccccceeeeecrcccnnercccscccnnercccseesss 211

]

I

n’



List of Tables

Table 2.1. Base components and their pKy at 25°C.

Table 2.2. The compositions of three reaction bases titrated with 0.01 N HCI, and the
various neutralized (or protonated) base species (see Figs. 2.2 — 2.6).

Table 3.1. Summary of in- and ex-CO»-titration systems

Table 3.2. The base equivalence of each pre-reaction base (€Qgpr.) determined by the
different measurement methods of NP from in- and ex-CO,- titration.

Table 3.3. The number of each functional group on the MCNTs determined by the
different measurement methods of NP from the in- and ex-CO,-titrations.

Table 4.1. Comparison between one-pot and indirect titration results for the low

(6

max

-C. / Alk =0.043) and high (&, -C. / Alk =0.43) normality ratio of N;2CNT to the

reaction bases

Table 4.2. Comparison between the uptake quantities of the reaction bases from one-pot
and indirect titration.

Table 4.3. Comparison of the concentrations of functional groups from the one-pot and
indirect titration methods (calculations based on Figs. 4.2f and 4.8d)

Table 5.1. Quantitative analysis of XPS Cls spectra of MCNTgw, MCNTnw, and
MCNTaw in Fig. 5.2.

Table 5.2. Weight percent (W) at 800 °C and the resultant estimation of weight fraction
(wf) of CNT and ACC of CNT samples and ACC.

Table 5. 3. Comparison between the properties of freestanding CNT buckypapers in this

work and those reported previously.

X1

,H "‘l 1_'_” (e

]

I

n’



Table. 6.1. pKj, values of DAk and DA," (k= 2,6, and 8 in this work).
Table 6.2. Comparison of the mechanical properties of the GO fibers prepared in this
work and those reported previously and coagulated using different coagulants, before

and after a drawing process.

Xii

S e ki



List of Figures

Fig. 1.1. Schematic representation showing (a) covalent and (b) non-covalent surface
modifications for the applications of carbon nanomaterials, including (c) dispersions for
processing and composites, (d) adsorption for energy and environmental devices, and (e)
linking between the carbon nanomaterials for assembled structures.

Fig. 1.2. Examples of the surface characterization techniques; (a) FT-IR spectra of
composite GO membranes (GO/CA, GO-EDA/CA, GO-BDA/CA, GO-PPD/CA; CA,
EDA, BDA, PPD specified cellulose acetate, ethylenediamine, buthylenediamine, and
p-phenylenediamine, respectively). (b) XPS Cls spectra of raw (-SWNTs) and oxidized
SWCNTs compared to a typical sample after an HNO; (0-SWNTs)/NaOH (b-SWNTs)
treatment, (c) mass-spectra followed by TGA/TPD of CO; and CO with the
decomposition of various types of oxygen functional groups.

Fig. 1.3. Schematic representation showing the general expression for the acid strength
of the acids.

Fig. 1.4. Schematic representations showing the basic concept of acidity on (a)
monoprotic, (b) diprotic, and (¢) multiprotic acids.

Fig. 1.5. Schematic representation of (a) the process of the indirect titration method for
carbon materials, including the reaction, filtration and titration steps, and (b) the selective
neutralization of the major functional groups and the reaction bases as part of the indirect
titration method.

Fig. 1.6. Schematic representation of (a) the process of direct titration method for carbon

materials, and (b) the observable pKa distribution function.

xiii

,H "‘l 1_'_” (e

]

I

n’



Fig.1.7. Titration curves (plotted as amount of carbon surface functionality) for different
reaction bases after acidifications including (a) NaHCOs, (b) Na,COs, and (¢) NaOH. (d)
Titration curves of unacidified NaOH.

Fig. 1.8. Examples of the utilization of the indirect titration method for (a) an
investigation of the water-adsorption sites of activated carbons, (b, ¢) the 2G
functionalization of CNTs ((b) and (c) from two earlier works).

Fig. 1.9. Examples of utilization of indirect titration method for (a) investigation of water
adsorption sites of activated carbons, (b, ¢) 2G functionalization of CNTs.

Fig. 1.10. Concentration of the ionized group or the proton binding isotherm as a
function of the pH for (a) GO and (b) r-GO. The inset shows the pK distribution of the
acid groups. The surface charge density [C/m?*] for (c) GO and (d) r-GO calculated from
the zeta potential (black lines) as a function of the pH, and the charge density [C/g] as a
function of the pH as calculated from the direct titration curve (blue lines).

Fig. 2.1. (a) Titration curves of 0.1 M solution containing an arbitrary phenolate ion with
pKy =4 (10 mL), calculated according to equation (2.4) (blue dotted line), (2.6) (green
dashed line), and (2.8) (red solid line). (b) pH divergence for the curve plotted according
to equation (2.6), and pH convergence to 2 (pH of 0.01 N HCI solution) for the curve
calculated plotted according to equation (2.8).

Fig. 2.2. (a, b, ¢) Theoretical only and (d, e, f) both experimental and theoretical (1)
titration curves, and (II) their first order derivatives, corresponding to the titrations of
the reaction bases listed in Table 2.2.

Fig. 2.3. (I) Theoretical titration curves of (a) Bases 1, (b) Base 2 and (c) Base 3 and (II)
the quantity variation of each base component during the titration of each reaction base
without any dissolved COx.

Fig. 2.4. (I) Theoretical titration curves of (a) Bases 1, (b) Base 2 and (c) Base 3 and (II)

X1v

,H "‘l 1_'_” (e

]

I

n’



the quantity variation of each base component during the titration of each reaction base.
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N4sCNT as a function of lco, from the one-pot titration and indirect titration methods.
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Fig. 5.2. XPS Cls spectra of (a) MCNTgw, (b) MCNTNw, and (¢) MCNT aw.

Fig. 5.3. (a) TGA and (b) differential thermogravimetry (DTG) profiles of MCNTgw,
MCNTnw, MCNTaw, and ACC.

Fig. 5.4. (a) Proton binding isotherms (6), (b) pKa distribution functions (f) of MCNTgw,
MCNTnw, and MCNTaw. (¢) pKa distribution functions (f) of ACCs on MCNTaw and
MCNTnw.

Fig. 5.5. (a) Proton dissociated f(pKa) of ACCs on MCNTaw (I mg/mL) in the pH-
controlled aqueous solutions, and (b) the number and the percent degree of ionized
functional groups on the ACCs as a function of the initial pH (pH;) of the aqueous
solutions.

Fig. 5.6. Proton dissociated f(pKa) of CNT and ACC normalized by weight of CNT
showing the ionization behavior of (a) MCNTgw, (b)) MCNTyw and (¢) MCNTaw
dispersed in neutral water (1 mg/mL).

Fig. 5.7. Concentration-normalized absorbance of visible light (A = 550 nm) after the
centrifugation (red dashed line) and zeta potential (black solid line) of CNT aqueous
dispersions as a function of the number of active ACCs on CNTs.

Fig. 5.8. (a, b, c¢) Digital photos and (d, e, f) SEM images of the buckypapers fabricated
from (a, d) MCNTgw, (b, €) MCNTxw, and (c, f) MCNT aw.

Fig. 5.9. The active number and degree of ionization of ACCs of MCNTaw as a function
of concentration of CNT in water.

Fig. 5.10. Representative stress—strain curves collected from the buckypapers of
MCNTsgw, MCNTnw, and MCNT aw.
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Fig. 6.1. (a) SEM, (b) AFM images of single layer GO sheets, and (c¢) photograph of the
collected as-spun GO gel fibers.

Fig. 6.2. POM images of (a) 0.25, (b) 0.5, (¢) 1, (d) 2.5, (e) 5, and (f) 10 mg/mL aqueous
GO solutions.

Fig. 6.3. (a) Proton binding isotherm (6(pH)) and (b) pKa distribution function (f(pKa))
of GO sample.

Fig. 6.4. Schematic illustrations of formation of ion bridges between GO layers and (a)

DA,, (b) DA, (c) DAg, and (d, e) break of ion bridge by HCI washing (DAg in this case).

Fig. 6.5. Concentrations of fully ionized diamines ( C ) with respect to that of diamine

DAk2+

molecules (c, A) in 10 mg/mL GO solutions.

Fig. 6.6. SEM images showing the surfaces and cross-sectional morphologies of (a, d)
GO _DA,, (b, ) GO DA, (c, f) GO_DAs, and (g, h, i) magnified view of cross-section
of each GO fiber ((d, e, f), respectively).

Fig. 6.7. FT-IR spectra of the unreacted GO film and the diamine cross-linked GO fibers.
Fig. 6.8. XPS Cls spectra of the (a) unreacted GO film, and of the diamine cross-linked
GO fibers ((b) GOF_DA., (c) GOF_DAg, and (d) FOG_DAg)).

Fig. 6.9. XRD patterns collected from the unreacted GO film and from the diamine cross-
linked GO fibers.

Fig. 6.10. Representative stress—strain curves collected from the GOF_DA,, GOF_DAs,
and GOF_DAg samples.
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Part 1
General Introduction to Acidity of

Carbon Nanomaterials

and Titration Methods



Chapter 1 Introduction

1.1 General introduction to carbon nanomaterials and the

surface characterization methods

1.1.1 Overview of carbon nanomaterials and their functionalization methods
1.1.1.1 Carbon nanomaterials

Carbon (C) is tremendous element which abundantly exists in numerous matters on the
earth. The chemical bonds between carbon atoms can be tuned by changing the
hybridizations of the orbitals in the carbon atom to the sp, sp?, and sp? types. This unique
property of carbon atoms makes carbon materials, which are mainly composed of carbon
atoms, among the most useful and attractive materials ever discovered [1]. Carbon
materials can be transformed into various allotropes by changing their atomic
configurations, instilling very different properties in them. The resulting materials range
from the soft graphite used in lubricants or pencil lead to diamond, the hardest material
in the world.

Carbon nanomaterials, represented as carbon nanotube (CNT), and graphene, are now
being one of the most fascinating materials which are potentially applicable to next-
generation energy and environmental devices due to their outstanding properties [2, 3].
The major building blocks of carbon nanomaterials are hexagonally arranged sp*-bonded
carbons with planar aromatic structures defined as a “graphene layer.” The nano-sized
shapes and related specific properties of carbon nanomaterials can be tuned and tailored

through different arrangements of this graphene layer [4]. Carbon material simply
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composed of a single graphene layer itself is referred to as “graphene.” Since the first
experimental isolation of graphene from the surface of graphite using the “Scotch tape”
method [5], various unique electrical, optical and mechanical properties depending on
the size (graphene quantum dots) [6], dimension (graphene nanoribbons) [7], and the
structural stacking characteristics (from bilayer to multi-layer graphene) [8] have been
reported. Rolling a graphene layer into a nano-sized cylinder results in a “carbon
nanotube” (CNT) [9]. Similar to graphene, the electrical/mechanical properties of CNTs
are highly dependent on the rolling direction (metallic/semiconducting) [10], the number
of walls (single-walled (SWCNT) to multi-walled (MWCNT) CNT) [11], and the defects

generated in the graphene layers if the CNTs [12].

1.1.1.2 Surface functionalization of carbon nanomaterials

Unfortunately, the outstanding intrinsic properties which originate from the graphene
layers of carbon nanomaterials have not been sufficiently realized in useful applications
thus far. As part of the effort to realize these applications, carbon nanomaterials have
been hybridized into other types of materials as composite fillers or as components in
devices [13]. They have also been assembled into bulk structures in the form of fibers
[14, 15], films [16, 17], or even foams [18, 19]. These processes usually include a surface
functionalization step during which the surfaces of the carbon nanomaterials are
chemically or physically decorated with various functional groups or molecules [20].
These functionalities give carbon nanomaterials affinity with matrixes or solvents to
function as bridges for high-performance carbon nanomaterial assemblies. Specifically,
wettability or solubility to aqueous or organic solvents can be adjusted for processing or
for the preparation of composite materials [21]. In addition, the adsorption properties of
novel metals or pollutants can be controlled for energy and environmental applications
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[22-24]. The functional groups can be modified further by other functional groups
(defined as second-generation (2G) functionalization) or can be utilized with
crosslinking agents between the carbon nanomaterials of self-assembled structures [20,
25, 26].

Functionalization techniques for carbon nanomaterials are mainly categorized into
covalent or non-covalent approaches [20]. The covalent functionalization of CNTs
involves the direct attachment of heterogeneous-atom-containing functional groups onto
the periphery of the surfaces of CNTs through various treatments involving acids,
organic chemicals, oxidizing gases, or plasma [20, 25]. Covalent modifications of
graphene are generally achieved by the synthesis of graphene oxides (GOs) from the
chemical exfoliation of graphite by the modified Hummer’s method to generate oxygen-
containing functional groups dominated by hydroxyl, epoxy, and carboxylic groups [27].
Meanwhile, non-covalent functionalization methods utilize amphiphilic surfactants or
polymers. Both of which are friendly to graphene layers on carbon nanomaterials and

desired solvents or matrixes [16, 20, 28].
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Fig. 1.1. Schematic representation showing (a) covalent [20] and (b) non-covalent [28]
surface modifications for the applications of carbon nanomaterials, including (c)
dispersions for processing and composites, (d) adsorption for energy and environmental

devices [24], and (e) linking between the carbon nanomaterials for assembled structures.



1.1.2 Overview of the surface characterization methods of carbon nanomatierlas

For the proper utilization of these function groups for various applications of carbon
nanomaterials, it is important to correlate the population of the functional groups and the
resultant properties. Therefore, the qualification and quantitation of these surface
functional groups have been thoroughly studied using various experimental techniques

[17, 29-34].

1.1.2.1 Fourier transformed infrared spectroscopy (FT-IR)

FT-IR detects the vibration energies which originate from the stretching, bending,
scissoring, wagging, twisting, or rocking of chemical bonds which absorb infrared light.
This technique qualifies numerous types of functional groups with different vibration
modes and is thereby particularly useful for the detection of 2G functionalization
processes, including amidation or esterification (Fig. 1.2a) [17, 30]. However, the
sensitivity of the infrared absorbance is lower than that of other techniques, as the carbon
usually absorbs the entire infrared range, making the exact quantification of these groups

unlikely.

1.1.2.2 X-ray photoelectron spectroscopy (XPS)

XPS is one of the most widely utilized and well-established techniques for the surface
characterization of various materials, including metals, ceramics, and polymers. In an
XPS analysis, the binding energies (BE) of photoelectrons emitted as a result of X-ray
irradiation to the core electrons of the samples, which differ depending on the elements
and their chemical states, are measured. This technique is useful for the quantitative
elucidation of atomic compositions (apart from that of hydrogen) of functionalized
carbon nanomaterials and of the chemical compositions of these atoms [31]. For example,
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the bonding states (including carbon single/double bonds) of carbon atoms with
heteroatoms can be estimated by deconvoluting the Cls spectra, which are generally
located around a BE value of 285 eV (Fig. 1.2b) [32]. Deconvolution of the other XPS
peaks of heteroatoms from functional groups (e.g., oxygen with BE ~ 530 eV or nitrogen
with BE ~ 400 eV) may provide additional information about surface functionalities of

carbon nanomaterials.

1.1.2.3 Thermogravimetric analysis (TGA) / Temperature programmed desorption
(TPD)

TGA and TPD utilize the different thermal stability levels of surface functional groups
or physically attached moieties on the graphene layers of carbon nanomaterials [33]. For
oxygen-containing groups, less thermally stable functional groups than graphene layers
generally evolve into volatile gases such as carbon dioxide (CO,) or carbon monoxide
(CO) with a thermal treatments at an elevated temperature, as shown in Fig. 1.2¢ [33,
34]. In terms of the measurement principles, TGA detects the weight loss of samples,
while TPD senses the evolved gases from their thermal conductivity differences with a
reference gas (H, or Ar) during a heat treatment. Both methods can use a mass-
spectrometer to differentiate the evolved gas for the further qualification of functional
groups such as carboxylic acids/anhydrous, lactones, phenols, and/or quinones (Fig. 1.2¢)

[33].

1.1.2.4 Other characterization methods

While the three major characterization techniques described above directly qualify
functional groups on carbon nanomaterials, other techniques provide evidence of the
surface functionalization from the deviations in the surface properties (zeta potential,
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inverse gas chromatography (IGC)) or of the physical states of the graphene layers
(Raman spectroscopy or ultraviolet — visible — near-infrared spectroscopy (UV-Vis-NIR))
of the carbon nanomaterials [20].

The zeta potential effectively shows charges which originate from ionized functional
groups on colloidal particles in dispersions of these materials under certain applied
voltages [35]. The zeta potential additionally provides information about the dispersion

state or stability of carbon nanomaterials in solvents from the amplitude of the potential

(|§ | ; good and poor dispersion for |§ | and a voltage level higher and lower than 15 mV,

respectively) [36].

IGC measures the Hansen solubility parameters of carbon nanomaterials possibly
converted by certain surface modifications [37]. These parameters consists of the three
major components which are dispersion (dq), polar (J,), and hydrogen-bonding (Jh)
interaction parameter. Surface modification methods usually increase J, and dn, which
also implies that modification methods increase the dispersibility of carbon
nanomaterials in aqueous or organic solvents.

The Raman spectra are generally recognized to provide a radial breathing mode (RBM;
only valid for SWCNTs) and the degree of ordered graphitic structures (intensity ratio
between the G and D peaks; Is/Ip), both of which most likely decrease with covalent
surface functionalization with the generation of the defects on the graphene layers [38].
Similarly, UV-vis-NIR is useful for showing evidence of covalent functionalization by
diminishing van-Hove singularities, a characteristic of m-conjugated CNT structures,

after the modification process [39].
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Fig. 1.2. Examples of the surface characterization techniques; (a) FT-IR spectra of
composite GO membranes (GO/CA, GO-EDA/CA, GO-BDA/CA, GO-PPD/CA; CA,
EDA, BDA, PPD specified cellulose acetate, ethylenediamine, buthylenediamine, and
p-phenylenediamine, respectively) [17]. (b) XPS Cls spectra of raw (r-SWNTs) and
oxidized SWCNTs compared to a typical sample after an HNO; (o-SWNTs)/NaOH (b-
SWNTs) treatment [32], (c) mass-spectra followed by TGA/TPD of CO, and CO with
the decomposition of various types of oxygen functional groups [33].
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1.2 Basics of titration methods for the surface characterization of

carbon materials

Among the numerous characterization methods assessed thus far, the titration method is
a powerful tool for elucidating populations of functional groups with acid or base
characteristics on carbon surfaces. Titration methods can be generally categorized into

two major types: the indirect and direct titration methods.

1.2.1 Basic concept of the acidity on carbon materials

To promote an accurate understanding of the basic principles of titration, I consider
initially the concept of the acidity of carbon materials. As widely accepted, an acid and
a base donate or accept a hydrogen ion (or a proton, H"), respectively, according to the
definition by Johannes Brénsted and Thomas Lowry in 1923 (the Brénsted-Lowey
definition) [40]. This definition states that the strength of an acid or a base can be readily
defined in terms of the acid or base ionization constant Ka or Kp, respectively. The
definition of the acid ionization constant for simple monoprotic acid (HA) molecules

(single proton source) can be expressed as follows:

_[AJH,0']

HA+H,0 - A™+H,0", K, [HA] (1.1)
or simply as
HA — A+H", KaHAzw (1.1.1)
’ [HA]
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which is based on the Arrhenius definition. The ionized specie, A", is defined as the

conjugated base of HA, as A” can act as base via the equation

A'+H,0 > HA+OH', K = % (1.2)

with the base ionization constant Ky ™. The relationship between Kana and Kpa™ is

determined by combining equations (1.1) and (1.2), as
Ka,HA ’ Kb,A> = [H30+][OH-] = KW H (13)

where Ky is the self-ionization constant of water (~ 107 at 25 °C) in the following

reaction
H,0+H,0 —» H30++OH', Ky = [H30+][OH']. (1.4)

The general standards for the determination of the strength of an acid or a base are

recognized as pKj or pKy, respectively. These are defined as

K. =-logK
pK, =—logK, (15)
pK,, = -logK,

In this definition, an acid with a lower pKa value implies a stronger one, and vice versa

(Fig. 1.3) [40].
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HA + Hzo — A' + H30+

_[A[H,0']

K,y [HA] PK, s =— log K,y
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HBenzoic acid Phenol
(4.2) (10.0)

Fig. 1.3. Schematic representation showing the general expression for the acid strength

of the acids.
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Diprotic acids such as terephthalic acid (pKa1 = 3.5, pKa2=4.3) or carbonic acid (H,COs3;

pKa1=6.4, pKar=10.3) contain two proton sources with different pKa values (Fig. 1.4b).

The second proton in the diprotic acid does not undergo proton dissociation as readily as

the first one due to the electric fields generated by the first disprotonation process. This

results in a higher value of pKa, as compared to the value of pKj;. The addition of a

proton source generally increases the number of pKj acids with higher values than the

former ones.

Moreover, defining the discrete pKa values of each proton source in these multiprotic

polymeric acids or carbons is impossible because the molecular weights or structures

differ from molecule to molecule, thereby continuously distributing the population of
the acidic groups. In this case, the acidity levels of these polymeric molecules or carbons

are defined on the basis of pKj distribution functions, f(pKa) [41]. In this definition, f(pKa)

determines the quantity of the acidic groups lying within a specific pKa range as
pKa,f
g =" F(PK,) dpK, . (16)

where Qa is the concentration [meq/g] of the acidic groups between pKai and pKays. In
other words, the population of the acidities is obtained from the integrated area of f(pKa)
between pKai and pKas as shown in Fig. 1.4c. A detailed meaning of f(pKa) for the

description of the multiprotic acid from equation (1.6) will be given in Chapter 4.
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(a) Monoprotic acid (b) Diprotic acid
(Benzoic acid) (Terephthalic acid)

H 0] OH
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(c) Multiprotic acid (functionalized carbon materials)
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f (PK,)
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Fig. 1.4. Schematic representations showing the basic concept of acidity on (a)

monoprotic, (b) diprotic, and (c) multiprotic acids.
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1.2.2 Indirect titration method

The titration method is a traditional quantification tool in chemistry for the determination
of the unclear equivalence levels of specific components (defined as titrands) by a
standard acid or base solution (defined as a titrant) with a clearly established
concentration. The elemental principle for the determination of the number of
functionalities on the surfaces of carbons by the indirect titration method involves the
selective neutralization of acidic groups with different acid strengths. This technique is
also called the Boehm titration method, named after Hanns-Peter Boehm, who first
developed the method [42, 43]. Since the development of this useful technique, it has
been utilized by numerous researchers for the surface characterization of various carbon
materials, including activated carbons [42-48], carbon blacks [49, 50], carbon nanotubes
(CNTs) [22, 25, 51-60], graphite oxides (GOs) [23, 61-65], and other allotropes of
carbon [66-69].

As described in the previous section, a variety of functional groups can be generated on
the surfaces of carbon materials during the functionalization process. Among these
groups, Boehm suggested three which mainly affect the nature of the surfaces of carbon
materials: the carboxylic, lactonic, and phenolic groups (Fig. 1.5a) [8]. These oxygen-
containing functional groups have acidic characteristics with different strengths, which
can be expressed in terms of pKa. The pKa values of these acidic groups are generally
reported as ranging from 3 to 6 for the carboxylic group (the strongest group), 7 to 9 for
the lactonic group, and 8 to 11 for the phenolic group (the weakest group) [70]. Therefore,
each functional group interacts differently when neutralized by bases with different
strengths in acid-base reactions in a process defined as ‘selective neutralization’. Boehm
suggested that sodium hydroxide (NaOH; pKy = -1.7) neutralizes all acidic functional
groups, sodium carbonate (Na,COs; pKp = 3.8) neutralizes the carboxylic and lactonic
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groups, while sodium bicarbonate (NaHCOs3; pKy, = 7.6) neutralizes only the phenolic
group [8]. These general bases (NaOH, Na,COs, and NaHCO:3), typically used for
selective neutralization as part of the titration process, are defined as reaction bases. The
quantification of acidic groups (the equivalence of the acidic group as a percentage of
the weight (simply defined as the concentration) [meq/g]) on carbon materials can be
readily determined from the equivalence uptake of each reaction base by the target
functional groups obtained from the general Boehm titration procedures.

The indirect titration procedure consists of three steps: 1) reaction, 2) filtration, and 3)
titration (Fig. 1.5b) [42, 43]. Generally during these processes, carbon materials are
neutralized with a reaction base (reaction step), with a subsequent filtration step. The
filtered reaction base, of which the equivalence is reduced by the uptake, is then titrated
by an acid titrant. Hereafter in the thesis, the reaction bases before and after the reaction
with carbon materials are denoted as pre- and post-reaction bases, respectively. The post-
reaction base is titrated by an acid titrant (typically HCI) solution to determine the uptake
of each pre-reaction base (the titration step). Therefore, the differences between the
uptake equivalences of these post-reaction bases suggest the number or concentration of
each functional group on carbon materials [49, 50]. In some cases, the post-reaction base
is acidified by an excess of an acidic (typically HCI) solution for the removal of any
carbon dioxide (CO,) which may be dissolved in the reaction base and which may affect

the titration results (acidification step) between the filtration and titration steps [50].
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or NaHCO,) = Reaction mixture

Fig. 1.5. Schematic representation of (a) the process of the indirect titration method for
carbon materials, including the reaction, filtration and titration steps, and (b) the selective
neutralization of the major functional groups and the reaction bases as part of the indirect

titration method.
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1.2.3 Direct titration method

The indirect titration method assume that the acidity levels of carbon materials are
divided into three major groups, the carboxylic, lactonic, and phenolic groups, with
definite pKa values. On the other hand, the direct titration method assumes that these
acidic groups are distributed within a specific pKa boundary and that they can be defined
using the pKa distribution function described in the previous section [71, 72].

In contrast to the indirect titration method, carbon samples are simply mixed and agitated
with a reference titrand, which is either an acid or a base, and then titrated with the titrant.
The direct titration curves provide the proton binding isotherms, O(pH), which show the
concentrations of the proton-dissociated acidic sites with respect to the pH during the

titration experiments. This can be expressed as

pKa,f

K
O(pH) =0, + | T (PRAIPK,, (1.7)

PKa 0 a

where pKao and pKar denote the initial and final pKa values of the desired pK. window,
respectively, @y represents the concentrations of the proton-dissociated acidic groups
with pKa values outside of the pKa range [71, 72]. Some studies have roughly estimated
O(pH) in the titration curve from the difference in the equivalence values between the
reference titrant with and without the agitation of the carbon samples [35]. However,
O(pH) is accurately calculated from the proton balance equation [72] or by the modified
Henderson-Hasselbalch equation, which will be described in Chapter 4 in detail.

f(pKa) can then be calculated by solving the integral equation (1.7) of which the analytic

solution [73] was established and can be expressed by
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(1.8)

The direct titration method has been widely utilized for the measurement for f(pKa,) of
various carbon materials ranging from conventional carbons (e.g., carbon blacks,
activated carbons) [71-75] to carbon nanomaterials (e.g., CNTs, GOs) [35, 76-83] and
for other types of carbonaceous materials [84] with different functionalization methods

to show the populations of the acidities of these carbons.

(b)

f (PK,)

h‘llll.
8 10 12

Fig. 1.6. Schematic representation of (a) the process of direct titration method for carbon

HCI
(NaOH}' Carbon I | ‘ |
all
2

0 4 6

pK,
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materials, and (b) the observable pK, distribution function.
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1.3 State-of-the-art works on titration methods for carbon

nanomaterials

1.3.1 Issues associated with indirect titration methods

1.3.1.1 Dissolution of acidic moieties

Though the basic concept of the indirect titration method for the surface quantification
of carbon materials is simple, the reliability and reproducibility of the results cannot be
guaranteed unless all of the experimental steps are conducted with great care. For this
purpose, several researchers have tried to generalize the specific procedures of indirect
titration, in which small experimental errors can induce enormous discrepancies. The
most troublesome factor pertaining to the indirect titration method is the dissolution of
acidic elements such as carbon dioxide in air [50], or acidic carbon compounds generated
during the functionalization of carbon nanomaterials [55]. These moieties are easily
dissolved in the reaction bases throughout the indirect titration process (Fig. 1.5b), thus

affecting the titration results [50, 55].

1.3.1.1.1 Carbon dioxide (CO,)

Carbon dioxide exists at a rate of only 0.03 % in atmospheric air, but it significantly
affects the titration of both pre- and post-reaction bases by providing H,CO; and
distorting the titration curves when it is dissolved into a reaction base during indirect
titration procedures. CO»-induced H,COj easily reacts, especially with the reaction base

NaOH to generate Na,COs by the following reaction [85, 86]:

2 NaOH + H,CO3; — Na,COs + H,O0. (19)
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The dissolved CO» can only be extracted out to the atmosphere with the addition of a

strong acid, HCI, by

Na,CO; + HCI — 2 NaCl + H,COs, (1.10)

with vigorous stirring and a heat treatment or N, degasification to facilitate the reaction,
H,COs — H,0 + CO: 1, (1.11)

for the complete and rapid removal of CO, in an acidic condition [43, 50, 87-89].
Therefore, for the acidification step, an excess amount of HCI solution has typically been
inserted between the filtration and titration steps in the indirect titration method.

Recently, Goertzen et al. tried to standardize this acidification step to find an optimized
means of removing CO; and determining the end point of the titration process for the
proper utilization of the indirect titration method [50]. Various post-treatments of
acidified reaction bases, including degasification with an inert gas (N>, Ar), putting them
into an N»-filled glove box, heating them, and refluxing them have been attempted.
Among these methods, degasification with an inert gas is considered to be the most
efficient method for the rapid exclusion of CO, from a reaction base (Fig. 1.7) [50]. The
titration curves of reaction bases, NaOH, show the two inflection points, implying the
dissolution of H>COs3 in the reaction bases (Fig. 1.7d). After the continuous purging of
N into the acidified reaction bases (Fig. 1.7b), the titration curves became straight, with
a pH range of 4 to 10, implying the gradual removal of H,COs from the reaction bases.
The standardized acidification process is also used for the surface characterization of
carbon blacks given its high precision and good reproducibility. Though the suggested
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standardization process may provide a well-organized optimized procedure for indirect
titration, it is still too complicated and inaccessible to be easily adopted. Moreover, there
still remained two distinct inflection points even after the sufficient degasification of the
acidified reaction bases (Figs. 1.7a — 1.7¢) indicating the preservation of irremovable
H,>CO:s.

The research on the removal of CO, through an acidification process may lack
fundamental consideration of the effects of CO, on the titration of the reaction bases.

Therefore, a critical revisit to move beyond the conventional acidification process is

necessary.
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Fig.1.7. Titration curves (plotted as amount of carbon surface functionality) for different
reaction bases after acidifications including (a) NaHCOs3, (b) Na,CO3, and (c) NaOH. (d)
Titration curves of unacidified NaOH [50].
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1.3.1.1.2 Acidic carbon compounds (ACCs)

When CNTs are acid-oxidized, the side walls of CNTs concurrently disintegrate to a
certain extent to yield acidic carbon compounds (ACCs) [25, 32, 55, 90-93] (Fig. 1.8a).
These groups are easily adsorbed back onto the surfaces of CNTs by n- @ interactions
and are reported to affect the chemical and physical properties of CNTs. In applications
of CNTs, ACCs may play a key role in the dispersions of CNTs, like surfactants. For
example, Sung et al. reported that ACCs on oxidized SWCNTs make the CNTs more
dispersible in solvents and enhance the electrical performances of the resultant
transparent thin films by achieving compact packing of the individual CNTs [93]. On the
other hand, ACCs are necessarily removed by thorough washing with a basic aqueous
solution to increase the reactivity of CNTs with organic molecules [25, 57, 91, 94]. In
addition, the functional groups of the ACCs can influence the interfacial interaction
between CNTs and matrices [25] when fabricated to composites, and hence the
mechanical performance of the given composite, although it is not clear at this stage
whether it would be a positive or negative enhancement. Similar acidic fragmentized
moieties were also observed in carbon nanomaterials such as biochars or GOs [69].
Under such circumstances, it becomes very important to confirm the number of acidic
groups on both the carbon nanomaterials themselves and on the ACCs separately.
Recently, Wang et al. attempted to measure the functionality of ACCs (termed fulvic
acids in this work) present in a CNT sample using the indirect titration method [55]. In
their attempt, the post-reaction base, NaOH, of nitric acid-oxidized MWCNTs, was
titrated with an aqueous HCI solution both before and after the elimination of ACCs.
They obtained typical titration curves before (Fig. 1.8b) and after (Fig. 1.8c) the removal
of ACCs from the oxidized CNTs for more than 3 h. The most conspicuous difference
between the two titration curves was the positions of the end points (EPs). Distinct EPs
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at pH levels of 8 and 5 were obtained before ACC removal (Fig. 1.8b), but one EP at pH
7 (Fig. 1.8c) was obtained after ACC removal. The authors attributed the two EPs in this
curve to the presence of sodium phenolate and sodium carboxylate, formed by the
neutralization of the phenolic and carboxylic groups of the ACCs in the reaction base.
The total acidity of the ACCs and acid-oxidized MWCNTs appeared to be determined
by the difference between the theoretical equivalence of the reaction base and the
equivalence at the first EP at a pH of 8 in the indirect titration curve of MWCNTSs with
ACCs not removed. Similarly, the acidity of pure MWCNTs appeared to be determined
by the difference between the theoretical equivalence of the reaction base and the
equivalence at the EP at pH 7 in the corresponding titration curve. The difference
between the acidity of MWCNTSs with and without the removal of ACC should be,
consequently, attributed to the acidic functionalities of the ACCs present [55].
However, as shown in Fig. 1,8e, the oxidation time is not correlated with the quantity of
ACC functionalities, which is contrary to what one may expect. Moreover, it was shown
that CO, affects the titration curves similarly [50] to the manner in which they are
affected in the previous section (Fig. 1.7d). Hence, the interpretation of the titration curve
may be misleading if the CO, effects are not carefully considered.

Along with the CO; effects, phenolic or carboxylic groups on the ACCs will indeed
affect the titration behaviors of the post-reaction bases, as they are easily dissolved in a
basic solution [50, 55]. However, methods to elucidate ACC effects have scarcely been
reported thus far. More importantly, a determination of the acidic properties of ACCs
may promote a better understanding of the roles of ACCs on various applications of

carbon nanomaterials, including those involving CNT dispersions or reaction chemistry.
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Fig. 1.8. . (a) Schematic representation of the formation of ACCs [55]. Indirect titration
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oxidized with nitric acid for more than 3 hours, (b) before, and (c) after the removal of
ACCs. (d) The resultant concentrations of acidic groups on MWCNTs before and after

ACC removal [55]. (e) The ACC functionalities derived from (d).
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1.3.1.2 Procedure

As discussed in section 1.2.2, the procedure of indirect titration includes many steps,
which may be quite complicated compared to those of the direct titration method and the
other surface characterization techniques [42, 43, 72]. These procedures should be
repeated for three types of reaction bases (NaOH, Na,COs, and NaHCO3) with sufficient
reproducibility testing to guarantee the precision and reliance of the titration results.
These complicated procedures themselves are the major drawbacks of the indirect
titration method.

Moreover, filtration steps for highly oxidized CNTs individually dispersed in a reaction
base [25, 95] or GO with a two-dimensional nanostructure [96] are difficult or even
impossible. These carbon nanomaterials may serve as the secondary filters with
nanopores and inhibit the filtration of the reaction mixture, which is an essential step in
the indirect titration process. In these cases, the surface characterization of carbon

nanomaterials using indirect titration becomes unavailable.

1.3.1.3 Adoption of indirect titration methods

1.3.1.3.1 Adsorption property

Surface functional groups promote the adsorption of various molecules or ions by
increasing the ion-exchange capability of the carbon surface, thereby making the carbon
materials efficient candidates for the energy and environmental devices, including
secondary batteries, supercapacitors [24, 59], pollutants filters or adsorbers [23, 48, 63],
or catalyst supports [97]. The indirect titration technique has been applied in an effort to
understand the roles of various functional groups on the adsorption properties of carbon
materials [23, 48, 59, 63].

For example, Carrasco-Marin et al. demonstrated the effects of acidic or basic groups on
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activated carbons on the adsorption properties of water [45]. In this work, the numbers
of water-absorbable sites (Nag) and oxygen functional groups (m(carb), m(lac), m(phe),
and m(base)) were correlated to investigate the number of water molecules (w;; i ranges
from 1 to 4) interacting with each functional group (Fig. 1.9a). The results showed that
ca. 3 molecules interacted with the carboxylic and lactonic groups, while ca. 1.5

molecules interacted with the phenolic and basic groups.

1.3.1.3.2 Reaction chemistry

Functionalized carbon nanomaterials have also been linked to various molecules or
chemicals (2G functionalization) to enhance the dispersion ability and stability of
carbons in proper solvents or matrixes to simplify their processing steps and to prepare
composites [25, 98-104]. 2G functionalization was also applied as a type of linkage
between carbon structures to improve the mechanical or electrical performances of
carbon nanomaterial assemblies or composites [25, 57, 105].

Indirect titration methods were also used to determine the efficiency of the 2G
functionalization of carbon nanomaterials. Worsley et al. attached octadecylamine (ODA)
covalently to carboxylic groups on SWCNTSs to make them dispersible in tetrahydrofuran
[25]. The degree of ODA loading was determined from the difference between the
numbers of carboxylic groups before and after the DCC (1,3-dicyclohexylcarbodiimide)
coupling amidation reaction (Fig. 1.9b). A similar investigation was reported for the
covalent bonding of n-butylamine to carboxylic groups on MWCNTs by means of
EDAC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) coupling
amidation (Fig. 1.9¢) [57]. The covalent reactivity of carboxylated MWCNTs was

determined to range from 58 to 78 % depending on the oxidation degree of the MWCNTs.
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1.3.2 Issue on direct titration methods

1.3.2.1 Procedure

Compared to the indirect titration method, direct titration is simpler in that the carbon
samples are mixed with the titrant and simply titrated with the proper titrants. While
indirect titration provides practical information about the acidic groups on carbon
materials, as discussed in the previous section, direct titration only determines the
population of the acidities on the acidic groups in the given pKa windows [42, 72]. It is
useful to discern the fraction of strong or weak acids (pKa lower or higher than 7,
respectively) to improve the understanding of the function of carbon nanomaterials [77,
80, 83, 84, 106-108]. However, the practical roles of these functional groups in

applications of carbon materials are rarely proposed in the literature.

1.3.2.2 Adoption of direct titration methods

1.3.2.2.1 Practical functional groups calculation

Only few works have evaluated practical functional groups such as carboxylic, lactonic,
and phenolic groups with direct titration methods. For example, trials were conducted

for a comparison of the direct titration results of activated carbons to the indirect titration

results and to investigate the concentrations of the resulting major functional groups [72].

For this purpose, the pH values of the reaction mixtures of carbon samples and reaction
bases were measured before the filtration steps in the indirect titration. These pH values
then replaced the proton binding isotherms of the activated carbons obtained from direct
titration measurements to determine the concentrations of proton-dissociated sites of the
carbon samples in the reaction mixtures. The equivalence of the ionized functional
groups were assumed to be identical to the uptake of each reaction base upon indirect
titration [72].
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1.3.2.2.2 Dispersion property

Oxygen-containing functional groups tune the surfaces of the carbon materials to exhibit
hydrophilic properties and make them more dispersible in aqueous or numerous organic
solvents. Recently, a detailed investigation of the roles of functional groups on the
dispersion properties of carbon nanomaterials was reported [35]. In this work, the surface
charges on GO sheets as a function of the pH of the dispersion were calculated based on
proton binding isotherms from direct titration methods and then compared to the
corresponding zeta potentials to understand the dispersion properties of GO and reduced
GO (r-GO) in water with respect to the pH (Fig. 1.10). The pH range at which GO (above
pH 4) and r-GO (above pH 8) become dispersible was investigated on the basis of their
pKa distribution functions. The wider range of the dispersible pH range of GO relative
to that of r-GO was attributed to more acidic groups (pKa 4.3, 6.6 and 9.0) by a large
amount, though this amount was diminished after the chemical reduction of GO [35].
Though the works introduced in the previous and present sections concentrated on
investigations of the actual functions of acidic groups on carbons as defined by the pKa
distribution from direct titrations, additional pH measuring procedures for the
dispersions of carbon samples were necessary, and these were accomplished by putting
the pH value into the proton binding isotherms. These proposed methods may be only
adopted under limited experimental conditions in carbon material applications; however,
the universal adoption of a method applicable to a wider range of environments was

unavailable.
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acid groups. The surface charge density [C/m?] for (¢) GO and (d) r-GO calculated from
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1.4 Aim and scope of this research

Considering the state-of-the-art works described above, the aim of this study is to
develop a titration methodology for the surface characterization of carbon nanomaterials
penetrating the concepts of indirect and direct titrations. This titration methodology
provides practical information about the functional groups and their essential roles in

applications of carbon nanomaterials

1.4.1 Development of universal titration equation

A universal titration equation based on the modification of general Henderson-
Hasselbalch equation was developed. This will be discussed in Chapter 2. This equation
display titration behaviors of every acid or base regardless of the number of the proton
donating or accepting sites or the type of titrant or titrand in the aqueous titration system,

thereby being universally applicable to both indirect and direct titration results.

1.4.2 Standardization of indirect titration methods

The universal titration equation was first applied in an indirect titration system in which
only mono- or diprotic acids and bases are present to prove the validity of the developed
methodology. In Chapter 2, the effects of phenolic and carboxylic groups of ACCs on
the indirect titration curves will be discussed using simple model ACCs. Subsequently,
the CO; effects on the titration behaviors of the reaction bases (NaOH, Na,COs, and
NaHCQO3) in the indirect titration method will be fundamentally described in Chapter 3.
The proposed standardization process makes the procedures of indirect titration much

simpler, with precise and accurate results.
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1.4.3 Development of one-pot titration methodology

A one-pot titration methodology, which presents the practical information on the acidic
functional groups from pKa distribution function of carbon nanomaterials will be
developed in Chapter 4. For this purpose, the universal titration equation will be applied
to nitric acid-oxidized MWCNTs, which are multiprotic acids. The one-pot titration
methodology will be extensively utilized with mixed acid-oxidized MWCNTs and GOs
to investigate the functions of the acidic groups in applications of carbon nanomaterials,
including the dispersion and reaction chemistry. These areas will be presented in

Chapter S and Chapter 6, respectively.
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Chapter 2 Effects of Carbon Dioxide and
Acidic Carbon Compounds on The Analysis of

Indirect Titration Curves

2.1 Introduction

Acidic carbon compounds (ACCs) with carboxylic and phenolic groups on the periphery
of polyaromatic cores are fragmentized from the sidewalls of carbon nanotubes (CNTs)
during acid oxidation processes [1-8]. As ACCs are easily adsorbed onto CNTs via -1t
interactions, they play a key role in determining the dispersion stability of CNTs in
different solvents [1, 2], and they may affect the reactivity of CNTs with other reactive
species [3, 8-10] However, ACCs dissolve in the strong alkaline solution like NaOH
solution due to the electrical repulsion between ionized functional groups of ACCs and
CNTs, and are easily removed from the surface of CNTs [1, 2]. Therefore, it is important
to characterize the surface functionalities of ACCs separately from those directly
attached to CNTs.

Recently, indirect titration (so-called Boehm titration) [11] was used to measure the
acidity of ACC-contaminated multi-walled CNTs (MWCNTSs) [1, 2]. In this approach,

nitric acid-oxidized MWCNTs both with and without the removal of ACCs were

prepared and reacted with the reaction base, an aqueous NaOH solution, and then filtered.

Each filtrate of the reaction base was titrated with an aqueous HCI solution. In the case
of the MWCNTs without the removal of ACCs, it was reported that two end points (EPs)

existed in the titration curve of the filtrate, implying the presence of two distinctive acidic
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groups of ACCs, viz. carboxylic and phenolic groups, in the forms of sodium salts in
NaOH solution. Although each EP would be generally attributed to the specific kind of
sodium salt (sodium carboxylate or phenolate), however, this was not clearly indicated
in the previous study [1].

On the other hand, it has been reported that atmospheric carbon dioxide (CO») can easily
be dissolved into the reaction base during sample preparation for the indirect titration
and consequently influences the whole profile of the titration curve [12], because CO,-
induced sodium carbonate (Na>COs), or bicarbonate (NaHCOs3) [12, 13] in the reaction
base act as base components during the titration.

To examine the specific contributions of the carboxylic and phenolic groups of ACCs
and the atmospheric CO, on the whole profiles of and the locations of EPs in the titration
curves of the filtrate of the reaction base, NaOH, I first of all developed a modified
Henderson-Hasselbalch equation, and then systematically studied experimentally the
influences of such chemical components on the titrations using acidic compounds
containing either carboxylic (benzoic acid in this study) or phenolic groups (phenol in
this study), which acted as model ACCs. These reaction bases were exposed to air for
different periods in order to see the effects of atmospheric CO; on the titrations. Further,
the same effects were also examined for the filtrate of the reaction base from MWCNTs

that had been nitric acid-oxidized before and after the removal of ACCs.
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2.2 Experimental

2.2.1 Chemicals and materials

Benzoic acid (BA) and phenol (Ph) were purchased from Sigma-Aldrich and were used
without further treatment. To prepare the nitric acid-oxidized MWCNTs, 1 g of
MWCNTs (JEIO) was treated with nitric acid (70 %, 300 mL) at 110 °C for 18 hours.
After the acid treatment, the dispersion was cooled to room temperature followed by
filtration thorough 0.2 pm pore-sized PTFE filter (Adventec) and washing with
deionized water. ACCs were removed by following the procedures in Ref. [12]. The
sample was refluxed in 1 N NaOH solution and filtered. The filtrate appeared light brown
and the remaining oxidized MWCNTs were washed until the filtrate became colorless
and then neutralized with 1 N HCI solution followed by filtration and washing with
deionized water until pH of the filtrate became neutral. The obtained nitric acid-oxidized
MWCNTs with (NCNT) and without (NCNTacc) removal of ACCs were vacuum-dried
at 60 °C for 1 day. The other chemicals used in the titration, 0.01 N NaOH and HCI,

were purchased from Daejung (Korea).

2.2.2 Potentiometric titration of model ACCs

Potentiometric titrations were conducted using an 888 Titrando (Metrohm), and stable
pH values (stable for a maximum of 150 seconds with a drift of no more than 1 pH unit
/ minute) were measured using a glass electrode (Metrohm, Swiss) and were recorded
according to dosed volumes of 0.01 N HCI.

For the titrations with model ACCs, different quantities (0, 0.01, 0.02, and 0.04 meq) of
organic acids (BA or Ph) were dissolved in 0.01 N NaOH solution (10 mL). To quantify
the effects of CO,, each solution was introduced into a polyethylene (PE) bottle and

exposed to air for different periods of time (0, 1, and 2 h). Each reaction base was titrated
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with 0.01 N HCI standard solution.

2.2.3 Indirect titration of NCNTs with and without the removal of ACCs

For the titrations with the nitric acid-oxidized MWCNTs, NCNT (60 mg) was dispersed
in PE bottle filled with the reaction base (0.01 N NaOH, 60 mL). The dispersion was
sealed and shaken for 48 h, and then filtered through 0.2 um PTFE syringe filter. And
then, 5 mL of the filtrate was titrated with 0.01 N HCl in triplicate. The same procedures
were repeated with NCNTacc. PE bottles are known to be permeable for CO,, but |
confirmed that there is little permeation of CO; through the bottle-wall and hence little
dissolution of CO, into NaOH solution during storage in a sealed PE bottle for up to 48

hours.
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2.3 Results and discussion

2.3.1 Theoretical derivation of universal titration equation

To predict theoretically a titration curve between a reaction base and an acid (HCI)
solution, I developed first of all a universal titration equation from the modification of
conventional Henderson-Haselbalch (H-H) equation [14, 15]. The conventional H-H
equation traditionally calculate the pH value of the weak acid aqueous solution (like
buffer solution) and measure the acidity (pKa) of the acid. However, this typical equation
neglect the effects of water self-dissociation described in Chapter 1 (see equation (1.4)),
and therefore fail to estimate the pH or titration behaviors of strong acid or base such as
HCI or NaOH, respectively, which are usually involved in either direct or indirect
titration experiments. Additionally, the conventional H-H equation is only appropriate to
the cases where single acid or base is included in the titration environments. Meanwhile
it become necessary to estimate the titration behaviors of multiple acid/base components
such as ACCs, carbon dioxide (Chapter 3), and functional groups on carbon
nanomaterials (Chapter 4 and 5). Therefore, universal titration equation for the
estimation of the pH values and titration behaviors of multiple acid and base components
(regardless they are weak or strong) is developed in the followings.

In general, the H-H equation [14, 15] describing N monoprotic base components (Ai , the
i’th conjugated base of HAj; the conventional H-H equation only describe the case where
n = 1) titrated with a strong acid assumes that all added protons (H") from the dosed
titrant are transferred to each base component in the titrand to form a conjugated acid
(HA)) (Here, the titrand is the solution that is analyzed in a titration procedure, and the
titrant is the solution of known concentration which is added to the titrand). Therefore,

the number of unionized HA; species (q,,, ) is equal to the number of added protons
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(Q, )

Q..
Qp =D Uin, =2, ———0yya, @1

Giaa, +0, -

where Q

. s, 0 - is the equivalence of components A from HA|, which does

not principally change during the titration (Q, =Q,, ), and @, is the number of
ionized HAi. The ratio between (,  and @, is equal to the ratio between their

concentrations, as in equation (2.2), and the equilibrium equation for the base Ai™is given

in equation (2.3),

O 90-"Vio [A]

- N ’ 2.2
qHAi qHAi /VHZO [HAI] ( )
[HA.][OH ]
K @ =t=—1it-" -
b.A; [A,] > (2.3)

where Vio is the volume of solvent (water) and [A] is the concentration of the
component A. Combining equations (2.1) — (2.3) yields a general relation between Q.

and [OH], as in equation (2.4) ) [15].
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Q, = ZW 2.4)

The pH, calculated from [OH ], diverged at the initial titration point (QH+ =0) and at
the final (QH+ = ZQAT ) states of the titration curve (see the blue line in Fig. 2.1a)

because the effects of water acting as a base in the titrand were not considered in equation
(2.4). Therefore, water was assumed to form as a result of titration of the sole OH  ions
from a hypothetical water-less state to the realistic state present immediately before the
start of the titration, thereby consuming a corresponding amount of hypothetical titrant

(QOH_ i ). When the OH™ ions acted as a base, equations (2.1) — (2.4) needed to be

modified. Assuming that the OH™ ions act as a diprotic base (the conjugated acid of OH™

ion, H»O is regarded as the base), equation (2.1) can be modified as

= qHZO + qH3O+ -

Q QOH' Jtitrant + QHZO,titrant
H' 2.1.1
14 Jow g dmo 4D

qHzo ql—l30+

where QHZO,titrant is the quantity of water in the titrant which is fundamentally

equivalent to Q Aoy > Y0 and 0, o are the number of disprotonated,
2 3

OH’ titrant ’
unprotonated, and protonated H,O, respectively. Using the definition of molar volume

(Vy,0)» equation (2.2) can be modified as in equation (2.2.1) and (2.2.2),

47

S e ki



) A
qOH — qOH H,0 — VHZO[OH-] , (221)
U0 Yuo / VHZO

1,0 _ Q0 / Vio _ U/ Vis,0 _ [OH] (2.2.2)

qH30+ Qo / VHZO [H3O+] Voo Kw

where Ky is self-ionization constant of water. Finally, equation (2.1.1) is reduced to

equation (2.4.1),

Q, = o, Uosnn (2.4.1)
1+, o[OH] | [OH]
VHZO'KW

To add the effects of titrants shown in equation (2.4.1) in equation (2.4), Q O titant

must be subtracted because the effects of OH™ ions (expressed in the first term of the
right-hand side of equation (2.4.1)) are hypothetical. Under these conditions, the

equation that includes the effects of water from the titrand is expressed as
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QAf QHzo,titrand QHZO,titrand
QH' Z — + _ + — - QHZO,titrand
| [OH T 1+v, [OH ] [OH ]

1+
Kb,Ai, VHZO ’ KW
QH* _ Z QA; _ QHZO,litrand 'VHzo [OH] n QHZO,titrand 'fozo (2.5)
1, [OH] 14V, o -[OH] ., [OH]
K oK
b,A{” w ,
Q _ Z QAi’ _ VHzo,titrand + VHZO,titrand
"’ 1+ [OH"] v +71 Vv, +7[OH-]
Kb N H,0 [OH—] H,0 KW

where VHZO,titrand is the initial volume of the titrand. It should be noted that the
concentration of the base titrand are reflected in equation (2.5).

The pH diverged when Q. reached ZQA, + QHzo,titrand (see the green dashed line

in Fig. 2.1) because the effects of water in the titrant were not considered. The effects of

additional water (V ) from the titrant are reflected in equation (2.6),

H, 0 titrant
Q, = z QSH - VHZO,titranld N VHZO,titrOanIc_lI - VHZO,titrzuit N VHzo,méa;_tI . (2.6)
1+7[ Loy v +7[ ] Vio T v +[ ]

H,0 - 2 - 2
[OH ] H,0 KW [OH ] H,0 KW

From the definition of the H' ion concentration in the titrant, ¢ is expressed

titrant

according to equation (2.7),
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Qus
Vv

= Ctitrant , (2.7)

H, 0 titrant

and equation (2.6) is rearranged by combining equations (2.6) and (2.7) to yield the

modified form of the H-H equation, expressed (acid titrant form) as

Z QA{ _ VHZO,titrand + VHZO,titrand

I+[OH /K, Vo +1/[OH] v, ,+[OH1/K,
= S : .8
i 1/Ctitrant 1/C ( )

+ J—
Vio +1/[OH ] v, o +[OH /K,

titrant

The equation for titration of acid titrand with base titrant can be obtained by similar

method (base titrant form) as

Z QHAI _ VHZO,lilrand + VHZO,titrand
o - 1+[H"]/ Ka’HAi Vio + 1/[H"] Viso +[H"1/K,, ’ (2.9)
OH l/c l/c

titrant titrant

+ j—
Vo +1/[H'] vy o +[H']/K,,

where Q_~ is the quantity of OH™ ion which is added from base titrant, K, isacid
ionization constant of acid HA,; , and [H'] is the concentration of H' ion.

Equations (2.8) and (2.9) describe the relationship between the input titrant and pH. To
determine pH, only [OH ] or [H'] were considered in the ideal case. Here after in the
thesis, these modified forms of H-H equations (2.8) and (2.9) are defined universal

titration equations.
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Titration curves for various experimental conditions were calculated at intervals of pH
0.1, and various curves associated with the conventional titrations, of a strong acid with
a strong base or of a strong acid with a weak base, were obtained without further
developments. A comparison of the ideal titration curves calculated using equations (2.4),
(2.6), and (2.8) is illustrated in Fig. 2.1. The titrand was 0.01 N solution (10 mL)
containing an arbitrary phenolate ion with pKy = 4, and the titrant was 0.01 N HCl

solution.

“d“” ‘_-..‘ Srmnmmmmaa qu (2-4) 2
A “w,  eeees Eq. (2.6)
14 ,/'x - ] — Eq.(28) ¥
T -1-
roy ~
8 2] -
ol \
‘ -3+ '
2] “ :
0 . . " - - 5 0 .
00 01 02 03 04 05 300 600
Q,;+ (meq) Q+ (meq)

Fig. 2.1. (a) Titration curves of 0.01 N solution containing an arbitrary phenolate ion
with pK, = 4 (10 mL), calculated according to equation (2.4) (blue dotted line), (2.6)
(green dashed line), and (2.8) (red solid line). (b) pH divergence for the curve plotted
according to equation (2.6), and pH convergence to 2 (pH of 0.01 N HCI solution) for

the curve calculated plotted according to equation (2.8).
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2.3.2 Adoption of model ACCs (BA, Ph) and CO; to the universal titration equation
The base components (Aj) associated with this study were hydroxide ion (OH),
carbonate ion (CO;%"), phenolate group, bicarbonate ion (HCOs"), carboxylate group,
and HO, listed in order of their base strength as listed in Table 2.1.

The OH  ions and H,O molecules are regarded as general base components with pKp =
-1.7 and 15.7, respectively. CO;* ions are produced during the dissolution of

atmospheric carbon dioxide (CO») into the reaction base, NaOH solution by [13, 16]

2NaOH + CO; — Na,COs + H,O. (2.10)

HCO;™ ions form due to the neutralization of COs*" ions during the titration. Phenolate
and carboxylate group form as ACCs, with phenolic and carboxylic groups, are dissolved
into the reaction base with an average pKy = 4 — 5 for the former and 10 — 11 for the
latter in various aromatic organic acids and carbon materials [17-20]. In this study,
phenolate (Ph’, pKy =4.1) and benzoate (BA", pKp =9.8) ion are acted as model phenolate
and carboxylate group of ACCs, respectively.

When the universal titration equation was applied to a multiprotic base, it was assumed
that the base was divided into independent base components and proton binding sites
with individual pKy values. For example, COs* was assumed to be separable into the
COs* and HCOj5™ ions individually, with Qc03>=Qucos".

As listed in Table 2.2, three reaction bases were prepared, and each of these bases was
exposed to air prior to the titration in order to see the effects of atmospheric CO; on the
titration curves. The titration curves were calculated and plotted according to the

universal titration equation.
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Table 2.1. Base components and their pKp at 25°C.

Base component (A;) pKo
Hydroxide ion (OH") -1.7
Carbonate ion (CO3>) 3.8
Phenolate group (-O") 3 — 6 (average)
Bicarbonate ion (HCO3") 7.6
Carboxylate group (-COO") 8 — 11 (average)
Water (H,O) 15.7

Table 2.2. The compositions of three reaction bases titrated with 0.01 N HCI, and the
various neutralized (or protonated) base species (see Figs. 2.2 — 2.6).

Base components neutralized (or
Composition of 10 mL of the
protonated) by HCI
reaction base

Range | Range I  Range III

NaOH (0.1 meq) OH,
Base 1 HCO;5™ H,O
+ CO; (variable) COs*
NaOH (0.1 meq) OH,
Base 2 HCOs~ H>O
+Ph (0.02 meq) + CO; (variable) COs*", Ph™
NaOH (0.1 meq) OH,
Base 3 HCO; BA~, H,O

+BA (0.02 meq) + CO; (variable) CO;*
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Fig. 2.2 shows the theoretical (based on the universal titration equation) and
experimental titration curves of the reaction bases listed in Table 2.2. It is noteworthy in
Figs. 2.2d — 2.2f that each experimentally observed titration curve is nearly perfectly
coincident with the theoretically calculated one, which implies that the universal titration
equation reflects well the actual titration and hence is fairly useful for deepening the
understanding of the indirect titration curve.

On the other hand, it is very interesting to note that Figs. 2.2a — 2.2¢c show two end points
(EPs; EP1 at pH 8 indicated by a white circle and EP2 at pH 5 by a white square) except
for the base without dissolved CO> (indicated with the black solid lines in Figs. 2.2a—
2.2¢). The observation of only two EPs, despite the presence of more than two base
components, indicates that some base components have similar pKy values so as to be

neutralized almost simultaneously to yield a single EP [15].
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(a) Base 1 (Theoretical)
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(c) Base 3 (Theoretical)
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(d) Base 1 (Experimental & theoretical)
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(e) Base 2 (Experimental & theoretical)
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(f) Base 3 (Experimental & theoretical)
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Theoretical curve

Fig. 2.2. (a, b, ¢) Theoretical only and (d, e, f) both experimental and theoretical (1)

titration curves, and (II) their first order derivatives, corresponding to the titrations of

the reaction bases listed in Table 2.2.
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Figs. 2.3 — 2.5 illustrate the theoretically predicted titration curves for the reaction bases
containing the model compounds for ACCs, viz. BA and Ph, and the quantity variation
of each base component during the titration. Except the case of Fig. 2.3 where no CO> is
involved, two EPs can also be clearly observed for the titration of Base 1, even though
three different ions contribute to the base activity, that is, OH", COs*>" and HCO;".
Considering the cases where 0.01 mmol of CO, is dissolved (Fig. 2.4), OH and COs>
ions yield similar pKy values and are concurrently neutralized in Range I (the range of
Qu" between the initial point (Qu" = 0 meq) to EP1) to yield EP1, as shown in Fig. 2a.
HCO;  ions are then neutralized in Range II (the range of Qu' between EP1 and EP2),
corresponding exactly to the amount of CO, dissolved, to yield EP2 (Therefore, the
quantity of CO; dissolved in each reaction base can be estimated from the extent of
Range II of the titration data shown in Figs. 1d-1f). The quantity of H;O" ions increases
in Range I1I (the range of Qu* from EP2) due to the protonation of H,O by HCI. Similarly,
concurrent neutralization yields two EPs again in both Base 2 and Base 3. Base 2
contains not only OH", CO5*" and HCO5™ ions but also Ph™ ions, which are neutralized in
Range I (Fig. 2.4bll). The presence of Ph™ ions in the reaction base clearly does not alter
the Qu™" at the EPs. Rather, the down-shifts in the initial state of the titration along the
pH axis in Range I is found from a comparison with Figs. 2.4a and 2.4b (see also Fig.
2.6). In Base 3, the additional BA™ ions are neutralized in Range III along with the
protonation of H,O (Fig. 2.4cll). As a result, the whole titration curve is shifted toward
the lower Qu" value, and no extra EP appears at the original equivalence point of the
reaction base (Fig. 2.4c). The similar tendencies were observed in the other cases where
more CO, was assumed to be dissolved (Fig. 2.5).

In addition, Fig. 2.6 shows the theoretical and experimental titration curves of the
reaction base, NaOH in which only Ph or BA is dissolved. These curves clearly visualize
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the above-mentioned effects of the phenolic (Figs. 2.6a and 2.6¢) and carboxylic groups

(Figs. 2.6b and 2.6d) on the titration behavior of the reaction base.

(a) Base1 (b) Base 2 (c) Base 3
(dissclved CO, = 0 mmol) (dissalved CO, = 0 mmal) (dissolved CO, = 0 mmol)
14 14 14
o ¢ ()] ' m
T 7 T 7 T 7 .
0.10 0.10 4 | 0.10
) -_E- ‘\ . I—é an . » ?:f an
$E N i £E N i S N .
Sw an i S w \ I Sw \
ZE 005 \ ! ZEo0s ! 2% o0s
& 5 \ | [ H \ ' 5 £
3 a N . 3 a ) ™~ ) 3 a
- W BF o e Gk
O poolo LIPS I = a1 e o
0.00 0.05 0.10 “0.00 0.05 0.10
Qy+ (meq) Qy+ (meq)

—0— OH* —o0— Ph* —e— BA'
—0— H,0* —0— Ph —o— BA

Fig. 2.3. (I) Theoretical titration curves of (a) Bases 1, (b) Base 2 and (c) Base 3 and (II)
the quantity variation of each base component during the titration of each reaction base

without any dissolved COs.
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(a) Base 1 (b) Base 2 (c) Base 3
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Fig. 2.4. (1) Theoretical titration curves of (a) Bases 1, (b) Base 2 and (c) Base 3 and (1)

the quantity variation of each base component during the titration of each reaction base.

Here, the quantity of dissolved CO» was assumed to be 0.01 mmol

(a) Base 1 (b) Base 2 (c) Base 3
{dissolved CO, = 0.02 mmol) (dissolved CO;, = 0.02 mmal) (dissolved €O, = 0.02 mmal)
14 14 414
@ o | m |
I 7 ; T 7 | T |
- 0.10. : — 010 . - 0.10 T
° an ] (an ° an
_;:-g 0.05. \ E E-‘E 0.05 E-g 0.05
EE : " EE i Ec
58 N ' 55\ ! SN
gE - gE —~fo—ri GEF !
I < 7% S %8 S :
0.00 i 0.00 —t o P - :
0.00 0.05 010 0.00 0.05 0.10 0.00 0.05 010
Q+ (meq) Qyy+ (meq) Qyy+ (meq)

—0=— OH —#— CO* —0— Ph- —e— BA
== Hy0* HCOo;- —t— Ph —— BA
—4— H,CO,
Fig. 2.5. (I) Theoretical titration curves of (a) Bases 1, (b) Base 2 and (c) Base 3 and (II)
the quantity variation of each base component during the titration of each reaction base.

Here, the quantity of dissolved CO, was assumed to be 0.02 mmol.
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(a) NaOH + Ph (Theoretical) (c) NaOH + Ph (Experimental & theoretical)
14
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Fig. 2.6. (a, b) Theoretical only and (c, d) both experimental and theoretical (1) titration
curves and (II) their first-order derivatives, corresponding to the titration of the reaction
base, 0.01 N NaOH (10 mL), with 0.01 N HCI. The acidic components dissolved in the

reaction bases are (a, ¢) Ph and (b, d) BA.
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2.3.3 Application of universal titration equation on the indirect titration of NCNTs

With the above-mentioned observation and understanding, the universal titration

equation was extended to interpreting the titration curves of the filtrate of reaction base

containing NCNTacc or NCNT, and the reaction base itself shown in Fig. 2.7. As the

amount of CO; dissolved in each reaction base can be determined from the difference

between Q" values of the two EPs on each titration curve, the experimental titration

curve can then be reconstructed by applying the universal titration equation to exlude

the effects of CO, for visualization of the own effects of ACCs on the titration curves.

(a) Ref. (NaOH 0.01 N)

(b) Ref. - NCNT

(c) Ref. - NCNT,c¢

QCOZ

=0.0036 mmol

QCOZ

=0.0063 mmol

QCOZ

=0.0063 mmol

12}

oo
DDDDDDDDD
ooy

had

e

1000

(IT) 5
: M| s : t
2 100 e |G 100 o LI g
E E- N PEES b S
o 10. o 10. o
= 0.00 0.03 006 °  0.00 0.03 06 ©
Qy+ (meq) Qy+ (meq) Qy+ (meq)

Fig. 2.7. (I) Titration curves of (a) the prepared reaction base, 0.01 N NaOH itself (5 mL;

reference) and the filtrate from (b) NCNT and (c) NCNTacc containing reaction base,

respectively, (II) and their first-order derivatives. The amount of dissolved CO (Qco2)

in each reaction base was determined from the Qu" difference between the two EPs on

each titration curve.
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The effects of CO, were excluded from the experimental titration curves shown in Fig.
2.7 as follows. First of all, it was assumed that Qu" at a certain pH value from the
experimental titration data followed universal titration equation (equation (2.8)), and

then the effects of CO; can be reduced from Qu" as:

P . -
o —o 4 L+[OH]/K, oo 1+[OHT/K |
H e H 1/CHC] 1/CHC1

+ j—
Vio T1/[OH] vy o +[OH']/ K,

2Qco,
1+[0H ]/ K

bor ,  (2.11)

where Qu re is recalculated titration data (Qu") and Qcoz is the amount of CO, estimated
from the Qu" difference between the two EPs in the titration data (see Fig. 2.7). As the
equivalence of dissolved CO; (in the form of Na,CO3) is replaced by the equivalence of
NaOH (of which the equivalence is the half of that of Na,CO3) when CO; is dissolved
in NaOH solution [13] the effects of OH™ were added to the titration data as shown in
equation (2.10).

In Fig. 2.8 are illustrated the reconstructed titration curves, s, Inent, and Inentace, of the
reaction base, 0.01 N NaOH itself (5 mL; reference), the filtrate from NCNT and
NCNTacc containing reaction base, respecively. The reconstruction was made to remove
the effects of CO; on the assumption that the experimental Qu" values of the titration
curves in Fig. 2.7 follows the universal titration equation. So, some fluctuations in data
points at around pH 7 in Fig. 2.8b indicate that there are some deviations in Qu" between
experimental data and theoretical estimations. Neverthless, it is sufficient to show that
the effects of CO; on the titration curves (shown in Fig. 2.7) can be removed by this way.
The theoretical titration curves that best fit with the reconstructed data, viz. CO,-effects-

free experimental titration data, are also shown in the black solid lines in Fig. 2.8. The
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total surface acidity of the nitric acid-oxidized MWCNTs themselves can then be
estimated from the difference in the Qu" value at pH 7 between |l and Inent, and that of
ACCs between Incnt and Inentace, which are 0.87 £ 0.03 meq/g and 0.21 + 0.04 meq/g,
respectively. Since there can hardly be seen a down-shift of Inentace along the pH axis
from the theoretical counterpart in the initial state of the titration (between Qu' = 0 and
0.04 meq), it may reasonably be possible to conclude that there are little phenolic groups
on ACCs, and hence the estimated surface acidity of ACCs is mostly due to the
carboxylic groups. The more detailed effects of these carboxylic groups on the titration

behaviors will be demonstrated in Chapter 5.
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T
o
6
2 ; : 45 ?
0.00 0.02 0.04 0.06 0.044 0.048 0.052
Qy+ (meq) Qp+ (meq)

O Ref. (1., O NCNT (lenr) A NCNTxce (Inentacd)
NaOH 0.0503 meq, NaOH 0.0460 meq, NaOH 0.0460 meq
r’=0.998 r2=0.997 +Carboxylic group 0.0010 meq,

r2=0.998

— Theoretical curve

Fig. 2.8. (a) CO»-effects-free titration curves of the prepared reaction base, 0.01 N NaOH
itself (5 mL; reference) (lrr) and the filtrate from NCNT (Inent) and NCNT acce (Inentace)
containing reaction base, respectively, together with the theoretical titration curves. (b)
Magnified view of the titration curves around the EPs (red dashed box in (a)). The
difference in Qu" value at pH 7 between lier and Inent, and that of ACCs between Inent
and Incontace indicate the total acidity of NCNT (anent) and that of ACCs (aacc),

respectively.
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2.4 Conclusions

This work shows a systematic and scientific way of analyzing indirect titration curves
influenced by acidic carbon compounds (ACCs) and/or atmospheric CO, by applying a
newly developed universal titration equation based on the general Henderson-
Hasselbalch (H-H) equation. With the suggested method it became possible to identify
and quantify the effects of atmospheric CO, and carboxylic and phenolic groups of
ACCs, being adsorbed on the acid-oxidized MWCNTs, on the observed indirect titration

curve.
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Chapter 3 A Simple Method for
Analysis of Indirect Titration Results Regardless of

The Carbon Dioxide Effect

3.1 Introduction

The Indirect titration, or Boehm titration, has been generally adopted to characterize [1-
14] and analyze the reactivity [15-18] of the surface functionality of various
carbonaceous materials. In the method, three reaction bases with different basicities,
such as sodium hydroxide (NaOH), sodium carbonate (Na,CO3) and sodium bicarbonate
(NaHCO:s), have been used to discern the kinds and amounts of surface functionalities
among carboxylic, lactonic, and phenolic groups [1]. The amount of a specific surface
functionality is calculated from the neutralization point usually determined as the point
at pH 7 in the indirect titration curve corresponding to a specific base [7, 10, 11].

However, the neutralization point as judged at pH 7 does not always mean a precise
equivalence of the given surface functionality because of the effect of atmospheric
carbon dioxide (CO») that dissolves easily into the reaction base during the filtration of
the carbonaceous samples or the titration process. In fact, when atmospheric CO,
dissolves into aqueous solution, it becomes carbonic acid (H,CO3), which is a weak acid
[11, 19]. The presence of H,COs in the reaction base has been known to distort the
titration curve and make it difficult to get an exact neutralization point from the curve,
hence, the exact amount of a specific surface functionality, which is defined as the CO,

effect. To remove the CO» as completely as possible, the reaction base has to be acidified
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[1, 10, 11] since COs is driven out from the solution by acidic conditions with additional
processes such as heating [1, 10, 11] or degasification with an inert gas [11]. To prevent
the dissolution of CO; into the reaction base during titration, sealing, degasification of
the reaction base with an inert gas [11, 13], and titration in an N, gas filled glove box
[14] have been adopted. However, the introduction of these CO, removal processes
makes the indirect titration complicated and inaccessible, although the indirect titration
method is a practical method for the determination of the surface functionality of
carbonaceous materials comparing to the direct titration method [20-26].

Having considered this situation, in this study, I tried to find a much easier method for
determining the neutralization point in the indirect titration, which does not need any
additional processes to remove the CO, effect from the titration process. To achieve this
goal, the dissolution behavior of CO» into each reaction base, and hence its influence on
the titration curve, was systemically and quantitatively analyzed using universal titration
equation. The results obtained from the proposed method, which allows the dissolution
of CO; throughout the whole titration process (denoted in-COs-titration), were
comparatively discussed with those of the earlier typical method in which the reaction

base is acidified to remove the CO; effect (denoted ex-CO,-titration).
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3.2 Experimental

3.2.1 Chemicals and materials

Chemicals for the titration such as NaOH, NaHCOs3, Na,COs, and HCI solutions (0.01
M) were purchased from Daejung (Korea). To prepare the samples of oxidized carbon
nanotubes (CNTs) in which the functionality was to be analyzed, 1.00 g of multi-walled
CNTs (MWCNTs; JEIO) was treated with 300 mL of mixed acid (mixture of 70 % HNOs3,
75 mL and concentrated H,SO4, 225 mL) in 60 °C silicon oil for 3 hours. After the
treatment, the sample was refluxed in 1 N NaOH for 1 h to eliminate the acidic carbon
compounds, which might disturb the accuracy of the results [7]. The MWCNT dispersion
in aqueous NaOH solution was filtered (0.2 pum PTFE filter, Adventec) and treated with
1 N HCI for 1h until the pH of the filtrate became neutral. The obtained MWCNTSs were
vacuum-dried at 105 °C for 1 day (denoted MCNT).

3.2.2 in-COs-titration of pre-reaction bases

In this study, the general reaction bases, NaOH, Na,COs, and NaHCO3, were used for
the indirect titration. The concentration of each reaction base was limited to 0.01 N in
this study. The amount of the reaction bases used in the titrations was 10 mL for the
reaction bases NaOH and NaHCOs, and 5 mL for the reaction base Na,COs. In the case
of Na,COj3, a half volume of the other reaction bases was used to make the solution in
the same equivalence of the base. To reduce the confusion, the reaction bases before and
after the reaction with MCNTs were denoted pre- and post-reaction bases, respectively.
Potentiometric titration behaviors of each reaction base were monitored with an 888
Titrando (Metrohm). To find out the CO; effects on the titration behaviors of the pre-
reaction bases, the reaction bases were exposed to air for different periods of time (0, 1,

3, 6, and 12 hours) and then titrated using 0.01 N HCI standard solution (20 mL) as the
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titrant (here, the titrant is a solution of known concentration that was added to the
solution and analyzed in the titration procedure). The titration system allows the
dissolution of CO, throughout the whole titration process. To determine the
neutralization point (NP) to obtain the equivalence of the reaction base (denoted base
equivalence), the inflection points in each titration curve were detected with the installed

program, Tiamo (Metrohm), which is defined as the inflection measurement.

3.2.3 ex-COs-titration of the pre-reaction bases

The same amount of pre-reaction bases acidified with 20 mL of 0.01 N HCI as prepared
in Section 2.2 were stirred for 4 hours to expel the dissolved CO, from the solutions. The
acidified reaction base was titrated with 0.01 N NaOH standard solution as the titrant to
determine the equivalence of the remaining H' ions (denoted acid equivalence) [11], and
kept purged with N> gas to minimize the dissolution of CO; during the titration. Each
titration was done in triplicate. In addition to the inflection measurement, the pH-7-
measurement was done to determine the NP and the acid equivalence, where the titration
of the acid is considered complete at pH 7. The NP determined by the pH-7-measurement
is denoted as NP;. The differences between the in- and ex-CO»-titration systems are

summarized in Table 3.1.

3.2.4 in- and ex-COs-titration of MCNTs

To examine the CO, effect on an actual titration of carbonaceous samples, the in-CO»-
titration was first applied to the MCNTs in which ca. 60 mg of MCNTs dispersed for 48
hours with stirring in a specified aqueous reaction base solution (0.01 N NaOH, 60 mL;
0.005 N Na,CO3, 30 mL; and 0.01 N NaHCO3, 60 mL) was filtered through a 0.2 pm
PTFE syringe filter (Adventec), and then, 10 mL of the filtrates (5 mL in the case of
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Na,CO3) was titrated with 0.01 N HCI standard solution (20 mL). As described in
Section 3.2.2, the filtrate of the reaction base after the reaction is denoted as the post-
reaction base. Each titration was repeated three times in order to show the reproducibility
of the result.

In the ex-CO»-titration [11] of the MCNTs, which was a comparative titration with the
in-CO»-titration, the same amount of post-reaction base acidified with 20 mL of 0.01 N
HCI was titrated with 0.01 N NaOH following the same procedures described in section
2.2.3, Chapter 2.

Table 3.1. Summary of in- and ex-CO»-titration systems

Titration system in-CQO;-titration ex-CQO;-titration

CO; exclusion process

None Acidification
before the titration
CO; prevention process
None Purging with N, gas
during the titration
Kind of the titrant 0.01 N HCI 0.01 N NaOH

Inflection point,
Determination of NP Inflection point
The point at pH 7
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3.2.5 Determination of the surface functionality of the MCNTs

The amount of surface functional groups on the MCNTs was determined by the uptake
of the reaction base calculated from the difference between the base equivalence of the
pre- (eQspre,) and post- (eQspos,) reaction base B (B specifies NaOH, Na,COs, and
NaHCO3). In the case of the in-COs-titration of each reaction base, the amount of

functional groups, NG s, is calculated as follows:

. Chci (VHCLB,pre _VHcLB,post)

n

FG.B —
’ m
MCNT,B (31)
_ qu,pre - qu,post
mMCNT,B

, where Cuci is the concentration of the HCI titrant; Vici B pre and Ve B post are the volume
of the HCI at the base equivalence for each of the pre- and post-reaction bases,
respectively, and myents is the effective mass of the MCNTs corresponding to each
post-reaction base. Therefore, the number of carboxylic groups n., lactonic groups n,

and phenolic groups n,, was calculated, respectively, as follows:

Ne = Ngg Natico,

_ eqNaHCO:‘,pre o eqNaHCO3,post (321)
m

MCNT,NaHCOj ’
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Ny = Neg Na,co, ~ Mea Natico,
_ eqNa2CO3 pre eqNaZCO3 -post eqNaHCO3 pre eqNaHCO3 ,post (3.2.2)
mMCNT,Na2C03 mMCNT,NaHCO3 >
N, = N6 naon — MeG Na,cO,
_ eqNaOH,pre - eqNaOH,post _ eqNazCO3 pre eqNa2C03,post (3.2.3)
MyienT NaoH mMCNT,NaZCO3

The reproducibility of the results was determined by the standard deviation in the number

of each functional group as follows:

2 2
e + e
S _ [ qNaHCO3 pre qNaHCO3 post ]1/ 2
n = 2 (3.3.1)
mMCNT,NaHCO3
9
2 2 2 2
S _[ eqNa2C03,prc eqNaQCO3,post eqNaHCO3,prc eqNaHCO3,post ]]/ 2
n = - > - > (3.3.2)
MCNT,Na,CO, MCNT,NaHCO,
s
2 2 2 2
+ e + e
S _[ eQNaOH,prc eqNaOH,post + qNa2C03,pre qNa2C03,post ]1/2
e — 2 - 2 . (332
MCNT,NaOH MCNT,Na,CO;

where S, 1s the standard deviation of the factor a. The standard deviation or the error
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range in the amount for each functional group largely depends on that of the measured
equivalence of each reaction base.

In the case of the ex-CO»-titration system, €Qspre and €Qgpost should be previously
calculated from the acid equivalence of the acidified reaction base (€Qex B pre(post)) as

follows:

qu,pre(post) = CHCl,eX .VHCI,ex - c:NaOH 'VNaOH_B,pre(post)

-V

, 3.4)
HClex eqexiB,pre(post)

= Clicex

where Chcrex and Vauciex are the concentration and input volume of the HCI for the
acidification of the reaction base to expel the CO, (Vuciex = 20 mL in these cases),
respectively, and Cnwon is the concentration of the NaOH titrant; VnaoH Bpre, and
VNaoH Bpost, are the volume of the NaOH titrant at the acid equivalence for each of the
pre- and post-reaction bases acidified with HCI (0.01 N, 20 mL), respectively. Therefore,

NrG,s can be calculated as follows:

_ qu,pre - qu,post

n =
FG,B m

MCNT,B )
(3.5
_ eqexiB,pOSt - eqexiB,pre

mMCNT,B

Here, n, ni, and np, and their standard deviations were derived similarly as described in

equations (3.2.1) — (3.2.3), and (3.3.1) — (3.3.3), respectively.
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3.3 Results and discussion

3.3.1 CO; effect on the in-CO»-titration behavior of each reaction base

Fig. 3.1 shows the titration curves of the reaction bases in the in-CO»-titration system
(denoted in-CO»-titration curves) with different exposure times to air before the titrations.
Regardless of the exposure time, the quantity of H* from the dose of the HCI titrant
(Qu" ) at the second inflection point remained unchanged (straight gray dashed lines in
Fig. 3.1) even though the specific shapes of the curves were distorted for all of the in-
CO»-titration curves. These distortions most certainly resulted from the CO, effect since
each titration curve showed two distinct inflections, which are regarded as the
neutralization points (NPs) at pH 8 (NP1) and 5 (NP2). The pH value at each NP is given
as the pH at neutralization of COs* and HCOs’, respectively [27], which is the product

of the reaction between each reaction base and CO; [28-30].
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Fig. 3.1. (I)Experimental and theoretical in-CO»-titration curves and (II) their first order
derivatives of different pre-reaction bases (a) NaOH, (b) Na,COs, and (¢) NaHCO; with
different exposure times. The gray arrows indicate an increase in the exposure time.
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Theoretical titration curves for each reaction base at the equilibrium state with CO;
(equilibrium curves) are shown as red dashed curves. To predict the change in the
composition of the reaction base during the interaction with CO», first, the simplest
model describing the chemical equilibrium of CO, and the reaction base was utilized. In
this model, it was assumed that the partial pressure of atmospheric CO, did not change
(0.00035 atm) by the reaction involved in the equilibrium; therefore, the concentration
of CO, is fixed as [COz]o (1.2x10° M) by Henry’s law [19]. Thus, the acid-base

equilibrium equations are the followings [19]:

CO; (ag) + HO(l) . HCOy (ag) + H' (aq), K, = [H?C%']][H*], (3.6)

HCOy (ag) .COs*(aq) + H' (aq), K, = [COH"] 3.7)
[HCO, ]

H,O (I) .H (aq) + OH (aq), K, =[H"][OH], (3.8)

and the conservation of charge for the ions in an aqueous solution is as follows:
[H']-[OH ]-[HCO, ]-2[CO,” [+[Na'] = 0. (3.9.1)
Here, [Na'] is conserved as the initial concentration [Na']; because it is a spectator ion
in the reaction. Since [H'] is negligible, [Na']; is the same as the summation of the
normality of the base ions at the initial state, — [OH]i— [HCO5]; — 2[CO;* .. Generally,

[OH]+ [HCO57] + 2[CO5*], the summation of the normality of bases, is defined as the
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alkalinity (Alk), which is a measure of the ability of an aqueous solution to neutralize

acids [27]. Therefore, equation (3.9.1) can be expressed as follows:

[H+]_[OH-]_[HCOB—]_z[CO32-]:_[Na+]i (3 9 2)
=—{OH ], -[HCO, ], —2[CO,* ], = —Alk;

where Alk; is the initial alkalinity of the reaction base. Here, I consider that the initial
concentration of [H'] in the alkaline solution is negligibly small than Alk;. Then,

equations (3.6) — (3.8) and (3.9.2) can be reduced into a cubic equation as follows:

[HTHAIKH'T = (K, + K, [CO,])H 12K, K,,[CO,], =0, (3.9.3)

where Ky is self-ionization constant of water. Since Alk; is given for each reaction base,
the concentration of each ion ([OH-], [COs*], and [HCO5]) and pH at the equilibrium
with CO, were calculated. If the Alk; is the same regardless of the kind of reaction base
(NaOH, Na,COj3, or NaHCO3), the equilibrium state with atmospheric CO, would be the
same.

Fig. 3.2 shows the calculated ratio variation of the equivalence (or the normality) of
CO;s* and HCO?* ions in the reaction base at the equilibrium state with respect to an Alk;
from 0.001 to 0.1 N, which is the usual concentration range applied in the indirect
titration. At the equilibrium state, most of the base components remain in the form of
CO;* and HCO3- ions and the equivalence (or normality) of OH- is almost negligible
regardless of the kind of reaction base. For example, if 0.01 N NaOH, Na,COs, or

NaHCO; is exposed to air and reaches equilibrium with atmospheric CO,, the
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equilibrium normality of CO5* and HCO;™ would be 0.0017 and 0.0083 N, respectively,

at pH 9.22. The specific mechanisms to reach the equilibrium will be discussed below.

Alk;=0.01 N

|
I} CO,> :0.0017 N
CO,

< 80

9 |

"é 60 [

® I

2 40{ |}HCO;:0.0083N

[¢}]

S 209 1| : Hcoy :

D‘ l AEEssEEEEENEE

(1]
0| —
0.00 0.02 0.04 0.06 0.08 0.10

Alk; (N)

Fig. 3.2. The calculated equivalence ratio of HCO; and CO5* ions in the reaction base

at the equilibrium state with CO,.
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To analyze the effects of these composition variations on the titration behaviors of the
reaction bases, the theoretical titration curve of the reaction base with the influence of
CO; was calculated using the universal titration equation (acid titrant form), developed

in Chapter 2 (see equation (2.8)):

Z QAf _ VBase + VBase
1+[OH]/ K Vio +1/[OH] vy o +[OH 1/K,

b.A;
Qe = /¢y 1/¢h

+
Vio +1/[OH] Vo +[OH]/K,,

. (3.9.2)

where Qu" 4t is the amount of added HCI titrant [meq], Qai” is the quantity of the specific
base component, Ai” [meq] in the reaction base, Ky ai~ is the base ionization constant of
a base Ai", Vpase 18 the volume of the reaction base, Vo is the molar volume of water,
and Cpcy is the concentration of the HCI titrant. The base components (Ai") associated
with this study were the OH, CO5*", and HCO5 ™ ions listed in order of their base strength.
Different from the conventional H-H equation [31], the universal titration equation is
useful to estimate a titration behavior in the whole range of the titration as described in
section 2.3.1, Chapter 2. When the universal titration equation was applied to COs*", a
diprotic base, it was assumed that COs> was divided into independent base components
and proton binding sites (Qcos> = Qucos’) with individual common pKp values.
Considering the effects of CO; on the titration curves, the first term in the numerator of

equation (3.9.2) can be expressed as follow:
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Z QA; _ QNaOH _2Qcoz n Qco2 " Qco2
1+[OH ]/K_,  1+[OH 1/K 14[OH"]/ K 1+4[OH ]/ K

b

b,OH™ b,COs> b,HCO;”

(3.10)

where Qnaon, Qcoz is the initial quantity of NaOH in the titrand solution (0.1 meq in this
case) and dissolved CO (see Step 1 in the following discussion), respectively. Applying
this universal titration equation, the titration behaviors of the reaction base NaOH (0.01
N, 10 mL, Qon = 0.1 meq) were calculated with the dissolution of different amounts of
COz (Qcoz = 0, 0.025, 0.05, 0.075 and 0.1 mmol), denoted Base a — Base ¢ in order of
the CO, amount. The theoretical titration curves of Base a — Base e were drawn as |, —

l., respectively, in Fig. 3.3.

0.01 N NaOH (10 mL) + CO, n mmol

— Base a, n=0 (OH-: 0.1 mmol)
— — Base b, n=0.025 (OH-:0.05 mmol, CO;* : 0.025mol)

—-- Base ¢, n=0.05 (CO;*:0.05 mmol)
«ee Base d, n=0.075 (CO;*:0.025, HCO; : 0.05 mmol)

---- Base e, n=0.1 (HCO; : 0.1 mmol)

0 0.1 e NP1
10000- il ! ! o NP2
£ (Im ! !
+. 1000; 3 3 |
g . NN
2 100{: -:...//; 2 :
'g- -~ "-'"lh—: =" _'r'_-°_°_° ¥ i

850 052 0Ba 06 008 010
Quy+ jt (meq)
Fig. 3.3. (I) Theoretical titration curves and (II) their first order derivatives of 0.01 N

NaOH (10 mL) reacted with different amounts of COx.
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la (Qco2= 0 mmol) shows the typical titration curve of an NaOH solution, and only a
single NP from the OH" ions exist at pH 7. To calculate the titration curve of Base b, in
which Qcozis 0.025 mmol, the composition of each base component should be calculated
to apply the universal titration equation (equation (3.10)). Qon” and Qcos> in Base b can
be set as 0.05 mmol and 0.025 mmol (0.05 meq), respectively, according to the well-

known absorption reaction of CO; in NaOH [28, 29] as follows:

CO; (aq) + OH (aq) — HCOs (aq)
HCOs (aq) + OH" (ag) — COs* (aq) + H20 (1)

2 OH (aq) + CO; (aq) — COs> (aq) + H,0 (I) - Step 1

As the NaOH is reacted with CO, the titration curve begins to be distorted and the initial
NP at pH 7 splits to make two NPs at pH 8 (NP1) and 5 (NP2), which are generally
attributed to the neutralization of COs* and HCOs’, respectively [27]. These kinds of
behaviors were also observed in the real titration curves as shown in Fig. 3.1a. Q' 4 at
NP1 indicates the summation of Qon™ and Qcos®’, which implies both the COs* and OH"
ions are neutralized at the same time since the pKj, difference between the two ions would
be not large enough [26]. And then, the remaining HCOs™ ions from the neutralization of
the CO;” ions are neutralized to make clear the NP at Qu' 4 = 0.1 meq, which is the
original base equivalence of the NaOH solution. It is noteworthy that the difference
between the Qu” it values at NP1 and NP2 in |, is exactly the same as the Qcoz and Qcos™
initially set in Base b. The in-CO»-titration curves of NaOH exposed to air for 0, 1, and
3 hours in Fig. 3.1a show the titration profiles of the reaction bases at Step 1.

In Base ¢ (Qcoz2= 0.05 mmol), Qon™ is exhausted according to the reaction in Step 1, and
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the base becomes exactly 0.01 N (0.005 M) Na,COs solution. The titration curve | also
exhibits the titration behavior of Na,COs.

From the equilibrium diagram shown in Fig. 3.2, it is reasonable to estimate that the
composition of Base c, or the Na,COs solution, will change when it is exposed to CO,.
In this case, COs> ions are reported to mainly react with CO, instead of OH" ions and

produce HCO® ions [30] as follows:

COs* (aq) + H,O (I) — HCO; (ag) + OH (aq)
COz(aq) +OH (aq) — HCOs (aq)

COs*(aq) + H,O (I) + COz (aq) — 2HCOs (aq) - Step 2

Therefore, most of the base components in the reaction base are converted into CO3*
and HCO;™ ions, and Qcos* and Qucos” in Base d (Qcoz= 0.075 mmol) were set as 0.025
mmol (0.05 meq) and 0.05 mmol, respectively, to yield the curve lq. In the titration of
Base d, the stronger base, CO;* ions, would be neutralized prior to the HCOs ions and
NP1 appears at Q' = 0.025 meq, of which the amount is the same as Qcos>". At this
state, as COs>" ions are neutralized into HCO;™ ions, the quantity of the remaining HCO5~
ions is 0.075 mmol and would result in NP2 at Qu'4 = 0.01 meq when they are
completely neutralized. The in-COs-titration curves of NaOH exposed to air for 6 and
12 hours in Fig. 3.1a, and all of those of Na;COs3 in Fig. 3.1b show the titration profiles
of each reaction base at Step 2.

If Qco:2 becomes 0.01 mmol (Base e), only HCOs™ ions would remain to make a pure
NaHCOj solution (0.01 N) and the resultant theoretical titration curve is l.. However,
this is not a spontaneous reaction because the reaction base would reach the equilibrium
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state with CO, when the normality of HCO; ions becomes 0.0083 N as described in Fig.
3.2. On the other hand, l. would shift toward l; when Base e, or 0.01 N NaHCOs, is
exposed to air because more HCO3 ions exist in pure NaHCOj solution than those in the
solution at the equilibrium state. The change of the composition of each base component

in this case is followed by CO; desorption of HCOs ion [30] as follows:

HCOs (aq) — COs™(aq) +H' (aq)
HCOs (ag) + H' (aq) — CO; (ag) + Hz0 (1)

2 HCOs(agq) — COs* (ag) + COs (ag) + HO (1) - Step 2-

The overall reaction can be considered as the reverse reaction of the reaction in Step 2;
therefore, this step is denoted Step 2°. All of the titration curves of NaHCOs in Fig. 3.1c
show the titration profiles of the reaction bases at Step 2.

Based on these considerations, the theoretical titration curve of each experimental in-
CO»-titration curve was calculated and drawn as the black solid lines in Fig. 3.1 with
good coincidence between each other. In addition, the theoretical titration curve of each
reaction base in the equilibrium state with atmospheric CO; (denoted equilibrium curve)
was calculated and drawn as the red dashed curve in Fig. 3.1. The experimental titration
curves of each reaction base reached the equilibrium curve with an increase in the
exposure time, which implies my theoretical approach related to the CO; interactions
with the reaction bases and the estimation of the titration curves by the universal titration
equation would be valid in the real case.

Further, it is shown form Step 1, 2, and 2" that the total base equivalence (the summation
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of the equivalence of OH’, CO;*, and HCO;™ ions) of each reaction base remains
unchanged with the interaction of CO; since the equivalence of the base is the same in
the reactants and products, respectively, in the reaction in each step. The conservation
of the base equivalence (eqppr) is revealed in the conservation of Qu' s at NP2 both
theoretically (Fig. 3.3) and experimentally (Fig. 3.1) regardless of the exposure of the
reaction base to CO,. From this conservation, the precise measurement of Qg pr. of each
reaction base is possible in the in-CO»-titration system regardless of the exposure to air
as shown in Table 3.2, which implies the exclusion and prevention of CO, would not be

necessary in the indirect titration.

3.3.2 Comparison of the in-CO)-titration behavior with the ex-CO:-titration
behavior

For comparison, the ex-CO,-titration [11] was applied to each reaction base. Fig. 3.4
shows the titration curve of the acidified reaction base NaHCOs3 in the ex-CO»-titration
system (denoted ex-CO,-titration curve) as a function of the amount of OH™ ions from
the dosed NaOH titrant (Qow, it) (the other acidified reaction bases, NaOH and Na,COs3,
showed similar titration behaviors).

The ex-CO,-titration curve shows almost a single inflection peak around pH 7, which
implies that CO, was almost expelled from the reaction base by the acidification.
However, a magnified view shows that this peak splits into two inflection peaks at pH 5
(NP1”) and pH 8 (NP2’), which would be attributed to the neutralization of HoCO3; and
HCOg', respectively [27], which come from the remaining CO» in the reaction base even
though the removal and prevention of the CO, effect were adopted.

In this case, Qon, it at NP1’ shows the exact acid equivalence (€Qex Bpre) Of the acidified
reaction base [11]. However, as the Qon, it difference between NP1’ and NP2’ is rather
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narrow, the measurements of these NPs by the inflection measurement may not always
ensure accuracy. For this reason, the pH-7-measurement has been usually utilized to
determine the NP (NP7)[10, 11] in which the neutralization is assumed to be completed
at pH 7. If a highly precise measurement is not necessary, Qon, it at NP7 is regarded as
the eQex Bpre rather than the Qom, it at NP1’ [11]. After €qex Bpre 1S determined either by
the inflection or pH-7-measurements, the equivalence (egs pre) of each pre-reaction base
was calculated by equation (4) and compared to the eQgpr. Obtained by the inflection
measurement from the in-CO,-titration system in Table 3.2.

The results imply that both inflection measurements from the in- and ex-CO,-titration
provide eqg pre With high precision, which is comparable to that of a previous report [11].
However, the pH-7-measurement following the ex-CO,-titration resulted in the
underestimation of eqgpr. because of a slight amount of CO, remaining in the acidified
reaction base. It is noteworthy that the in-CO,-titration system provides a simple but

precise determination of the base equivalence.

86

S e ki



(a) ex-CO,-titration curve (b) Magnified view
(0.01 M NaHCO; 10 mL + 0.01 M HCI 20 mL)

12 — 12
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Fig. 3.4. (a) ex-CO,-titration curve and its first order derivative of the pre-reaction base

NaHCO3, and (b) the magnified view around the NPs (blue dotted box in (a)).

Table 3.2. The base equivalence of each pre-reaction base (€Qgpr.) determined by the

different measurement methods of NP from in- and ex-CO»- titration.

Equivalence of the reaction base

NP
Titration me
Measurement (meq)

method
Method Na,CO;

0.10128 0.09957 0.09964

in-CO»-titration Inflection point
+0.00009 +0.00005 +0.00004

0.10122 0.09970 0.09974

Inflection point
+0.00006 +0.00018 +0.00002

ex-CO,-titration

0.10008 0.09887 0.09866

The point at pH 7
+0.00030 +0.00022 +0.00013
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3.3.3 Surface functionality of MCNTs as determined by in- and ex-CO;-titration
The amount of each functional group on MCNTs was determined by applying both the
in- and ex-CO»-titrations. Fig. 3.5 shows the variations of the in- (Fig. 3.5a) and ex- (Fig.
3.5¢) COs-titration curves of the reaction base NaOH as it is reacted with MCNTs (Fig.
3.5b and 5d show the magnified view of Fig. 3.5a and 5Sc, respectively). NaOH uptake
(NrGNaoH), Which indicates the quantity of all the functional groups of MCNTs [1], is
presented in the figure with different measurements of the base or acid equivalence.
The in-COs-titration curve shifted entirely to the left (Fig. 3.5a) as the base equivalence
of the reaction base decreased after the reaction. In addition, all of the in-CO»-titration
curves showed two NPs, which indicates the CO; effect [27]. In these cases, Qu” 4t at the
second inflection point (NP2) should be regarded as the base equivalence of the reaction
base regardless of the CO, effect. Therefore, Nrc naon Was determined from the difference
between Qu' it at NP2 of the pre- and post-reaction base as described in equation (3.1).
In the case of the ex-CO»-titration of MCNTs, the whole curve shifted to the right. Since
the amount of HCI for the acidification of the reaction base was the same, the reaction
base with the lower base equivalence (pre-reaction base) had the higher acid equivalence
when it was acidified, as described in equation (3.4). The difference of the acid
equivalence between the pre- and post-reaction base (€0ex NaOHpre aNd €Qex NaOH,posts
respectively) indicates the Npgnaon as described in equation (3.5). The NrgNaon
determined from the inflection measurements from the ex- and in-CO,-titrations (0.786
+ 0.007 and 0.790 £+ 0.006 meq/g, respectively) was almost the same. Meanwhile, it
seems that the Nrgnaon Was slightly overestimated by the pH-7-measurement from the
ex-CO»-titration system (0.812 £ 0.027 meq/g), which is a result of the different tendency
of CO, expulsion by the acidification of each reaction base. The uptake of the rest of the
reaction bases Na,CO3 and NaHCOs was obtained by similar methods. Additionally, the
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number of each functional group on the MCNTs was calculated by equation (3.2.1),
(3.2.2), and (3.2.3) and the results are listed in Table 3.3.

All of the results listed in Table 3.3 show similar tendencies. However, the results from
the pH-7-measurement following the ex-CO»-titration were slightly different from those
from the inflection measurements because the tendency of CO, expulsion by the
acidification of each reaction base was different. On the other hand, a relatively high
precision in the indirect titration results was achieved with the in-CO-titration method
compared to that in the results of the ex-CO»-titration method even though no treatments
for CO; expulsion or prevention were applied before and during the titration. Therefore,
additional procedures such as acidification or protection of the reaction base by an inert-
gas blanket to exclude the CO; effect are not certainly necessary for the indirect titration

of carbonaceous materials.
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Table 3.3. The number of each functional group on the MCNTs determined by the

different measurement methods of NP from the in- and ex-CO,-titrations.

NP Number of functional group (meq/g)
Titration method Measurement
Carboxylic Lactonic Phenolic
Method
Inflection 0.498 0.222 0.066 0.786
in-COz-titration
point +0.016 +0.018 +0.010 +0.007
Inflection 0.494 0.239 0.058 0.790
Point +0.006 +0.024 +0.024 +0.006
ex-COz-titration
The point 0.508 0.263 0.041 0.812
atpH 7 +0.017 +0.027 +0.033 +0.027
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3.4 Conclusions

Atmospheric CO; has been considered to cause a negative effect on determining the
exact neutralization point and equivalence of the reaction base in the indirect titration,
and was thought to be removed or prevented using various additional procedures, which
makes the indirect titration complicated and inaccessible. However, it turns out
unnecessary to exclude CO, to determine the equivalence of the reaction base because
the position of the second inflection point indicating the equivalence of the reaction base
remains unchanged even though the reaction base interacts with CO,. In addition, the
surface functionality of acid-treated MWCNTs was determined with high precision
applying the titration method including the CO, effect. I believe my findings will help

to establish an effective and simple indirect titration standardization.
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Chapter 4 One-pot Titration Methodology for
The Surface Characterization of

Oxidized Carbon Nanotubes

4.1 Introduction

Carbon nanomaterials including carbon nanotubes (CNTs) [1-6], graphene [7-13], and
fullerene [14, 15] have been chemically modified by various methods. It is important to
determine and control the modified surface properties for their appropriate utilization.
For this purpose, various chemical investigation techniques such as Fourier-transform
infrared spectroscopy, Raman spectroscopy, temperature-programed desorption and X-
ray photoelectron spectroscopy have been applied for the surface characterization of
functionalized carbon nanomaterials [1, 10, 16-18].

Among the various characterization techniques, the titration method has been widely
adopted for simple operations given the useful information it provides. Titration methods
for carbonaceous materials are largely categorized into the indirect and direct methods.
The indirect titration method, also known as Boehm titration [19], is commonly used due
to its simple principles for the identification of the practical information on the surface
of various carbonaceous materials including activated carbons, carbon fibers, carbon
nanotubes, and graphene oxides [20-27]. With this method, three major types of
functional groups (carboxylic, lactonic, phenolic groups) are determine. These are
responsible for the surface properties and for the numerous applications of the carbon

materials. For the classification and quantification of these functional groups, Boehm

96

_H {l 1_'_” B

]

I

n’



suggested three bases with different basicities (NaOH, Na,CO3, and NaHCO3) which are
selectively neutralized with functional groups. In general, it is assumed that NaOH
neutralizes all three functional groups, while Na;COj3 neutralizes the carboxylic and
lactonic groups, and NaHCOs3 neutralizes only the carboxylic group [19].

Though indirect titration provides practical information about the surface chemistry of
carbonaceous materials for their appropriate utilization, several limitations prevent the
simple adoption of the indirect titration method. For example, experimental procedures
such as reaction, filtration and titration are fairly time-consuming and complicated
comparing to other surface characterization methods [22, 25, 26]. Specifically, a carbon
sample is mixed with a reaction base for a sufficient period, followed by filtration, after
which the filtrate is titrated with an acid titrant. Additionally, the filtrates are acidified
to remove dissolved carbon dioxide and are then titrated with the base solution (known
as the inverse or back titration method) [22]. In Chapter 3, the acidification step
appeared to be completely unnecessary in a systematic study of the effects of carbon
dioxide (CO,) on the titration of Boehm’s reaction bases. Nevertheless, complex
experimental procedures remain and must be repeated for each reaction base, which is
time-consuming and also make the indirect titration method inaccessible. Moreover,
filtration steps for highly oxidized CNTs individually dispersed in a reaction base [20,
28] or GO with two-dimensional nanostructures [29, 30] are hardly feasible or even
impossible. These carbon nanomaterials can act as secondary filters with nanopores and
inhibit the filtration of the reaction mixture, which is an essential process in the indirect
titration method. In such cases, surface characterization of carbon nanomaterials with
indirect titration becomes impossible.

In contrast, when using the direct titration method [31-36], the sample is simply mixed
with the titrand solution and is directly titrated for the identification of the acidic or basic
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characteristics of carbon materials. This method is widely used for the characterization
of carbons and polymers with acidic (or basic) properties under the assumption that the
pKa values of numerous acids (or bases) are not discrete but are instead continuously
distributed in a wide pKa, range expressed as the “pKa distribution function.” While the
direct titration method can effectively determine the population of the strong or weak
acidic groups, the practical functions of these groups for the efficient utilization of
carbon materials are not commonly provided, in contrast to indirect titration.

Therefore in this work, I develop a one-pot titration methodology penetrating the
principles of direct and indirect titration for the simple elucidation of the surface
properties of carbon nanomaterials. With this methodology, the pKj distribution function
of the direct titration of carbon nanomaterials is converted into practical indirect titration
results based on the universal titration eqaution. The wvalidity of the developed

methodology is verified with functionalized multi-walled CNTs (MWCNTs).
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4.2 Experimental

4.2.1 Chemicals and materials

All of the chemicals used as the titrants or titrands for the titration process, including
NaOH, Na,CO3;, NaHCOs3, and HCI, were provided by Daejung Chemicals, Korea, and
the MWCNTs were purchased from Hanwha Chemicals (CM250). For the
functionalization of the MWCNTs, MWCNTs (1 g) were stirred in 300 mL of 14.2 M
nitric acid at 110 °C for 6, 12, 24 and 48 hours. After an acid treatment, the MWCNTSs
were repeatedly filtered using a 20um PTFE filter (Advantec) and washed with
deionized water. For the complete removal of any acidic carbon compounds (ACCs)
which may be destroyed from the side-walls of the MWCNTs during the acid treatment
and affect the titration results were removed by washing the obtained MWCNTSs with
0.01 N NaOH solution until the filtrated become colorless [20]. The ACC-removed
MWCNTs were acidified by a 0.1 N HCI solution for reattachment of the protons to the
ionized MWCNTs and were then filtrated. This was followed by washing thoroughly
and filtration with deionized water and then drying in a 60 °C vacuum oven overnight.
The nitric acid-treated MWCNTs prepared for 6, 12, 24, and 48 hours were denoted as
N6CNT, Ni2CNT, NoyCNT, and NusCNT, respectively.

4.2.2 Indirect titration of oxidized CNTs

For indirect titration of the prepared oxidized MWCNTs, in-CO; titration procedures
standardized on Chapter 3 were applied. This procedure consists of three steps: reaction,
filtration and titration, without the need for CO, desorption by an additional acidification
process. For the reaction and filtration steps, each MWCNT sample (50 mg) was stirred
in 50 mL of each 0.01 N reaction base (NaOH, Na,COs, or NaHCO3) for 48 hours

(denoted reaction mixture) in HDPE bottles and then filtrated by a PTFE syringe filter
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(Advantec). The reaction bases before and after the reaction step are denoted as pre- and
post-reaction bases. For the titration step, 10 mL of the pre- or post-reaction bases were
then titrated with a 0.01 N HCI solution as a titrant using a potentiometric titrator (888
Titrando, Metrohm). In general, two inflection points appeared in each titration curve
showing the CO, effects. However only the second inflection points, at which all base
components (OH", COs*, or HCOy) are neutralized regardless of the CO, effects, are
defined as the end point of the titration curve of each reaction base; the equivalent
amount of HCI at this point is regarded as that of the reaction base. The titration process
was repeated three times in order to determine the average equivalence of each reaction
base.

The numbers of carboxylic (n), lactonic (n;), and phenolic (n,) groups were determined

by the following the procedures, with equations (3.2.1 — 3.2.3) as done in Chapter 3.

Ne = NgG Natico,

_ eqNaHCO3,pre - eqNaHCO3,post (321)
m

CNT,NaHCO, ’

Ny = NG Na,co, ~ Neg.Natico,

_ eqNa2CO3 pre eqNazCO3 post eqNaHCO3 pre eqNaHCO3 ,post (322)
m

Ment NaycO, CNT,NaHCO; ’

N, = N6 naon ~ Mk Na,c0,

. €00t pre ~ EUNaoH post _ eqNa2C03 pre eqNa2C03,post (3.2.3)
m

MenT NaoH CNT,Na,CO; ’
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where Nrg g is represents the concentrations of the functional groups [meq/g] determined
from the uptake of reaction base B (B specifies NaOH, Na,CO3, and NaHCO3), €0z pre(post)
is the equivalence of the pre(post)-reaction base of B, and ments is the effective mass of
the CNTs (Ng, N12, Na4, or NssCNTs) in the each post reaction base B during the titration

step.

4.2.3 One-pot titration of oxidized CNTs

Each CNT sample was agitated in a 0.01 N HCI solution (2 mg/mL) and agitated by
sonication in a bath for 30 minutes. Next, 15 mL of the mixture was injected into an
incubation titration vessel and titrated with a 0.01 N NaOH solution as a titrant at 25 °C
with continuous N, purging. To achieve full equilibrium between the acid functionalities
of the CNTs and the titrant during the titration process, the titrant solution was dosed
only when the pH variation was lower than 0.002 pH units/minute with a maximum
waiting time of 20 minutes. The detailed procedures for the titration data processing will

be discussed in the following section.
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4.3 Results and discussion

4.3.1 Calculation of proton binding curve and pK, distribution function

The methodology for calculating the indirect titration results from the direct titration
curves includes three steps. In the first step, the direct titration curves of oxidized CNTs
are converted into the proton binding isotherm, 6(pH), which exhibits the number of
protonated functional groups as a function of the pH [32]. In the second step, the pKa
distribution function f(pKa) is calculated from #(pH), which is discussed in detail in the
following of this section. Finally, the indirect titration results are computed as a function
of the concentrations of the reaction bases and the quantities of the carbon samples
dissolved into the reaction bases.

The pKa value of a multiprotic acid such as polymeric acid or acidified carbons is
generally assumed to be distributed and is described as the pKa distribution function
F(pK.) [meq]. The number of functional groups in a certain pKa range is calculated by
integrating F(pKa) in the pKa range. If F(pKa) is known, the proton-binding isotherm at

a certain pH value, O(pH) [meq] is calculated as follows [32] :

pKaf

‘ K
OMmMH)=0, + — 2 F(pK.)dpK 4.1
(pH) =0, pJO[H+]+Ka (PK)ApK,,  @.1)

where pKao and pKay are the initial and final pKa values of F(pKa), and ©, is the

number of dissociated functional groups with pKa values outside the integration limits.
This equation can be easily derived, as follows. First, I convert F(pK,) to the discrete
series Quai by defining the number of i’th acid components Qua i with the acid constant

Kai among n acid components (multiprotic acid), as follows:
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Ka,i+1 4
Qua, = [y F(PK,) dpK, (1<i<n—1). 42

At a certain pH point during the titration process, HA; will be protonated to form the

conjugated base A, as follows,
HA, - A +H", Ky =—>— (4.3)

where Qpai” and Qpuai are the partial quantities of the ionized and unionized acid
components, respectively. The summation of Qpai” and Qpai should be identical to the

total number (equivalence) of functional groups, Q. [meq], as

Qp,HAi +Qp,Aif = QHAi ) (4.4)
or
Qs TH] [H]+K,,

Q= QO =0 4.5)

by combining equations (4.3) and (4.4). Therefore, the proton-binding isotherm can be

obtained by the summation of all disprotonated components, as follows:
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K. .
ZQp,Ai- = ZWH& (Series form). (4.6)

The integral from of equation (4.6) is derived by combining equations (4.2) and (4.6) as

Ka,i . Ka,i PKaja
ey T e

Ko s K (4.1.1)
:p!; mf(ﬂ%) dea =0O(pH)

(Here, ® (can be added for derivation for equation (4.1)). The analytic solution of this

integral equation (4.1) is established as follow [32, 37]:

] 7Z'2i 82i+1® H
F(ng{ (b )}
pH=pK,

(_l)l : 2i 2i+1
(2i+1)!(In10)" O(pH)

n
i=0

_|o®(pH) 7 83®(pH)+ 7' °O(pH)
| 8pH  3!n10)*> a(pH)’  S5!(In10)* &(pH) —

(4.7)

In this work ®(PH) of N;2CNT is induced from the direct titration curve (Fig. 1)

adopting the universal titration equation developed in Chapter 2 as shown in equation
(2.8). Because the direct titration procedure was conducted with NaOH and HCI as the
titrant and titrand, I will use universal titration equation (2.9) (base titrant form), which

is rearranged as shown below.
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®(pH) + fHCl titrand (pH) + fHCl solvent (pH)

Q.- (PH) = , (4.8)
o fNaOH solvent (pH)
where
Qua,
O(pH) =) ——————, 4.8.1
(pH) ZH[H*]/KM (4.8.1)
V, . -C
facr v H)=—2*Ha"Ha | 482
HCI titrand (p ) 1 + [H+] / Ka’HCI ( )
Vv Vv
fHCl solvent (pH) == nd + + HC}F B (483)
Vio T1/[H'] vy o +[H /K,
1/c 1/c
fNaOH solvent (pH) = 1 + s NaOH (484)

Vio +1/[H'] Vo +[H' /K,

The above functions show the effects of acidic functional groups of carbon sample (® ),

HCl titrand ( f 4 )» solvent of HCl titrand ( f . ), and solvent of NaOH titrant

HCI titran HCI solven

( fraom sowent ) ON the titration curve as a function of pH value, respectively. Here, Q_

is the quantity of OH™ ion which is added from base titrant, K4 is acid ionization constant
of acid HA;j, [H] is the concentration of H" ion, Vi is volume of the HCI titrand, Cpc
1s the concentration of HCI titrant, Vio 1s molar volume of water, Ky is self-ionization

constant of water, and Cnaon 18 the concentration of NaOH titrant.
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Notably, @(pH) in equation (4.8.1) is a series expansion of the proton binding

isotherm expressed in equation (4.1) as shown by equation (4.1.1). Therefore O(pH)

can be obtained from direct titration curve of N12CNT (Fig. 4.1a) as follow:

®(pH) = QOH’ (pH) ’ fNaOH solvent (pH) - fHCl titrant (pH) - fHCl solvent (pH) : (49)

Subsequently, the pKa distribution function, F(pKa), of Ni2CNT can be obtained by
adopting a series equation (4.7 Analytically, infinite expansion of the progression of
equation (4.7) leads to the theoretical pKa distribution. However, a complex smoothing

process of the direct titration data is necessary for the high-order expansion of this series

equation (1>2), as the actual titration curves inevitably contain experimental errors,

which are geometrically accumulated as ®(pH) becomes more differentiated at a high
degree [32]. Therefore, in this work, only the first expansion of equation (4.7) was used

for the F(pKa) calculation from @O(pH), as follows:

(4.7.1)

F(pK.) z{—aG(pH)} .

opH

This type of first-order approximation is widely adopted for the calculation of the pKa
distribution of various carbon materials owing to its simplicity [35], and it was also
practically valid for the one-pot titration methodology for surface characterization of
carbon nanomaterials which will be further discussed in section 4.3.2. F(pK,) was then

normalized by the mass of carbon in the titrant to obtain normalized pKa distribution
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function, f(pKa) [meq/g], as

F(pK,) = F(K,) _ F(pK,)

, (4.7.2)
Mc Ce 'VHCI

where mc and Cc denote the mass and concentration of the carbon samples in the HCI

titrant, respectively. Similarly, the mass-normalized proton-binding isotherm, 6(pH)

[meq/g], can be defined as follows:

©(pH) _ O(pH)
me Ce 'VHCI

O(pH) = (4.9.1)

The obtained 8(pH) was then substituted into equation (4.8) for the calculation of the
theoretical titration curve to check the validity of the procedures. The experimental (open
black squares and red circles) and recalculated titration curves (black solid lines) shown
in Fig. 4.1a was identical with high precision, implying the obtained 8(pH) and f(pKa) is
practically applicable.

The calculated f(pKa) exhibited in Fig. 4.1c showed two distinct peaks around pKa=5
and 10 and a small hump between them at pKa =8 which may have originated from the
carboxylic, phenolic, and lactonic groups, respectively, as generally demonstrated in

previous reports[33, 35, 38].
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( a) - Ref. (0.01 N HCI, 15 mL), r*=0.992 (b) (C)

- Ref.+N,_CNT (15 mg), r=0.999
——Theoretical titration curve

12 0.5 0.08
_ S L
f/;wr'““’ 0,,,,=0.430 meq/g 0.07.
104 i 0.4-
i 0.06
i
84 It 0.05
‘ = 03] —
J‘i 3 T 004
T 6 E @ e ]
f E 02 £ 0.03]
I = -
44 H °© 0.02-]
r;t’j 0.1
Pt 0.014
. . 0.0 ——————t 0.00 . : : :
0.0 0.1 0.2 0.3 2 4 6 8 10 12 2 4 6 8 10 12
pH PK,

Q,, (meq)
Fig. 4.1. (a) Direct titration curve of HCl titrant solutions with (red circle) and without
(Ref.; black square) the agitation of the N1,CNT and their theoretical counterparts (black

solid lines), where Qon™ is the quantity of NaOH titrant solution, (b) proton binding

isotherm (@), and (c) pKa distribution function (f(pKa)) of Nj2CNT.
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4.3.2 Theoretical derivation of one-pot titration methodology

The basic concept of the calculation of the uptake quantities of the reaction bases (NaOH,
Na,COs, and NaHCOs) from this f(pKa) value involves a simulation of a condition in
which the acidic groups of the carbon materials are disprotonated. Herein, I assumed that
the uptake amount of each reaction base is identical to the number of disprotonated sites
of the functional groups of carbon samples in the reaction base. In addition, further
protonation or disprotonation never occurs during the filtration step. The number of
disprotonated sites is simply estimated by adopting the pH value of the mixture in an
equilibrium state of the reaction base and the carbon materials (denoted pHe) into a
proton binding isotherm (Fig. 1b in the case of Nj2CNT). This relationship is expressed

as follows:

Uptake = 8(pH,). (4.10)

In earlier work, this pH values were experimentally measured and utilized with the
proton binding isotherms of the activated carbons for the calculation of the indirect
titration results In this approach, acidified activated carbons were reacted with the
reaction bases for 24 hours and the pHe of each reaction base mixture was then measured
before the indirect titration filtration step. The proton binding isotherm at each pH value
as determined with the direct titration method is in good agreement with the indirect
titration result [31]. However, this process still requires a reaction step for each reaction
base in each indirect titration condition, and the disprotonation behaviors of the acidic
functional groups on the carbon surface with the reaction base have not been fully

demonstrated.
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In this work, pHe values with different indirect titration conditions are systematically
calculated from the f(pKa) value (Fig. 1a for N;2CNT) via the application of universal
titration equation without any necessity of the additional experimental procedures. This
computation process includes 1) a simulation of the titration curve of the mixture of the
reaction base and carbon sample adopting the universal titration equation (Fig. 4.2a-4.2¢),
2) a numerical calculation of the pHe value of the simulated titration curve, and 3)
substitution of pHe into the pH axis of the proton binding isotherm of the carbon sample
(Fig. 4.1c for N12CNT). The detailed derivation of the process is discussed below.

For the simulation of the titration curve of the mixture of the reaction base and the
functional groups with the HCI titrant, the universal titration equation (2.8) (acid titrant

form) introduced in Chapter 2 is rearranged as follow:

fC (pH) + fBase titrand (pH) + fBase solvent (pH)

S (PED) = Fucr v (PHD) &1
where

fc(pH)=Zl+[Oc§+i/Km, 4.11.1)
e dirana PH) = D - [8;];}5” : (4.11.2)
Fase sotvent (PH) = = Vi + Vi (4.11.3)

Vo +1/[OH] v, o +[OH]/K,, ’
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1/Chq B 1/Chq
Vio +1/[OHT v, o +[OH1/K,, |

fHCl solvent (pH) = 1 + (4 11 4)

As discussed in section 4.3.1, the above functions show the effects of the acidic
functional groups on the carbon (fc), the base titrand (fgase, tirand), the solvent of the base
titrand (fgase solvent), and the solvent of the HCI titrant (fuci solvent) 0N the titration curve as

a function of the pH value. Here, Q. is the quantity of H* ion which is added by acid

titrant, Ky is base ionization constant of conjugated base A;, [OH] is the concentration
of OH" ion, Vgase is volume of the base titrand (reaction base in this case), and Cuci is the
concentration of HCI titrant. The practical applications of equation (4.11) to the titration
curves of mixture of Nj2CNT and the reaction bases are shown in Figs. 4.2a — 4.2c.

The effect of the acidic sites, HA;, on the titration curves on equation (4.11.1) can be

readily calculated from the pKa distribution function (Fig. 4.1¢). Since the value of Q, -

is fundamentally identical to that of Q,;, (equivalence of HA;), equation (4.11.1) can

be formulated as shown below.

QHAi

e =2.; HOH /K, 27 K, /[H'] (+12)

Subsequently, Q,, Wwas obtained from pKa distribution function, F(pKai) (see

equation (4.7.1)) as
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QHAi = F(pKa|) (pKa,Hl _pKa,i)
=M - f(pKa,i)'(pKa,i+1 _pKa,i) . (4.13)
= CC : f (pKa,i) ' (pKa,i+1 _pKa,i ) 'VBasc

For fgase tirand(pH) as described in equation (4.11.2), T apply the description discussed in
section 3.3.1, Chapter 3 showing the effects of CO, on the titration of the Boehm’s
reaction bases. In the previous chapter, Na,CO3; and NaHCOj3; were considered as CO-
contaminated NaOH solutions to estimate the titration behavior of each reaction base.

The theoretical equation used to obtain the corresponding titration curves is as follows:

QOH— Qcof' QHC03'

fBase titrand (pH) = - + - + -
1+[OH1/K, ., 1+[OH]/K 1+[OH]/ K

b,CO.> b,HCO;

(4.14)

In this equation, COs* is assumed to be divided into an independent base component and

proton binding sites, resulting in Q. , =Q, .. In section 3.3.1, it is assumed that
3 3

CO;” results from the dissolution of CO; into the pure NaOH or Na,COjs solution by the

following reactions [36, 37],
2 OH (aq) + CO; (aq) — COs* (aq) + H,0 (). (4.15)

Therefore, Qo is assumed to be identical to the quantity of hypothetically dissolved

CO; as
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Qcof' - QHCO3' - QCO2 ) (4.16)

Additionally, NaOH can be further neutralized by HA; from the carbon sample through

the following equation:
OH™ (aq) + HA (S) — Ai (s) + H20 (1). (4.17)
The neutralization reactions (4.15) and (4.17) conserve the normality summation of the

base components, which is defined as the alkalinity (Alk), which can be expressed by the

following equations,
Alk =[OH']+[CO32_]+[HCO3_]+Z[A;]. (4.18.1)
or

Qar = Quyp +Qc032' + QHCO;' +Q, ’ (4.18.2)
= QOH— + 2Qco2 + QHA

where Qai is the total quantity (equivalence) of the base components (Q,, = Alk-V,_.)

and Qua (= Q,. ) denotes the equivalence of the acidic groups on a carbon sample, which

is the area of m.-f(pKa). Then equation (4.13) can be reconstructed as
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fBase titrand (pH) = QAIk — 2Q_C02 _QHA + Q_COZ + Q_COZ s
1+[OH]/K, o, 1+[OH]/K 1+[OH ]/ K

b,CO,* b,HCO;
(4.14.1)
Subsequently, the CO, ratio, lco, » is defined as
Q
fg = —2 (4.19)

CcOo, — :
’ QAIk

QNP]

NP2

defined in equation (4.19) is theoretically identical to 1-— , where Qp; and

Ieo,

Qnp2 are QH+ at the first and second neutralization points (NPs) shown on the titration

curve of the reaction base with the HCI titrant. Notably, this relation was confirmed both
theoretically and experimentally in titration of CO,-contaminated NaOH, Na,COs3, and
NaHCOs in section 3.3.1, Chapter 3 (see Fig. 3.1, and 3.3). Specifically, the ideal
reaction bases can be demonstrated by NaOH solutions with different ., values;i.e.,

o, is equal to 0, 0.5, and 1 for NaOH, Na,CO; and NaHCO3, respectively. However,

at atmospheric atmosphere, these ratios are never preserved, as CO; in the air interacts

with the reaction bases. For a precise comparison of the indirect titration and one-pot

titration results, leo, Was measured from every pre-reaction base.

Following equation (4.19), equation (4.14.1) can be further reconstructed as
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Alk '(1_2rc02)_qHA “Ce

1+[OH]/ Ky .on
fBase titrand (pH) = r r VBase’ (4 142)
+ = 0. Alk
1+[OH]/ Ky.cor 1+[OH ]/ K, neo-
where (), is mass-normalized Quna ( G, =—QHA = Qua ) [meq/g], which is
mC CC .VBase

identical to the area of f(pKa). And then pHe was numerically obtained by solving

Q. (PH,)=0 on equation (4.11). This equation is identical to

Z Ce- f(PKa,i)'(PKa,i+1 _pKa,i)
1+10°% . Ka,i
AlK-(1-2r., ) —Qya -Cc r
+ 2

CO, rCOz

+ +
14107 Ky, /K, o | 1+107 K, /K 1+107" . K, /K

Alk

b,COs> b,HCO;

1 ; N | __
Vo +1/(107 Ky ) vy o +107

(4.20)

by combining equations (4.11), (4.11.3), (4.11.4), (4.12), (4.13), and (4.14.2 Once f(pKa)
is determined for a carbon sample, pHe should be a function of o, » Alk, and cc, as

described in equation (4.21).

pH, = f (1, AlK,C,). (4.21)
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Here, pHe can be numerically calculated by equation (4.21) or from the simulated
titration curves of the mixture of the carbon sample and the reaction base. It is then
substituted to the pH axis of #(pH) for the calculation of the uptake quantity of the
reaction base by the functional groups. The derived one-pot titration methodology was
applied to MWCNTs treated with nitric acid and the results were compared to typical

indirect titration results (Table 4.1 and 4.2).

4.3.3 Practical application of one-pot titration methodology

For the easy understanding of the one-pot titration methodology, the essential procedures
were preferentially adopted with the reaction mixture of 0.01 N reaction base and
Ni2CNT (1 mg/mL). Under this condition, the normality of the functional group

(4., (0430 meq/g)-C.(1 mg/mL)=0.430 mN) is much lower (4.3 %) than Alk (0.01 N) of

the reaction bases. For the calculation of the pHe of each reaction base, the corresponding
titration curve (Figs. 4.2a — 4.2c) was calculated applying equation (4.10). As shown in
the insets of Figs. 4.2a —4.2¢, the initial pH values at Qor=0 (pH¢) decreased from 12.00,
10.93, and 8.31 to 11.98, 10.81, and 7.88 for NaOH (r., =0), Na;COs (1, =0.5),

and NaHCO; ( feo, =1)s respectively. Notably, the pHe with different values of lco,

ranging from 0 to 1 possibly observable under a laboratory condition can easily be
estimated by applying the one-pot titration process, as shown by the black dashed line
in Fig. 4.2d.

The suggested methodology also provides a deeper understanding of the interaction
between the reaction base and the functional groups expressed by f(pKa). This interaction
can be demonstrated by showing how many functional groups are dissociated at a

specific value of pKay when the carbon sample is agitated in the reaction base. For this
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purpose, the distribution function of the proton-dissociated sites of the functional groups
at pHe, which is the defined proton-dissociated f(pKa) when pKa= pKai, was numerically

calculated by applying equations (4.6) and (4.13) in [31, 32]

Ka,i Q

‘ ‘ [H+]+ Kai HA;

proton dissociated f(pK,;)= : , (4.22)
CC ’ (pKa,i+1 _pKa,i ) .VBase
pH=pH,

or

. . Ka i
proton dissociated f(pK,,)=| ———f(pK,;) . (4.23)

’ [H ]+ Ka,i ‘ pH=pH,

Fig. 4.2e shows the proton-dissociated f(pKa) value of Nj2CNT (1 mg/mL) which is
assumed to be mixed into the 0.01 N NaOH (red dashed line), Na,COj; (blue dotted line),
and NaHCO; (green dash-dotted line). The original f(pKa) shown in Fig. 4.1c is shown

as a black solid line for comparison. It is easily observed from the plot that all functional

groups are dissociated when Ni2CNT is mixed into NaOH. As [, of the reaction

increased, the fraction of dissociated sites clearly decreased. For Na,COs, for which

lco, = 0.5, all functional groups were dissociated in the range of 3 < pK,< 9 and were

partially dissociated when pKa was greater than 9. Meanwhile, the pKa limitation for the

100 % dissociation decreased to pK, = 5.5 while the dissociation fraction gradually

decreased with pK, in the case of NaHCO3 ( leo, = 0). To the best of my knowledge, this
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type of systematic demonstration, showing the dissociation behaviors of the functional
groups in the presence of the reaction base, has rarely been reported in earlier works on
pKa distribution functions, i.e., f(pKa), of various carbon materials. Typically, the fraction
of functional groups with strong (pKa < 7) or weak (pKa> 7) acidic strength levels are

determined by the simple division of f(pKa) [33, 36].

118

S e ki



(a)
= = NaOH (r.,,=0, 0.01 N, 10 mL)
—— NaOH + N_-CNT (10 mg)

(b)

- — Na,CO, (r,,,=0.5, 0.01 N, 10 mL)

Na,CO, +N,,CNT (10 mg)

(c)

= = NaHCO, (r_ =1, 0.01 N, 10 mL)

coz

NaHCO, +N,,-CNT (10 mg)
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Fig. 4.2. Calculated titration curve of 10 mL of the 0.01 N reaction bases: (a) NaOH, (b)

Na,CO;3, and (¢c) NaHCO; (black dashed lines refer to the reference reaction bases and

red solid lines denote the mixture with 10 mg of Nj2CNT). (d) pHe of the 0.01 N reaction

base as a function of I, , (¢) proton-dissociated f(pKa) of N12CNT (cc = 1 mg/mL, Alk

= 0.1 N), and (f) reaction base uptake quantity of Ni2CNT as a function of I, from

the one-pot titration (black solid line) method and the indirect titration (red dots) method.
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My approach also makes it possible to estimate the indirect titration results without the
need for an indirect titration process [22, 27] or even the experimental measurement of
the pHe of the reaction mixture [31]. The uptake amount of each reaction base from the
indirect titration was obtained from the proton-dissociated f(pKa) area (Fig. 4.2¢) of the
corresponding reaction base, or simply from the substitution of pHe into pH axis of O(pH),

as shown in Fig. 1b. In addition to ordinary reaction bases, the uptake of the reaction

base with different I, values can be computed as shown in Fig. 4.2f. This calculation
with a varying value of I, is practically significant, as a pure reaction base with an

ideal Iy, can never exist under an actual real condition due to the absorption or
desorption of CO; into or from the reaction bases, respectively, as discussed in Chapter
3. Even in an inert condition (glove box), Na,CO3; or NaHCOs3; will desorb CO,, which

will lower their o, values [22, 39]. Nevertheless, the ., values of the reaction

bases used in the indirect titration experiments were maintained as the ideal values to the

greatest extent possible by minimizing their exposure to the atmosphere (Io, =0.04,

0.52, and 0.99 for NaOH, Na>COs3, and NaHCOs, respectively). Additionally, reaction
bases with different r., wvalues (0.28, 0.76) were prepared for a more detailed
comparison of the one-pot and the indirect titration results (the black solid line and the

red dots in Fig. 4.2f, respectively).

As shown in Fig. 4.2f, the uptake computed from the one-pot titration (black solid line)

method decreased gradually from 0.430 to 0.416 meq/g as I, increased from 0

(NaOH) to 0.5 (NaxCOs), followed by drastic decrease to 0.260 meq/g at o, =1

(NaHCO:s). This is also shown in Fig. 4.2f from the observation of the populations of

proton dissociated sites in each reaction base. Notably, the typical indirect titration
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results (red dots) also showed a similar tendency compared to the one-pot titration results
(red dots on Fig. 2f) with a determination coefficient (r?) of 0.986. This similarity implies
that the one-pot titration methodology is practically useful and has the potential to be an
efficient alternative to the typical indirect titration procedures.

The analogy can be extensively applied to reaction mixtures while varying AlK or cc, as

described in equation (4.20) or (4.21). Figs. 4.3¢ and 4.4c¢ show the uptake of the reaction

base as a function of I, with various Alk and cc values, respectively; these have been

typically adopted in previous indirect titration experiments on various carbon materials
[22-29].

As shown in Figs. 4.3 and 4.4, the one-pot titration methodology estimated that these
experimental variables significantly affect the proton dissociation behaviors of the
functional groups and thereby change the uptake of the reaction base. The entire proton
dissociation fraction was diminished as cc increased and as Alk decreased due to the
limitation of the proton dissociating capacity of the reaction base. These tendencies were
reconstructed for the representative reaction bases (NaOH, Na,COs, and NaHCO3) to
clarify the effects of cc and Alk on the uptake of each reaction base and the resultant
estimations of the concentrations of the functional groups shown in Fig. 4.5. As shown
in Figs. 4.5a and 4.5b, the uptake amount of NaOH was mostly preserved while varying
the experimental variables. Meanwhile, those of Na,CO3; and NaHCOj; are sensitive to
both cc and Alk. As a result, the concentrations of the functional groups estimated from
the difference in the uptakes between the reaction bases (applying equations (3.2.1) —
(3.2.3)) also changed despite the fact that the nature of the acidity did not change (Figs

4.5¢ and 4.5d).
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Fig 4.3. Proton-dissociation f(pKa) of (a) 10 and (b) 20 mg/mL N;2CNT in the 0.01 N

reaction base. (c) Reaction base uptake quantity of NioCNT as a function of f, with
the variation of Cc of the reaction base.
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Fig. 4.4. Proton dissociation f(pKa) of 1 mg/mL N2CNT in the reaction base with (a) Alk

=1 mN and (b) 0.5 mN. (¢) Reaction base uptake quantity of Ni2CNT as a function of

o, with the variation of Alk of the reaction base.
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Indeed, the indirect titration results in Table 4.1 shows the uptake amounts of all reaction
bases were lowered as the normality of Ni2CNT reached 0.43 of that of the reaction base
([cc, AlK] =[1 mg/mL, 1 mN], and [10 mg/mL, 0.1 NJ]) from 0.043. In cases with a high
normality ratio (0.43), the uptake quantities measured by means of indirect titration were
10 — 20 % lower than those estimated with the one-pot titration methodology, possibly
due to the reattachment of some protons to the functional groups during the filtration
procedures with the local increase in Cc in the reaction mixture. In these extreme cases,
the major assumption that the reaction base uptake is identical to the number of proton-
dissociated sites in the reaction mixture may be partially invalid. Nevertheless, the one-
pot titration approach successfully forecasted the uptake variations by the carbon
concentration or via normality differences in the reaction base by monitoring the

interactions between the functional groups and the reaction base molecules.
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Table 4.1. Comparison between one-pot and indirect titration results for the low

(0, -C-/ Alk=0.043) and high (8, -C./ Alk =0.43) normality ratio of N;2CNT to the

reaction bases

Uptake (meq/
Titration s (mea/g)
Condition
method Na,CO; NaHCO;
Cc =1 mg/mL One-pot 0.430 0.413 0.271
Alk =0.01N
0.440 0.412 0.281
(Hmax “Ce / Alk =0.043) Indirect
+0.006 +0.015 +0.008
cc =10 mg/mL One-pot 0.429 0.372 0.205
Alk =0.01N
0.413 0.322 0.160
(0,0 Cc / Alk=0.43) Indirect
+0.003 +0.005 +0.011
Cc =1 mg/mL One-pot 0.404 0.360 0.208
Alk =1 mN
0.363 0.325 0.189
(0,0 Cc / Alk =0.43) Indirect
+0.008 +0.004 +0.003
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The effects of Alk and cc on the titration results were visualized more clearly by the
construction of the three-dimensional graphics showing the uptake quantities of the
reaction bases (Fig. 4.6a) and the resultant concentrations of the functional groups (Fig.
4.6b) with various combinations of Alk and cc, which is defined ‘One-pot titration
diagram’. The experimental conditions under which indirect titration should be
conducted can be determined from this diagram. As shown in Fig. 4.6b, the titration
results changed remarkably with the variations of cc and Alk at the boundary, where

6. -C./ Ak is greater than 10 %. At the lower boundary, the uptake of each reaction

base nearly reached its maximum value; therefore, the variations in the results were
relatively small. This observation implies that the experimental conditions during
indirect titration should be carefully determined considering the nature of the acidity of
the carbon materials to obtain reliable and reproducible results. Therefore, when
conducting indirect titration, &max should be roughly measured first from the uptake of
NaOH at arbitrary cc and Alk values as a preliminary test for the determination of a valid

experimental condition (6 -C./Alk < 10 %) followed by the main procedures with the

reaction bases. On the other hand, the one-pot titration methodology provides all of the
titration results obtainable from both conventional indirect titration without the necessity

of a series of procedures during the indirect titration process.
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Fig. 4.6. One-pot titration diagram of N;2CNT exhibiting (a) the uptake quantity of the
reaction bases and (b) the concentrations of functional groups as a function of Alk and

Cc.
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4.3.4 Comparison between one-pot and indirect titration results of oxidized CNTs

The one-pot titration methodology developed in this work was also applied during the
surface characterization of the nitric acid-oxidized MWCNTSs with various oxidation
periods (NsCNT, Nj2CNT, and N2sCNT). Following the same calculation procedures
described in the previous section, the f(pKa) (the black solid line in Figs. 4.8a — 4.8¢) of
these samples were computed from the O(pH) derived from the corresponding titration
curves (Fig. 4.7). The proton-binding isotherms showed that the total number of
functional group (fmax) increased from 0.364 to 0.754 meq/g with longer oxidation
periods (see Fig. 4.7). The shape of f(pKa) became more complex, and one or two
additional peaks appeared in the low pKj regions, possibly due to the formation of more
acidic carboxylic groups as the oxidation process continued [33]. Nevertheless, the
concentrations of functional groups which practically serve as carboxylic, lactonic, and
phenolic groups can be readily obtained from the one-pot titration methodology. Notably,
as shown in Fig. 4.8d, the uptake quantities of the reaction bases from the one-pot
titration and indirect titration methods were identical to each other for all CNT samples.
Additionally, the effects of Alk and cc on the titration results of these samples are

visualized in the one-pot titration diagrams shown in Figs. 4.9 —4.11.
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Fig. 4.7. (a) Experimental and theoretical titration curves of the mixture of 0.01 N HCI

and (b) the proton-binding isotherms of NeCNT, NosCNT, and N4sCNT.

130

_H {l 1_'_” el

I

n’



f (meq/g)

——Total - — NaOH - - - NaZCO3 —-- NaHCO3
(rco:=0) (rco:=0.5) (rco=1)
. (a) N(CNT (b) N,,CNT (c) NssCNT
0.10
0.08
0.06
\
0.04- ‘\‘
\|
0.02- \
\~
0.00 ——r
2 6 8 10 12
PK,
(d) N.CNT ---- N,CNT —- N,_CNT One-pot itration
] NSCNT N24CNT N 48CNT Indirect titration
1.0
NaOH Na,CO, NaHCO,
0.84' .
é .............. J
E 044 5 ‘\;‘
"5_ \
D
0.2
0.0 T T T v ] ] v 1 M 1
0.0 0.2 0.4 0.6 0.8 1.0
r002

Fig 4.8. Proton-dissociated f(pKa) of 1 mg/mL (a) N¢CNT, (b) N2sCNT, and (c) N4ssCNT

in 0.01 N reaction bases. (d) Reaction base uptake quantities of NeCNT, NosCNT, and

N4sCNT as a function of rco2

from the one-pot titration and indirect titration methods.
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Fig. 4.9. One-pot titration diagram of N¢CNT exhibiting (a) the uptake quantity of the

reaction bases and (b) the concentrations of functional groups as a function of Alk and

Cc.
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These results were compared to the indirect titration results in the specific experimental
conditions. Herein, cc and AlK of the reaction bases were determined to be 1 mg/mL and

0.01 N, respectively; therefore, the € _ -c./Alk values are lower than 10 % for all

samples. For a fair comparison, 2% of the uncertainties in the experimental procedures
during the preparation of the samples and the reaction bases arose in the one-pot titration
calculation. Specifically, cc and Alk were assumed to be between 0.98 and 1.02 mg/mL

and 0.0098 and 0.0102 N, respectively. Considering the absorption and desorption

behaviors of the reaction bases discussed in section 3.3.1, Chapter 3, lo, Was

assumed to be in the ranges of 0 — 0.04, 0.5 — 0.54, and, 0.96 — 0.1 for NaOH, Na,COj3,
and NaHCOs, respectively.

Table 4.2 and 4.3 compare the one-pot and conventional indirect titration results of the
prepared CNTs. Significantly, the results were fairly identical within acceptable error
ranges. These correspondences imply that the suggested computation methodology of
one-pot titration is practically valid for estimations of indirect titration results from direct
titration procedures. More importantly, the repetition of complex procedures with each
reaction base during the typical indirect titration process is clearly unnecessary when
utilizing the one-pot titration methodology, remarkably reducing the efforts and periods
required in the determination of practical functional groups.

This methodology can be especially useful for highly oxidized CNTs [20, 28] or
graphene oxides [29, 30] for which filtration is difficult or impossible when using the
indirect titration method. Additionally, the logic used in the one-pot titration
methodology has the potential to be applied to estimate the interaction between carbon

nanomaterials with a variety of acid or base environments, thus breaking the
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aforementioned limitation and enhancing the possible applications of the titration

methodology, which will be shown in Chapter 5 and 6.

Table 4.2. Comparison between the uptake quantities of the reaction bases from one-pot

and indirect titration.

Uptake (meq/
Titration = (meq/e)
method Na,CO; NaHCO;
0.364 0.347 0.226
One-pot
+0.001 +0.002 +0.013
N¢CNT
0.376 0.342 0.231
Indirect
+0.006 +0.014 +0.006
0.430 0.414 0.278
One-pot
+0.001 +0.002 +0.016
Ni2CNT
0.440 0.412 0.281
Indirect
+0.006 +0.015 +0.015
0.581 0.539 0.390
One-pot
+0.001 +0.004 +0.015
N24CNT
0.587 0.531 0.381
Indirect
+0.004 +0.011 +0.010
0.752 0.716 0.513
One-pot
+0.001 +0.004 +0.016
N4sCNT
0.780 0.711 0.521
Indirect
+0.004 +0.012 +0.008
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Table 4.3. Comparison of the concentrations of functional groups from the one-pot and

indirect titration methods (calculations based on Figs. 4.2f and 4.8d)

Concentrations of functional groups (meq/g)

Titration
method Carboxylic Lactonic Phenolic Total
0.226 0.120 0.017 0.364
One-pot
+0.013 +0.013 +0.002 +0.001
N¢CNT
0.231 0.110 0.035 0.376
Indirect
+0.006 +0.015 +0.014 +0.006
0.278 0.136 0.016 0.430
One-pot
+0.016 +0.016 +0.002 +0.001
Ni2CNT
0.281 0.130 0.028 0.440
Indirect
+0.015 +0.016 +0.015 +0.006
0.390 0.149 0.042 0.581
One-pot
+0.015 +0.015 +0.003 +0.001
N24CNT
0.381 0.145 0.062 0.587
Indirect
+0.010 +0.015 +0.013 +0.004
0.513 0.203 0.037 0.752
One-pot
+0.016 +0.017 +0.004 +0.001
NgCNT
0.521 0.189 0.069 0.780
Indirect
+0.008 +0.014 +0.012 +0.004
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4.4 Conclusions

I develop a convenient and fundamental one-pot titration methodology for the
conversion of the pKa distribution function from direct titration results to practical
indirect titration results for the surface characterization of carbon nanomaterials. The
developed one-pot titration methodology may ultimately break the boundary between
the indirect and direct titration methods for the characterization of practical functional

groups and further investigations of their roles in applications of carbon nanomaterials.
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Part IV
One-Pot Titration Methodology for

Applications of Carbon Nanomaterials

141



Chapter 5 High-Quality Aqueous Dispersions of
Carbon Nanotubes for Preparation of

High-Performance Buckypapers

5.1 Introduction

Carbon nanotubes (CNTs) are widely recognized as the potential candidates for the
structural materials due to their extraordinary stiffness and strength with perfect
electricity [1, 2]. To realize these excellent mechanical properties in nanoscale to the
bulk state, CNTs have been assembled into various forms from one-dimensional fibers
[3, 4] to three-dimensional blocks [5, 6]. Buckypaper is one of the CNT-assembled
structures fabricated into two-dimension which can be applied into strong actuators,
sensors, filter membranes and the electrical devices [7-17]. The general procedures to
fabricate these freestanding buckypapres include the dispersion of CNTs into the
appropriate aqueous or organic solvents followed by the vacuum filtration of the
dispersions [7, 14]. While fabrication of buckypaper adopting vacuum filtration system
is quite simple, the mechanical properties are still limited comparing to the other kinds
of assemblies such as CNT fibers [3, 4]. To maximize the potential applications of
buckypaper as a structural material, it would be significant to fabricate highly dense
network of CNTs in the mats.

The formation of densely packed network might be highly dependent of the dispersion
quality of the precursor CNT solutions [18, 19]. The CNTs in the dispersion should be

individually distributed without any aggregates which might disturb the close packing
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of CNTs and potentially role as the crack sources limiting the performances of the
fabricated buckypapers. Indeed, achievement in the preparation of highly distributed
CNT dispersions is recognized as the essential step on engineering of CNTs for the
assemblies and polymer composites [18, 20, 21]. For this purpose, numerous methods
have been develop to disperse CNTs in the various solvents with high qualities and long-
term stabilities [22-26].

Functionalization by acid treatment for the direct modification of the CNTs’ surface into
hydrophilic makes CNTs dispersed well in the polar or hydrophilic solvents [7, 23, 27-
31]; hence has a potential to fabricate densely packed buckypaper. Especially, Acidic
carbon compounds (ACCs) detached from the sidewalls of CNTs during the acid
treatment are reported to play an important role in stabilizing CNTs dispersion due to
their aromatic structure covered by the numerous acidic functional groups [23, 32-36].
However, the fundamental principles describing the concrete role of ACCs on the
dispersion behaviors of CNTs were rarely discussed in the previous reports. The lack of
understanding of these roles of ACCs on the CNT dispersions may limit the potential of
ACCs engineering for CNT applications.

It was reported ACCs are readily removable when dissolved in the basic solution
followed by the filtration [23, 32-34]. However in this work, I found that the ACCs with
the strong carboxylic groups are inevitably lost even by the conventional purification of
oxidized CNTs with neutral water. It appeared in this work that these carboxylated ACCs
plays a key role for the dispersion of CNTs in aqueous systems. As a result, the
mechanical performances of the CNT buckypapers were doubled with these aid of these
ACCs.

For the effective fabrication of CNT dispersions and buckypapers, this work mainly
concentrates on 1) the development of the process for the maximal preservation of the
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ACCs on the surface of the CNTs after the oxidation, and 2) the systematic analysis of
the chemical properties and the ionization behaviors of these ACCs in the aqueous

dispersions of CNTs.
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5.2 Experimental

5.2.1 Preparation of oxidized CN'Ts

All of the chemicals including nitric acid (70%, HNO3), sulfuric acid (99%, H>SO,),
hydrochloric acid (HCl), and sodium hydroxide (NaOH) were purchased from Daejung,
Korea. For preparation of oxidized MWCNTs, 1 g of MWCNTs (CM250, Hanhwa
Chemicals) were dispersed in the mixture of HNOs3 (75 mL) and H,SO4 (225mL) at 60 °C
for 3 hours. After the acid treatment the dispersion was cooled into room temperature
until the oxidized MWCNTs precipitated. The typical purification process includes the
repetition of filtering and washing of the CNTs until the filtrate becomes colorless and
neutral. However this purification process with neutral water potentially remove the
ACCs which might conduct crucial roles on the properties of the resultant MWCNTs.
Additionally this washing and filtration is time-consuming process since the oxidized
CNTs become dispersible in the neutral condition to decrease the filtration rate [23, 37].
Therefore in this work, the supernatant of the reaction mixtures was carefully poured out
and 0.1 N HCl solution was supplemented to the sediment. The MWCNTs readily settled
down again in the acidic media and this process was repeated until the supernatant
become colorless. The supernatant was filtrated thorough 0.2 pm PTFE membrane filter
(Adventec) and the black filter cakes were mixed again with 0.1 N HCI solution. The
filtration and washing process was repeated for 3 times and the remained filter cakes
were dried on the heating stage at 60 °C for evaporation of HCI and water. After the
preliminary drying, MWCNTs were put into 60 °C vacuum oven overnight for complete
removal of HCI and water. This procedure purifying the mixed acid-oxidized CNTs with
HCI solution was defined as the acid washing process and the resultant MWCNTSs were

denoted MCNTaw.
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To examine the solubility of the ACCs attached on CNTs from MCNTaw sample in the
various pH conditions, MCNTaw was dispersed in the HCI or NaOH solutions in which
pH ranged from 1 to 14 by stirring for 24 hours followed by the filtrations. Each filtrate
was brown implying the dissolution of ACCs [23, 33], except in the case of pH 1 solution
(Fig. 5.1a). ImL of the filtrates were diluted in 9 mL water and absorbance of visible
light of each diluted filtrate was measured by UV-Vis.-NIR absorption spectrometer
(Cray 5000, Varian) [23].

For the comparison of the acid washing to the conventional neutral washing, MCNTaw
was dispersed in neutral water in 1 mg/mL. The filtration and washing process was
repeated until the filtrate became colorless (denoted neutral wash). For the complete
elimination of ACCs from CNTs, MCNTaw was washed with basic solution following
the same procedure of neutral wash (denoted base wash). For this purpose, 0.01 N NaOH
was used as a basic solution ACCs tended to dissolved maximally in this concentration
(Fig.5.1b). After the base washing, the CNTs were dispersed in 0.01 N HCI solution for
the acidification of the deprotonated functional groups followed by filtration and
washing with deionized water until pH of the filtrate was neutral. The CNTs prepared

by neutral and base wash were denoted MCNTnw and MCNTgw, respectively.

5.2.2 Preparation of CNT dispersions and buckypapers

20 mg of each CNT sample was dispersed in 20 mL of deionized water by horn
sonication instrument (Sonoplus, Bandelin electronic) for 20 minute. 40 mL of CNT
dispersions were prepared by the sonication and carefully decanted to the vacuum
filtration system with 0.2 pm anodized aluminum oxide disc filter (Whatman). The
filtration was finished within an hour but prepared buckypaper was remained in the
filtration system for the compete removal of water for 5 hours. The dried buckypaper
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was easily detached from the filter and additionally dried at vacuum oven at 60 °C

overnight.

5.2.3 Characterization

For the characterization of the functional groups on the CNT samples, X-ray
photoelectron spectroscopy (XPS) was conducted by AXIS-His (Kratos analytical). To
examine thermal degradation behaviors of CNT samples, each sample was heated to
900 °C in 10 °C/minunte after the isothermal process at 60 °C for 1 hour to desorb the
physically attached water molecules on the surface of CNTs using thermogravimetric
analysis (TGA) instrument (SDT Q600, TA instruments) . The acidity distribution of
CNT samples were analyzed by one-pot titration methodology developed in Chapter 4.
For this purpose, 20 mg of CNT samples were agitated in 20 mL of 0.01 N HCl solution,
and 15 mL of the mixture was titrated by 0.01 N NaOH solution as a titrant at 25 °C
using Titrando 888 (Metrohm). The titration system was completely sealed and N, gas
was continually purged to exclude carbon dioxide. To guarantee the equilibrium between
functional groups on CNTs and NaOH, additional titrant was dosed only when the pH
change rate was lower than 0.02 pH unit/minute. The titration curves were then
converted to the proton binding isotherms #(pH) indicating the concentration [meq/g] of
proton dissociated sites of the functional groups [38] following equations (4.9) and (4.9.1)
described in Chapter 4. The pKj distribution (f(pKa)), the indication of the population of
the acidic groups on the specific pKa range [38], was then obtained applying first-order

approximation [39] from the proton binding isotherms as

f(pK,) E{ (5.1)

d6(pH)
opH pH=pK, |
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For the determination of the dispersion state of CNTs in water, zeta potential of the 1/10
time diluted CNT dispersions were measured by zeta potentiometer (ELSZ-1000, Otsuka
electronics) to define the effective charges and dispersion states of CNTs. Additionally,
absorbance of visible light (A = 550 nm) of the CNT dispersions was measured after
centrifugation (Heraeus megafuge 16, Thermo scientific) of the dispersions at 3,000 rpm
for 20 minutes followed by 1/20 times dilution of the supernatants with water [40].

Surface morphology of the bucky papers were observed by scanning electron microcopy
(SEM; JSM-6700F, JEOL). For the measurement of the mechanical properties of the
buckypapers, each buckypaper was cut into the rectangular strips in a 2.5 mm width and
30 mm length. The mechanical tensile test was performed with universal tensile machine
(Inston-5543, Instron). At least 10 samples were tested with a 10 mm length and a
10 %/minute strain rate. The electrical properties of the buckypapers were determined
from the resistance measurements of the strips utilized by Keithley 2643B (Keithley

instruments) before the tensile tests [17].
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5.3 Results and discussion

5.3.1 Preservation and removal of ACCs from CNTs after oxidization

The base solution washing has been generally recognized as the essential procedures for
the removal of ACCs attached on oxidized CNTs [23, 33]. However, the possibility of
the dissolution of ACCs in the neutral or even acidic condition was never considered
because of the lack in investigation of the ionization behaviors of ACCs on CNTs.
Typically, the acid treated CNTs were purified by washing and filtration of the CNTs
with deionized water which may remove the ACCs dissolved in the neutral condition [7,
29]. To avoid the potential removal of these ACCs, the purification of CNTs was
conducted by 0.1 N HCI solution instead of neutral water followed by evaporation of the
residual HCI at elevated temperature. The resultant MCNTaw was then mixed in pH-
controlled aqueous solutions by NaOH or HCI followed by filtration of the mixtures.
Indeed, the brown color appeared, implying the dissolution of ACCs [23, 33], in the
filtrates not only from the basic (pH 10 — 14) but also in the neutral (pH 7) or acidic (pH
2 —4) environments (Fig. 5.1a). Fig. 5.2b shows the absorbance of visible light (A = 550
nm) of the diluted filtrates indicating the relative concentrations of ACCs in the filtrates.
The concentration of ACC gradually increased with pH raising until pH 7 followed by
drastic increase in basic region (pH 7 — 12). However as pH became higher than 12, the
ACCs tended to reattach on the surface of CNTs because the ionic strength of the
solution was high enough to make the attraction force dominant between CNTs and
ACCs [41]. Therefore, the relative concentration of ACC in the filtrated decreased when
pH was higher than 12. The dissolution behaviors ACCs will be correlated to the
ionization behaviors of ACCs after the detailed investigation of pKa distribution of ACCs

shown in Fig. 5.3.
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(b) (c)

0.30 0.30

5 5 0.15-

2 4 6 8 10 12 14
pH Number of wash

Fig. 5.1. (a) The filtrates of MCNTaw dissolved in the pH controlled water with HCI or
NaOH and (b) absorbance at A = 550 nm of the diluted filtrates. (c) Absorbance at A =
550 nm of the diluted filtrates of MCNTaw and neutral deionized water (pH 7) and NaOH

aqueous solution (pH 12) as a function of number of wash.
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The ACCs on MCNT aw were then thoroughly wash in neutral (pH 7; MCNTnw) or basic
(pH 12; MCNTsgw) condition to investigate the effects of ACCs on chemical and physical
properties and the solution behaviors of the oxidized CNTs. Washing and filtration was
repeated at least 10 times until each filtrate became colorless to remove ACCs as many
as possible [23]. Note that MCNTnw represents the oxidized CNTs obtained from typical

purification process by deionized water after the acid treatment [7, 29].

5.3.2 Surface properties of ACC-removed and unremoved CNTs

This pH-controlled step-by-step removal of ACCs was confirmed by chemical
investigation of CNT samples with XPS, TGA, and one-pot titration. Fig. 5.2 presents
the XPS Cls spectra of MCNTaw, MCNTxw, and MCNTgw showing the atomic
composition of carbon atom in the oxidized state. All of the samples showed the typical
peaks shown in functionalized carbon materials originated from carbon single (C-C,
Peak 1) and double bonds (C=C, Peak 2), the oxygen containing functional groups such
as epoxy’/hydroxyl (C-OH/C-O-C, Peak 3), ketone (C=0, Peak 4), and carboxylic (COO,
Peak 6) groups, and n- 7 interaction (n- 7, Peak 6) [31, 42, 43]. The quantitative analysis
(Table 5.1) shows that the number of oxidized carbon decreased from 30.7 (MCNTaw)
to 28.5 (CNTnw) and 22.9 (CNTgw) atomic % as the ACCs were removed from CNTs
by washing with neutral water or NaOH solution, respectively (Table 5.1). The results
showed that all of the functional groups decreased as ACCs were removed by base wash
of MCNTaw to make MCNTgw. Meanwhile, comparison between the quantitative
analysis of MCNTaw and MCNTxw indicates that neutral water selectively eliminated
the ACCs with carboxylic groups in majority. These removed carboxylic groups

positively enhanced the dispersibility due to their strong acidic property and hence the
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mechanical properties of buckypapers assemblies of CNTs which will be discussed later

in detail.

(a) MCNTgy

——Peak 1 (C=C)
——Peak 2 (C-C)

—— Peak 3 (C-OH/C-0O-C)
—— Peak 4 (C=0)

—— Peak 5 (COO)

—— Peak 6 (1r-1m)
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Fig. 5.2. XPS Cls spectra of (a) MCNTgw, (b) MCNTnw, and (¢) MCNT aw.
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Table 5.1. Quantitative analysis of XPS Cls spectra of MCNTgw, MCNTxw, and

MCNTaw in Fig. 5.2.

sp? sp® C-0/C-0-C C=0 0-C=0
Sample
[atomic%] [atomic%] [atomic%] [atomic%] [atomic%o]
MCNTgw 59.2 17.9 10.2 5.5 7.2
MCNTxw 53.7 17.8 11.0 7.8 9.7
MCNT aw 50.3 19.0 11.1 8.0 11.5
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The evidence of the removal of ACCs from CNTs were also demonstrated in TGA results.
Fig. 5.3 presents the thermal degradation behaviors of CNT samples and isolated ACCs.
Comparing to the CNTs, ACCs were thermally less stable due to the lower molecular
weights and more amount of oxygen-containing groups. The gradual weight loss of
ACCs during the temperature ramp process is due to thermal degradation of the
functional groups dominated by carboxylic or phenolic groups, which is also shown in
the case of ACC-removed CNT by base washing (MCNTgw) [44-46]. Meanwhile, the
distinct weight drop at 450 °C was possibly attributed to the boiling of the low-
molecular-weight components or breakdown of the aromatics structures on the ACCs
[46, 47]. Because of the lower thermal stability of ACCs, the thermal degradation rates
became faster as more amount of ACCs were attached on the surface of the CNTs
(MCNTaw, MWCNTxw). Since the ACCs might be uniformly distributed on the sidewall
of CNTs, the peak of ACCs around 450 °C was partially or completely disappeared in
MCNT aw and MCNTnw, respectively, and these components of ACCs attached on CNTs
would be gradually vaporized during the thermal treatments.

The TGA results were additionally applied for the estimation of the weight fraction (wf)
of ACCs on MCNTaw or MCNTnw, assuming the remained weight (W) of ACC-attached
CNTs are the linear summation of those of CNTs and ACCs as shown in equation (5.2)

in the case of MCNTaw [48].

W

MCNT,y =Wenr 'WfCNT +Wyce 'WfACC

=W,

MCNTgy

. (5.2)
' WfCNT +WACC ) (1 - WfCNT)
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Here, Wa and wf, is the weight loss percentage and weight percent of component A,

respectively. Wenr is supposed to be identical to W

on the assumption that ACCs

were completely removed by repeated washing of oxidized CNTs with 0.01 N NaOH

solution. Therefore the weight fraction of CNT (Wcnr) can be readily obtained as follow:

_WACC

ACC

- WACC

_ YYMONT,y,
WfCNT = W _
MCNTgy
or,
wf _ WMCNTNW
CNT — W
MCNTgy

- WACC

(5.3.1)

(5.3.2)

in the case of MCNTnw. The W at 800 °C, at which the thermal degradation rate became

stable for the whole samples, was chosen for wfenr calculation from equations (5.3.1)

and (5.3.2). The estimation of the weigh fraction of CNT and ACC in each sample is

summarized in Table 5.2. The table shows the weight fraction of ACC became half as

MCNTaw is washed and purified by neutral water (MCNTnw). Along with XPS

investigations, the TGA results also verified that the typical purification process

inevitably remove the ACCs from the surface of CNTs which can be potentially useful

in CNT applications. In the next description, the effects of ACCs on the acidic properties

of CNTs will be demonstrated in detail.
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Fig. 5.3. (a) TGA and (b) differential thermogravimetry (DTG) profiles of MCNTgw,

MCNTnw, MCNTaw, and ACC.

Table 5.2. Weight percent (W) at 800 °C and the resultant estimation of weight fraction

(wf) of CNT and ACC of CNT samples and ACC.

W at 800 °C (%)

MCNTaw 84.2 1 0
MCNTxw 78.1 0.89 0.11
MCNTaw 72.3 0.78 0.22
ACC 29.5 0 1
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It is widely established that the surface nature and dispersion properties of CNTs are
strictly affected by the acidic surface functional groups including carboxylic, lactonic,
and phenolic groups [32]. The ACCs which is enriched by these variety of acidic groups
make CNT more dispersible in the numerous aqueous or organic solvents, and thereby
widening the possible application of CNTs [23, 33]. In terms of titration methods, the
previous reports only showed the difference between the numbers of functional groups
on the oxidized CNTs before and after the removal of ACCs to show the effects of ACCs
on the various properties of CNTs [33]. However, the details on the mechanism how the
ACCs promote the dispersion of CNTs are hardly established because of the lack on the
concrete investigation on ACCs themselves. Therefore, the engineering of the ACCs on
the surface of CNTs to promote the application of CNTs was hardly available. Here, I
investigated and compared the acidic properties of both CNTs and ACCs, one of the keys
of the dispersion of carbon nanomaterials, by analysis of one-pot titration results of
MCNTgw, MCNTnw, and MCNT aw.

Fig. 5.4a presents the proton binding isotherms (8(pH)) of the CNT samples showing the
number of dissociated protons from the acidic groups at the specific pH points during
the titrations. And then pKa distribution functions (f(pKa)) (Fig 5.4b) of CNTs were
obtained by first-order differentiation of proton binding isotherms at pH = pKa [39].
Due to the presence of ACCs on CNTs, the number and pKa range of the acidic groups
of MCNTAW (3.21 meq/g) are much bigger and wider than those of MCNTnw (1.91
meq/g) and MCNTgw (1.06 meq/g). The peaks on pKa around 5 — 6 and 9 — 9.5 displayed
in all CNTs implied the existence of carboxylic and phenolic groups which were majorly
formed during the mixed acid treatment of CNTs [39, 49, 50]. The additional peak on
pKa = 2.9 in the distribution function of MCNTaw indicated the more acidic carboxylic
groups attached only on ACCs [49].
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Fig. 5.4. (a) Proton binding isotherms (6), (b) pK. distribution functions (f) of MCNTgw,

MCNTnw, and MCNTaw. (¢) pKa distribution functions (f) of ACCs on MCNTaw and

MCNTnw.
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For the calculation of pK, distribution function of ACC (facc) dissociated from that of
CNT (fenr), I assume that the pK, distribution function of ACC-attached CNT (MCNT aw
or MCNTnw) is the linear summation of that of CNT (fenr) and ACC, and no ACC is

additionally attached on MCNTgw. Equation (5.4) shows the calculation process of facc.

=f wf

fMCNTAW — lont St wf

+ fACC ’

= fMCNTBW 'WfCNT + fACC (1= WfCNT)’ (5.4)

fMCNTAW - fMCNTBW -wf

- fACC = 1—wf

CNT ACC

CNT

CNT

where fa is the pKa distribution function of component A, and Wfcnt, Wfacc are the weight
fractions of CNT and ACC in MCNT aw estimated from TGA results shown in Table. 5.2.
The same logic was adopted for the calculation of facc on MCNTyw by substitution of

f into f in equation (5.4). Fig. 5.4c presents the pKa distribution

MCNT,y MCNTyy
function of ACC of MCNTaw (red solid line) and MCNTnw (blue dash-dotted line),
respectively. These two curves resembled each other in the displayed pKa range except
the peak on pKa =2.9 shown in facc of MCNT ac. This difference implied that the typical
washing process of CNTs by neutral water after acid oxidation completely remove the
ACCs with strong carboxylic groups which may play a crucial role on the function of
CNTs in the various applications. Note that the elimination of these carboxylic groups
were also confirmed in the XPS analysis (see Fig. 5.2 and Table 5.1).

The ionization behaviors of ACCs on MCNTac were then analyzed applying the
universal titration equation previously developed in Chapter 2 and applied further in
Chapter 3 and 4. In this work, MCNTxc (1 mg/mL) was dispersed in the NaOH or HCI

solution of which pH ranged from 1 to 14 to remove ACCs (Fig. 5.1). The concentration
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of ACC in the filtrates of this removal process would be seriously related to the number
of the ionized functional groups on ACCs which will be estimated by the following
procedures. This procedures are analogy of those for the calculation of proton dissociated
sites of nitric-acid-oxidized MWCNTs in the presence of the Boehm’s reaction bases
discussed in section 4.3.2, Chapter 4.

First, pH of the MCNT aw-dissolved NaOH solution at the equilibrium state (pHe) was

numerically calculated following the equation (4.20) described in Chapter 4 as

Z Ce- f(pKa,i)'(pKa,i+l _pKa,i) n Crnaon —Uc "Cc
1+107 - K, 1+10™ Ky, / Ky oo
1 1
H + pH, -
VHZO—i—l/(IOp = Ky) VH20+10 e

(5.5)

Here, Cc, Cnaon is the concentration of CNT and NaOH in the solution, pKa, is the i’th
component of the distributed pKa values in f(pKa) of CNTs, (c is the concentration
[meq/g] of acidic groups on CNTs (identical to the area of f(pKa)), Kw is self-ionization
constant of water, Ky naom 1S base ionization constant of NaOH, and Virzo is molar volume
of water. In the case of HCI solution with concentration Cyci, the equation (5.5) can be

converted into the following form,

Z e f (PKa,i)‘(pKa,m _pKa,i) N Coai
1+107H/ K. 1+10PH / Kana
1 1
pH, + -pH -
Vio $1077% vy o +1077 /K,

(5.6)
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And then, the population of proton dissociated functional groups, or proton dissociated
f(pKa) [38, 51], of ACC was obtained as follow (see derivation of equation (4.23),
Chapter 4).

K .
roton dissociated f(pK..)=| —— f(pK_ . , 5.7
p (PK.,) [[H+]+Ka_ (p )} (5.7)

A pH=pH,

where f(pKa) applied in this equation is that of ACCs on MCNTac drawn as red solid
line in Fig. 5.4c. Subsequently, the number of the ionized functional groups on ACCs
can be obtained from the area of the proton dissociated f(pKa) is. Fig. 5.5a shows proton
dissociated f(pKa) of ACCs in the mixture of MCNT ac and aqueous solution with pH 2,
3,7, 11, and 12. Indeed, the ACCs tended to ionize even in the acidic condition (pH 2
and 3) in a certain extent (4.6 and 13.4 % of degree of ionization, respectively) resulting
in the dissociation of ACCs from the surface of CNTs by filtration as shown in Fig. 5.1a.
The ionization degree was raised to 19.1 % and the majority of stronger carboxylic
groups around pKa = 2.9 was ionized as pH increased to 7, the neutral condition. Indeed,
these groups were absent in f(pKa) of ACCs on CNTs purified by neutral water
(MCNTnw) as shown in Fig. 5.4c (blue dash-dotted line) and also verified in the XPS
analysis on Table 5.1. As pH increased to 12 (basic condition), the acidic groups in the
whole pKa window are disprotonated, which resulted in the complete removal of the
ACCs from the surface of CNTs after the filtration process. It was also confirmed in the
XPS results that the population of all kinds of oxygen-containing functional groups

diminished after washing with NaOH solution (Table 5.1).
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The area of the proton dissociated f(pKa) indicating the number of functionalized groups
on ACCs was plotted as a function of the initial pH (pH;) of the solution as presented in
Fig. 5.5b. The degree of ionization gradually increased until pH increased from 1 to 4
followed by the plateau region on pH 4 — 10. After this region, the ionization degree
drastically increased until the degree reach 100 % on pH 12. It is noteworthy that the
shape of this plot is similar to that of Fig. 5.1b exhibiting the relative concentration of
ACC in the filtrates at the ACC-removal process. It was noted that a concentration drop
after pH 12 shown in Fig. 5.1b was due to the enhanced attraction between CNTs and
ACC:s as the ionic strength of the solution become stronger [41]. This similarity implies
that my approach on the investigation of acidity of ACCs from one-pot titration
methodology are practically useful. Therefore, this method was applied further for the
investigation of the dispersion properties and the resultant assembly of CNTs in the

following section.
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Fig. 5.5. (a) Proton dissociated f(pKa) of ACCs on MCNTaw (I mg/mL) in the pH-
controlled aqueous solutions, and (b) the number and the percent degree of ionized
functional groups on the ACCs as a function of the initial pH (pHi) of the aqueous

solutions.
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5.3.3 Dispersion properties of CNTs in aqueous solution

As discussed in the above section, the dispersion properties of CNTs are crucially
affected by the ionization behaviors of the acidic functional groups either attached
directly on their surfaces or indirectly on ACCs [19, 33]. Based on the titration results
analyzed in Fig. 5.4, the ionization tendencies of both CNTs and ACCs when supposed
to be dissolved in the neutral water were estimated and displayed in Fig. 5.6. The figures
show the proton dissociated f(pKa) of MCNTgw (CNTs without ACC) and ACCs of
MCNTrw and MCNTaw when the CNT samples are dissolved in deionized neutral water
(pH 7), respectively, following equations (5.5) — (5.7). To proceed the discussions on the
basis of CNTs, f(pKa) of ACCs in Fig. 5.3¢ were normalized by the weight fraction of
CNT (WLcnt) estimated in Table 5.2.

Fig. 5.6a shows that 10.2 % (0.109 meq/g) of the acidic groups on CNTs were ionized

when only MCNTgw were dispersed in water. In this case, none of the acidic groups on

ACCs was supposed to be ionized since ACCs were completely removed by NaOH wash.

However the ionization degree of CNT decreased to 8.3 (0.091 meq/g) and 5.5 % (0.050
meq/g) as ACCs were attached onto the surface of CNTs in the cases of MCNTnw and
MCNTaw, respectively. In the dispersion of MCNTnw (Fig. 5.6b), addition of ACCs
provided proton to the functional groups on CNTs by the Le Chatelier’s principle
inducing a slight decrease in the ionization of CNT’s functional groups. On the other
hands, only the half of these functional groups were deprotonated in the case of MCNT aw
because of the presence of the stronger acidic groups in pKa region lower than 3 possibly
originated from the strong carboxylic groups [49]. In this case the acidified CNT

relatively acted as weak base significantly lowering the degree of ionization of CNTs.
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Fig. 5.6. Proton dissociated f(pKa) of CNT and ACC normalized by weight of CNT
showing the ionization behavior of (a) MCNTgw, (b)) MCNTnw and (¢c) MCNTaw

dispersed in neutral water (1 mg/mL).
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Though, the less functional groups were ionized from CNTs with the addition of ACCs,
much more acidities were activated from the ACCs. Almost the same (0.092 meq/g) or
even 11 times higher (0.583 meq/g) quantity of acidic groups were ionized from ACCs
of MCNTxw and MCNTaw, respectively. These ionized ACCs (defined active ACCs)
can function as surfactants by attaching themselves on the surface of CNTs by n- &
interaction when dispersed in water or other organic solvents, and thereby making CNTs
more dispersible [33]. The disprotonation of CNTs due to the strong acidity of ACCs
would decrease the repulsion between CNTs and ACCs, and increase the effective
negative charge on CNTs in the dispersion.

Indeed, the amplitude of zeta potential (|§|), indicating the effective charge on the
colloidal particles [39], increased as more ACCs became active (see black circles in Fig.
5.7). The zeta potential of MCNTgw dispersion (-40.2 mV) where no ACC was included
would be originated from the negatively charged functional groups on CNTs indicated
in Fig. 5.5a. |§] of the MCNTnw and MCNT aw dispersion became 1.3 (51.4 mV) and 1.5
(59.9 mV) times higher, respectively, in spite of the decrease in the charges on CNTs
themselves (Fig 5.6b and 5.6¢). This paradoxical increase in || certainly implied the
ionized ACCs were efficiently attached on the CNT’s surface. Additionally, this |&|
increase also implied that the dispersion state and stability of CNTs in water became
much better and ACCs were effectively role as the dispersion agents of CNTs [39, 52].
Additionally, the quality and the stability of dispersions of CNT samples were estimated
by measuring the absorbance of the visible light (A = 550 nm) showing the relative
concentration of stable CNT after centrifugation at 3,000 rpm [23, 40]. The red circles
in Fig. 5.7 shows the absorbance data of the CNT dispersions normalized by their
concentrations (as done in the previous report [23]) to show the relative solubility of the
CNT samples in water. As expected from ionization behaviors (Fig. 5.6) and zeta
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potential results, the solubility of CNT from acid wash process (MCNTaw) much more

increased as ACCs generated additional negative charges on the surface of CNTs to make

them more stable in the aqueous dispersion even in the high gravity-environment

comparing to CNTs washed by neutral water (MCNTnw) or base (MWCNTgw). These

observations implies that the newly suggested purification method of oxidized CNTs

with HCI solution certainly remained the strongly carboxylated ACCs on CNTs which

conducted the significant role on the dispersion of CNTs.
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Fig. 5.7. Concentration-normalized absorbance of visible light (A = 550 nm) after the

centrifugation (red dashed line) and zeta potential (black solid line) of CNT aqueous

dispersions as a function of the number of active ACCs on CNTs.
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5.3.4 Morphologies and properties of CNT buckypapers

The enhanced dispersibility of CNTs in water with the addition of ACCs especially for
MCNTaw shown by zeta potential and solubility measurement (Fig. 5.7) gives the
potential to enlarge the application fields of CNTs with environment-friendly processes.
In this work, the assembly of these CNTs into the high-density buckypaper was applied
as an example. For the preparation of this free standing two-dimensional assembly of
CNTs, each aqueous dispersions of CNT samples were filtrated and dried following the
conventional process reported previously [8-10, 13].

Fig. 5.8 shows the shape and microstructures of the resultant buckypapers made from
MCNTgw, MCNTnw, and MCNTaw. As shown in the SEM images, the CNTs were
randomly oriented and entangled in MCNTgw and MCNTnw buckypapers (Fig. 5.8e,
5.8f, respectively), which has been conventionally observed in the previously reported
buckypapers [10, 13]. Meanwhile, domains with uniform orientation and compact
packing of CNTs were easily seen when MCNTaw was assembled into the buckypaper
(5.8f). The pore structure formed in the buckypaper of MCNTgw and MCNTyw was
hardly found in that of MCNTaw. Accordingly, the apparent CNT density of MCNT aw
buckypaper (1.19 g/cm’) became much higher than MCNTgw (1.00 g/cm’) and
MCNTnw (0.74 g/cm®) buckypapers (Table 5.3).
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Fig. 5.8. (a, b, ¢) Digital photos and (d, e, f) SEM images of the buckypapers fabricated
from (a, d) MCNTBw, (b, e) MCNTNw, and (C, f) MCNTAw.
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The detailed mechanism of the formation of the condensed alignment of CNTs are
uncertain in the current state. However, it is quite reasonable to conclude that this highly
compact structure of MCNTaw buckypaper would be at least attributed to the highly
dispersed state of the CNTs assisted by the strongly carboxylated ACCs. These CNTs in
the highly dispersed states might have more chance for themselves to arrange each other
side-by-side by strong n- 7 interactions as the concentration became higher during the
filtration [29]. Indeed, the condensing of CNTs in the dispersion induce the reattachment
of the protons back to the functional groups of CNTs or ACCs. The decrease in the
disprotonation of ACCs with increase in the concentration of MCNTaw (Cc) is
recognizable from the principle of Le Chatelier. These proton dissociation behaviors
were quantitatively estimated by increasing Cc in equation (5.6) for the recalculation of
the number of proton dissociated sites on the functional groups of ACCs, or active ACCs.
Fig. 5.9 shows that the active ACCs would be continuously decreased with increase in
Cc during the filtration, and thereby reducing the repulsion forces between CNTs.
Therefore, the individually separated CNTs at the initial state might gradually attract
each other by the van der Waals interactions and assemble into the compact structures
shown in Fig. 5.8f [29]. Meanwhile, CNTs of MCNTxw and MCNTgw with much
smaller number of active ACCs might be partially aggregated even at the initial
dispersion state since the repulsions between them were even lower than those in

MCNT aw dispersion.
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The condensed structures of MCNTaw buckypaper resulted in the superior mechanical
properties comparing to the previously reported ones prepared by the similar filtration
procedures [7, 10, 12-15] (Table 5.3). Notably, both tensile strength and Young’s
modulus of MCNTaw buckypaper were much higher than those from ACC-removed
MCNTnw and MCNTgw exhibiting the similar results to the previous works (Fig. 5.10).
The increments in the mechanical properties were certainly attributed to the densely
packed structure which potentially maximized the contact area between CNTs to enhance
the m-m interactions and hydrogen bonding of functional groups. Additionally the
electrical conductivity of MCNTaw buckypaper was also improved comparing to the
ACCs-removed CNT (MCNTxw, MCNTgw) buckypapers possibly owing to this densely
packed structure despite the presence of the electrical insulating ACCs [17].

It is noticeable that though the oxidation condition for CNT’s surface functionalization
is the same, the physical and mechanical properties of the resultant materials
significantly depended on the presence of ACCs formed during the acid treatment.
Moreover, these mechanical properties are exceeding or comparable to the previous
records possibly due to the preparation of highly water-dispersible CNTs in the presence
of the ACCs with the strong carboxylic groups. my findings imply the suggested acid
wash method followed by the oxidations for the maintenance of the ACCs is the
practically useful technique for the CNTs applications by improving their dispersion
states with the possible additional post-processes such as heterogeneous hybridization

[53, 54], ACCs-carbonization [55], and cross-linking of CNTs [56].
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Fig. 5.10. Representative stress—strain curves collected from the buckypapers of

MCNTBw, MCNTNw, and MCNTAw.

173

S e ki



Table 5. 3. Comparison between the properties of freestanding CNT buckypapers in this

work and those reported previously.

Apparent
Young's Tensile Electrical
CNT Density of
modulus strength conductivity  Ref.
functionalization CNT
(GPa) (MPa) (S/cm)
(g/cm’)
HNO3/H2SO4
1.19 12.0 91.1 57 This
(Acid wash, Water
+0.05 +0.74 +10.9 +2 work
MCNTaw)
HNO3/H2SO04
1.00 8.70 48.5 38 This
(Neutral wash, Water
+0.06 +0.83 +6.3 +1 work
MCNTnNw)
HNO3/H2SO4
0.74 4.06 27.3 37 This
(Base wash, Water
+0.04 +0.20 +2.6 +1 work
MCNTsw)
5.0 74
HNO; Water - 120 [7]
+0.2 +2
SOCl2 SOCl2 - 0.95 37 3500 [13]
4-Ethoxybenzoic
Water - 12-13 35-80 294 [15]
acid
0.98 1.54 7.80
Aniline NMP - [10]
+0.09 +0.39 +2.06
Triton X-100
None - 4 35 - [14]
/water
None SDS/water 0.64 2.5 18 - [12]
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5.4 Conclusions

Numerous studies have focused on the improvement of the dispersion state of CNTs to
synthesize well-organized buckypapers. The side-walls of CNTs were directly
functionalized with acidic media (HNOs, SOCl,) or organic reagents (esters, amines).
Non-covalent functionalization utilizing the surfactants (Triton X-100, sodium dodecyl
sulfate [SDS]) was also adopted. my approach for the preparation of highly dispersible
CNTs in water and ultra-condensed buckypaper takes the advantages of both
functionalization principles. In addition to the covalently attached acidic groups on the
CNTs surfaces, ACCs detached from the sidewalls of the CNTs during the oxidation
process played a significant role on the dispersion of CNTs and buckypaper formation.
For this purpose ACCs were maximally preserved on the CNTs by washing the oxidized
CNTs with HCI solution. Additionally the ionization behaviors of ACCs in the CNT
dispersions were systematically analyzed applying one-pot titration methodology for the
first time. The results showed that the strongly carboxylated ACCs readily removable by
conventional neutral wash of the oxidized CNTs was the key for the dispersion of CNTs

in water, and hence formation of the highly packed buckypapers.
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Chapter 6 Ionic Cross-Linking of Graphene Oxide and
Diamines for Preparation of High-Performance

Graphene Oxide Fibers

6.1 Introduction

Since its discovery in 2004, graphene, a novel two-dimensional material, has been touted
as a candidate for a variety of applications in the areas of structural materials, energy
storage/generation, electronic devices, and sensors [1, 2]. The excellent mechanical,
electrical, and thermal properties of graphene compared with other reported materials
have been observed in single-layered or few-layered graphene synthesized through
chemical vapor deposition or epitaxial growth methods [3, 4]; however, the ideal
properties of graphene have yet to be achieved in assembled graphene layer structures,
such as graphene foams or papers [5-11].

Recent research efforts have attempted to employ the superior properties of graphene by
creating graphene-based fibrous materials in which graphene layers were anisotropically
aligned along the fiber axis direction [12-19]. Graphene alignment could be achieved
readily by spinning a liquid crystalline graphene oxide (GO) spinning dope solution into
a bath containing coagulation agents (a coagulation bath). These laboratory-scale
fabrication methods for spinning GO fibers are similar to established industrial
techniques for preparing polymeric or carbon fibers and may, therefore, be readily
extended to the industrial scale. The mechanical and electrical properties of the GO

fibers may be adjusted by altering the interlayer spacings between graphene layers using

179

_H {l 1_'_” B

]

I

n’



appropriate chemical or thermal treatments to fabricate optimized graphene fibers for
use in a variety of fields [8-10, 20-22].

Comparing to the graphene-layer based fibers including carbon nanotube (CNT) fibers
or carbon fibers, GO fibers have great advantages and potential to be applied to the next
generation multifunctional textiles. Specifically, CNT fibers fabricated by chemical
vapor deposition (CVD) or wet spinning of CNT dispersions exhibited superior
mechanical and electrical properties [23, 24]. Unfortunately, these CNT fibers synthetic
methods require harsh processing conditions including extremely elevated temperature
(over 1000°C) and explosive gases (H,, CH4) with high cost for the CVD process, or
usage of hazardous acid like sulfuric acid as a dispersion media for the wet spinning
process. Meanwhile, GO sheets are easily dispersed in the safe aqueous or polar solvents
and show the liquid crystalline behaviors. Thus, graphene layers can be easily aligned
by the typical industrial solution spinning process to form one-dimensional macroscopic
arrays with high cost efficiency.

Additionally, a fluent of oxygen functional groups on GO sheets are easily converted or
reduced, giving these fibers the great opportunities to be the potential candidates for the
multifunctional textiles including flexible sensors or electronics [25-27]. Besides, since
these intrinsic or converted functionalities on GO sheets can be compatible to the various
polymers, the GO fibers are perfectly applicable to the high performance fiber
composites originated from the good interfacial interaction with the matrix [28].
Therefore, a variety of approaches have been tested in an effort to improve these superior
performances of GO or graphene fibers. These approaches include 1) introducing
coagulation agents that reduce electrical repulsion and increase hydrogen bonding and

van der Waals interactions between graphene layers to preferentially and anisotropically
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orient the as-spun GO gel fibers along an axis [14-17], or 2) hydrothermal reduction of
the GO solution filled in the one-dimentional template such as ultrathin pipeline [18].
Currently reported coagulating agents can act by coordinatively cross-linking the GO
fibers with divalent ions (CaCl,, CuSO,), partially reduce the GO fibers with hydroxide
ions (NaOH, KOH), or reduce the surface charges on the GO fibers by introducing
positively charged molecules or polymers (hexadecyltrimethyl ammonium bromide;
CTAB, chitosan) onto the surfaces of the GO layers [12, 15, 17, 19]. However, these
coagulating agents tested inevitably require the additional use of a post-drawing process,
such as rotating the coagulation stage, to uniformly orient the GO fibers and maximize
the packing density of the graphene layers in the GO fibers. Post-drawing processes
unfortunately tend to be difficult to implement, and they tend to limit the applications of
graphene-based fibrous materials.

To resolve these problems, one-step hydrothermal fabrication method, where
coagulating agents are unnecessary, can be utilized [18]. In this method, GO solution are
filled in the ultrathin pipeline and thermally reduced in the elevated temperature to fix
the orientation of the GO layers in the pipeline. Though highly aligned GO fibers can be
easily obtained in a single step in the laboratory-scale, scaling-up into the industrial scale
might be difficult comparing to the general wet-spinning method. In addition, additional
thermal or chemical treatment of as-received graphene fibers for multifunctional
applications is unavailable since the oxygen containing functional groups are reduced
during the fiber fabrication.

Therefore in this work, readily self-assembled graphene based fibers with perfect
alignment were fabricated, where the additional post-drawing process or usage of the
template are unnecessary, by applying the diamine molecules as the coagulation agents.
The diamine molecules fix the orientation of the GO layers and stabilize the GO fibers
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1) electrically during the spinning and 2) covalently during the drying process,
respectively. The properties of the resultant fibers could be readily adjusted by varying
the structures of the diamine groups. This approach provides a facile method for
fabricating GO fibers that display excellent tunable mechanical properties for use as

precursors in optimized graphene-based fibrous materials.
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6.2 Experimental

6.2.1 Preparation of GO solution spinning dope

All materials used in these studies were purchased from Sigma-Aldrich, except for the
concentrated sulfuric acid (98%) and hydrogen peroxide solution (30%), which were
obtained from Daejung (Korea). The GO solution was fabricated based on a modified
Hummer’s method [29, 30].In the first step, graphite flakes (2.4 g) were pre-oxidized to
expand the graphite in a potassium persulfate (2 g) and phosphorous pentoxide (2 g)
solution in concentrated sulfuric acid (10 mL) with heating at 80°C for 3 days. The
expanded graphite was then carefully poured into deionized (DI) water, filtered through
a 0.45 pym PTFE membrane filter, and washed with DI water. After drying under vacuum

at room temperature for one day, the expanded graphite was oxidized in a potassium

permanganate (12 g) solution in concentrated sulfuric acid (92 mL) at 35 °C for 2.5 hours.

After the oxidation step, the mixture was cooled to 0 °C, and DI water (1.0 L) was
cautiously added to the oxidation mixture over 30 minutes. A hydrogen peroxide
solution (10 mL) was added to terminate the oxidation reaction. The obtained bright
yellowish GO was centrifuged at 10,000 rpm for 15 min, mixed with a I N HCI solution,
and centrifuged three times to remove impurities generated during the oxidation reaction.
After purification in the HCI solution, the GO was neutralized with DI water by
centrifugation at 13,000 rpm for 40 minute until the pH of the supernatant exceeded 5.0.
The GO solution was neutralized to yield a highly concentrated graphene oxide solution,
dark brown in color, that exhibited liquid crystalline behavior, as confirmed by polarized

optical microscopy (POM) measurements.
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6.2.2 Preparation of diamine cross-linked GO fibers

The graphene oxide fibers were fabricated using the coagulation bath dissolving 0.1 M
of diamines of various chain lengths (ethylenediamine, hexamethylenediamine, or 1,8-
diaminooctane) in DI water. The diamines were denoted DA,, DA¢, and DAs, according
to the chain length, respectively. A 5 mL syringe was filled with the aqueous GO solution
(10 mg/mL), and the solution was spun into the diamine coagulant bath using a spinning
needle (0.413 mm ID) at a rate of 10 mL/minute. The GO solution coagulated to form a
GO gel fiber immediately during spinning by the formation of the ion bridges between
diamine molecules and the acidic functional groups GO layers. The as-spun GO gel fiber
was washed with methanol and rolled up onto a collection spool or was vertically aligned
and dried at room temperature. The dried GO fibers spun from the DA, DAg, and DAg
coagulant bath were denoted GOF_DA,, GOF_DAs, and GOF_DAg, respectively.

6.2.3 Characterization

The as-produced GO was uniformly deposited onto an ozone-treated silicon substrate
and characterized by scanning electron microscopy (SEM; JSM-6700F, JEOL) and
atomic force microscopy (AFM; Nanostation II, Puco Tech) to analyze the dimensions
of the single GO sheet. For the characterization of liquid crystalline behavior of GO, GO
solutions were loaded into the planner cells and observed with POM (BX 51, Olympus)
in transmission mode.

The acidic properties of GO were characterized by one-pot titration methods developed
in Chapter 4 for the analysis of proton binding isotherm (6(pH)) and pKa distributions
(f(pKa)) analysis. 1 mg/mL GO solution was dried by freeze dryer (Bondiro, Ilshin) at
40 °C in vacuum condition. The freeze-dried GO sample (6 mg) was then mixed with
0.01 N HCI solution (20 mL) and titrated with 0.01 N NaOH solution as a titrant. The
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titration vessel was continuously purged with N, flowing gas at 25 °C, and the additional
dosing step of the titrant solution was conducted only when the pH of the titration system
become stable (pH variance lower than 0.02 pH unit/minute). The resultant titration
curve was converted to 8(pH) showing the number of ionized functional groups on GO
sample as a function of pH during the titration applying the methodology developed in
Chapter 4 (using equation (4.9) and (4.9.1)). Subsequently f(pKa), indicating the
population of the acidic groups in the specific pKa range, was obtained from converting

the proton binding isotherms by

(6.1)

opH

applying the first-order approximation [31].

The surface and cross-sectional morphologies of each GO fiber were analyzed using
SEM. The chemical states of the GO fibers were investigated by examining the fibers
using Fourier transform infrared spectroscopy (FT-IR; Nicolet iS10, Thermo Scientific)
and X-ray photoelectron spectroscopy (XPS; AXIS-HSi, KRATOS). The microstructure
of the GO fiber was further characterized using an X-ray diffractometer (XRD; D8
advance, Bruker) equipped with a 0.154 nm Ni-filtered CuKa radiation source. The
mechanical properties the GO fibers were characterized using a tensile test machine
(Instron-5543, Instron) with a 1 cm gauge length and a 10 %/minute strain rate. The
results reported are the average measured values obtained from at least 10 samples of

each GO fiber.
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6.3 Results and discussion

6.3.1 Physical and chemical properties of GO

Prior to spinning the GO solution for fiber fabrication, the lateral dimensions and
thickness of the single GO sheets were measured to determine whether the synthesized
GO could exhibit liquid crystalline behavior. SEM analysis revealed that the lateral
dimensions of the GO sheets ranged from 10 to 50 um (Fig. 6.1a) and the AFM results
exhibited an average layer thickness of 1.2 nm (Fig. 6.1b). The aspect ratio was
sufficiently high to allow the as-prepared aqueous GO solution to display liquid
crystalline behavior [13, 15]. As expected from the dimension observation of GO layers,
GO solutions exhibited typical Schlieren textures of liquid crystals between the crossed
polarizer over a range of concentrations, from 0.5 to 10 mg/mL (Figs. 6.2a — 6.2f).
Generally, the size of the texture became larger as the concentrations of GO solutions
increased, implying more uninform ordering of GO sheets was formed.’' Based on the
POM observation, 10 mg/mL GO solution especially showed the liquid crystalline
behaviors with the largest area of uniform orientation, thereby being the suitable

candidate for the fiber spinning.
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Fig. 6.1. (a) SEM, (b) AFM images of single layer GO sheets, and (¢) photograph of the

collected as-spun GO gel fibers.
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(a) 0.25 mg/mL (b) 0.5 mg/mL

200 pm

(c) 1 mg/mL _ (d) 2.5 mg/mL

Fig. 6.2. POM images of (a) 0.25, (b) 0.5, (¢) 1, (d) 2.5, (e) 5, and (f) 10 mg/mL aqueous

GO solutions.
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The acidic groups are the other contributing factors of the fiber spinning along with the
liquid crystalline behaviors of GO solutions by acting as the source of the ion bridge of
diamine molecules. 6(pH) presented in Fig.6.3a certainly showed that the GO contained
a fluent of the acidic functional groups (3.9 meq/g) which can interact with the diamine
molecules in the coagulating bath. Additionally, f(pKa)) (Fig. 6.3b) exhibit that the
surface of GO sheets were covered by three major acidic acidic groups with pKs = 4.4,
7.3, and 9.7 which might be correspond to the carboxylic, lactonic, and phenolic groups,
respectively [31]. Especially the contribution of phenolic groups was the largest among
the functional groups which as generally accepted and also confirmed by XPS analysis

of GO film shown in Fig. 6.5a.
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Fig. 6.3. (a) Proton binding isotherm (#(pH)) and (b) pKa distribution function (f(pKa))

of GO sample.
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6.3.2 Formation mechanism of GO fibers

The GO solution exhibited excellent liquid crystalline behavior; therefore, the graphene
layer could be easily aligned under shear forces as the GO solution passed through the
capillary needle during the spinning process [13]. This alignment was stabilized to form
a GO gel fiber in the presence of appropriate coagulating agents, which enhanced the
interactions between the graphene layers. In this work, the diamine molecules with
different length (DA, DAs, and DAg) were applied as the coagulation agents since these
molecule can stabilize the GO fiber by the formations of the ion bridges with a fluent of
functional groups on GO sheets (Fig. 6.3) in the as-spun gel fibers and covalent bonds
during the drying, without any necessity of additional drawing process.

By adopting diamine coagulants, coagulation occurred rapidly (within a second) to
create gel fibers that were strong enough to preserve their shape during drying or
additional processes, such as drawing. The diamine molecules behaved well as
coagulation agents by linking the GO layers through ion bridges during the spinning
process [32, 33]. The ion bridges were generated by rapid acid—base reactions between
the acidic functional groups on the GO layers and the basic amine functional groups on
the diamine linkers. Once the GO solution had been immersed in the fiber spinning
coagulation bath, the acidic groups, such as the in-plane hydroxyl or edge-attached
carboxylic groups on the GO layer, donated protons to the amine group on the linker to
form a conjugated base and acid, respectively. The oppositely charged conjugated base
and acid formed a strong ion bridge between the diamine linker and the GO surface as
shown by the schematic illustration in Figs. 6.4a — 6.4c, thereby enabling rapid

coagulation of the GO solution into gel fibers.
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m

© Carbon
@ Nitrogen
@ Oxygen
© Chlorine

<HCI

Breakage of
diamine ion bridge

Fig. 6.4. Schematic illustrations of formation of ion bridges between GO layers and (a)
DA,, (b) DA, (c) DAg, and (d, e) break of ion bridge by HCI washing (DAg in this case).
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For the diamines to function as the ion bridges between GO sheets during the fiber
spinning, the concentrations of fully ionized diamine molecules where two amine groups
were protonated should be essentially generated. The formation of these fully protonated
diamine groups are monitored as a function of the concentrations of diamines in the 10
mg/mL GO solutions. For this purpose, pH at the equilibrium states (pHe) these mixtures

were calculated by modification of equation (4.20) developed in Chapter 4 as follow:

Ce- f (pKa,i) ’ (pKa,iﬂ _pKa,i) CDAk CDAk
Z pH + pH + pH
1+10™ K, 10" Ky K 1107 K K

1 1
H + H
VH20+1/(10p = Ky) VHZO+10p e

(6.2)

where Cc is the concentration of GO, pKai is the i’th component of pKj values divided
into N components, f(pKa,) is the proton distribution function at pKa = pKa,i, C, A is the
concentration of DAy (K specifies 2, 6, and 8 in this work, respectively),

b DA, 2 Kb oA 1s the base ionization constant of DAy and ionized conjugated base of
> k > k

(DA, "), respectively (summarized in Table 6.1), Kw, Vo is the self-ionization constant

and molar volume of water, respectively. The concentrations of DAk2+ (CD A2 ) in the
k
mixtures can be subsequently calculated by
Koo, K, -10"
R L Cop, =| 1+ —2—— [Cpp, - (6.3)
i [OH], + Kb’DAﬁ Kb’DAﬁ
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where [OH7]e is the concentration of OH™ ion at pH. (pHe:_log([Oﬁv] J ),

e
respectively. Equation (6.3) is analogues of equation (4.6) in Chapter 4 where detailed
derivation is described.

Fig. 6.5 certainly shows that the fully ionized conjugated base of diamines potentially
acting as the ion bridges are generated, and the suggested mechanism for GO fibers

formations suggested in Fig. 6.4 is available. However, increasing c,, may decrease

the concentrations of these ion bridges because of the higher chance of protonation of
the stronger first amine (Table 6.1). This observation indicates the concentrations of the
coagulants should be properly adjusted for efficient formation of GO fibers.

In the real case, c, A, in GO dopes at the initial state, when spun into the diamine

coagulant, should be zero and increased by the diffusions of the diamine molecules as
the as-spun GO fibers are submerged in the diamine solution. Therefore, the appropriate
concentrations of the diamines in the coagulant bath would be much higher than proper

c determined from Fig. 6.4 of which the precise values are uncertain in the current

DA,
state. Nevertheless, this approach truly suggest the potential of diamine molecules to

function as the ion bridges between GO sheets for fiber spinning.
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Table. 6.1. pKy, values of DA and DA (k= 2,6, and 8 in this work).

Diamine
DA 4.1 7.1
DAg 2.1 3.2
DAg 3.0 39
16
7\ —D
/ \ A
12 | -~. \ - DAG
7 / AN —_——
] D
A A,
= / N
~
g— 8 / \\i\-
g / T - :.:-:'_‘ ~~~~~
(&) [} - =
44
0 T T T ' T T T v T
0.00 0.02 0.04 0.06 0.08 0.10
Con (M)

Fig. 6.5. Concentrations of fully ionized diamines (C ), .. ) with respect to that of diamine
k

molecules (c, A, ) in 10 mg/mL GO solutions.
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Indeed, GO gel fibers, strong enough to be rolled up to the taking-up spool (Fig. 6.1c)
or put out from the coagulation bath up to or over 1 m (without any support), were able
to be spun right after the spinning of aqueous GO spinning dope into the diamine
coagulation bath. However, washing the gel fiber with an acidic solution, such as
aqueous HCI, weakened and broke the gel fibers such that they could not be pulled from
the washing bath. This severance of the gel fiber is due to the breakage of the ion bridge
between the GO layers originated from proton donation of HCI to ionized acidic
functional groups on GO layers (Fig. 6.4d). The protonated diamine molecules were then
unavailable to function as the ion bridges between the GO layers (Fig. 6.2e), thereby
easily being dissolved in HCl solution and removed from GO sheets. Different from the
diamine cross-linked GO fibers, the microstructure of HCl-washed GO fibers confirmed
by XRD patterns were similar to the unreacted GO films (Fig. 6.9), suggesting that the
diamine molecules are eliminated by HCI washing. The details of the XRD analysis will
be discussed in the XRD analysis section.

Notably, these GO fibers could be spun without the need for a pH lowering or the
addition of a co-coagulant into the aqueous coagulating media. Alternative coagulating
agents, such as sodium hydroxide (NaOH), which partially reduces the GO, or calcium
chloride (CaCl,), which forms coordinative cross-links with the divalent ion, require the
addition of organic solvents as co-coagulants, such as alcohols or alkyl acetates [14, 15,
17]. In the absence of a co-coagulant, the GO fibers could not be spun. Additionally, the
strength of coagulation conveyed by these coagulants may not be sufficiently large to
stabilize the anisotropic alignment of the GO layers during the drying process. Other
drawing procedures involving a rotating coagulation stage or a post-drawing roller may
be needed to fabricate highly aligned and close-packed GO fibers with strong mechanical
properties [14, 15, 17] Significantly, the GO spinning method described here using
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diamine linkers provided GO fibers in which the GO layers were perfectly aligned and
compacted, yielding excellent mechanical properties. The use of organic co-coagulants
and post-drawing processes could be avoided. The morphologies and properties of the
diamine cross-linked GO fibers are discussed in subsequent sections.

After washing the gel fibers with a volatile solvent, such as methanol, the fibers shrank
along the radial direction perpendicular to the fiber axis by the strong electrical
interaction between GO layer and diamine ion bridges. The remaining solvent easily
evaporated during the drying process within a few hours.

Fig. 6.6 shows the morphology of the surface and a cross-sectional SEM images of the
dried GO fibers linked through the various diamine linkers. As shown in the SEM images,
the GO layers were well aligned along the longitudinal spinning direction (Figs. 6.6a —
6.6c), and the layers were closely packed in a lamellar structure (Figs. 6.6d — 6.61)
without the need for a post-drawing process. This type of lamellar structure has been
reported previously in GO fibers coagulated using other coagulants, such as CTAB or
CaCl; [14, 19].

As with the diamines, these other coagulants included ammonium groups (-NH3") or
Ca*" ions that shielded the negatively charged oxygen-containing acidic groups on the
GO surfaces to reduce electrical repulsion and facilitate the assembly of GO layers into
a fibrous shape. The counter ions present with these anions (Br or CI") unfortunately
tended to disrupt the efficient packing of the GO layers. Because strong electrical
attraction between diamine ion bridges and GO layers cannot be interrupted by a counter
ion, the GO layers prepared using the method described here displayed a high degree of
alignment and packing among compared to the GO fibers reported previously, without

the need for a drawing procedure.
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Fig. 6.6. SEM images showing the surfaces and cross-sectional morphologies of (a, d)
GO_DA,, (b, ) GO DA, (c, f) GO_DAg, and (g, h, i) magnified view of cross-section
of each GO fiber ((d, e, f), respectively).
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6.3.3 Properties and performances of GO fibers

The alignment and packing state of the GO fibers were further stabilized by the
formation of the covalent bonds between diamine molecules and GO layers during the
drying process. As the distance between GO layers decreased and the concentration of
the GO increased during drying, the remaining diamine molecules reacted with the in-
plane hydroxyl or epoxide groups on the GO layer surfaces, similar to previous reports
of amine- or diamine-treated GO particles or densely packed GO papers [7, 9, 32, 34].
In previous studies, the GO or GO composite papers were immersed in methanol to
dissolve the amine molecules over 12 hours at room temperature. The amine groups then
reacted with the in-plane epoxide and hydroxyl groups on the GO layer surfaces through
nucleophilic addition and condensation reactions, respectively [7, 9]. Similar reactions
would be available in the present method, as the distance between GO layers is small
enough to permit this reaction.

Evidence for these reactions was obtained from the FT-IR spectra (Fig. 6.7) and XPS
(Fig. 6.8) analysis. Fig. 6.7 presents the FT-IR spectra of an unreacted GO film and the
GOF_DA,, GOF_DAs, and GOF_DAg samples. The unreacted GO film displayed a
typical stretching vibration mode, as described in previous reports, including the
vibrational modes of the O-H hydroxyl (3400 cm™), C=C aromatic rings (1626 cm '),
C-O carboxylic (1416 cm™), epoxy (1222 cm ™), and alkoxy (1049 cm™) groups, and
C=0 carboxylic (1728 cm™) groups [11, 35]. Comparing to the GO film, the C=0
stretching mode of the carboxylic groups in the GOF_DA, reduced and the peak around
1620 cm™' was broadened. This indicates the carboxylic groups ionized to form
carboxylates (COO") which was linked to diamine ion bridges in the GO fiber [36]. The
reaction between the hydroxyl or epoxy groups and the diamine linker during the fiber
drying process was supported by the observation of C-N (1392 cm™") and N-H (1510 cm™

199

,H "‘l 1_'_” (e

]

I

n’



") stretching and bending modes, respectively [11, 37]. In addition, symmetric and
asymmetric stretching modes of methylene groups (CH,) from cross-linked diamine
molecules were also appeared at 2850 and 2920 cm’, respectively [38]. Similar
vibrational modes were observed in the GOF_DAg and GOF_DAg samples.

The FT-IR results, which supported the formation of a C-N bond, were corroborated by
the XPS Cls peak analysis (Fig. 6.8). The unreacted GO film surface included carbon
single/double bonds (C-C/C=C, peak 1, 284.5 eV), and oxygen-containing functional
groups dominated by hydroxyl and epoxy groups (C-OH/C-O-C, peak 2, 286.5 eV)
with relatively small amounts of carbonyl (C=0, peak 3, 287.9 eV) and carboxylic (COO,
peak 4, 289.2 eV) groups [20]. During fiber fabrication via diamine cross-linking of the
epoxy and hydroxyl group, as shown in the XPS of GOF_DA,, the relative proportion
of hydroxyl and epoxy groups decreased and a new peak corresponding to a C-N bond
appeared at 285.8 eV (peak 2°) [10]. Similarly, the formation of a C-N bond was
confirmed by the XPS analysis of the GOF_DAs and GOF_DAg samples.

C-O, Carboxylic

!

GO film

"

Methylene Amine Amine
Y GOF_DA;

U v U v U v U v U v U
3500 3000 2500 2000 1500 1000

l c=0 c-0
()] O-H Carboxylic g=¢  Epoxy
g Hydroxyl Aromatic c-0
© Alkoxy|
et
= mw GOF_DA,
7] N .
c CH, N-H
©
S
-

Wavenumber (cm™)

Fig. 6.7. FT-IR spectra of the unreacted GO film and the diamine cross-linked GO fibers.
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1 ) (a) GO film
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1 (b) GOF_DA,

i’: Peak 1 (C-C/C=C)
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Fig. 6.8. XPS Cls spectra of the (a) unreacted GO film, and of the diamine cross-linked
GO fibers ((b) GOF_DA., (¢) GOF_DAg, and (d) FOG_DAgy)).
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The interlayer microstructures of the GO fibers were investigated by analyzing the XRD
patterns of the unreacted GO film and the fibers cross-linked by diamines with different
molecular structures (Fig. 6.9). As was observed among the GO papers or particles
functionalized with various bi- or monofunctional molecules or polymers, the interlayer
distance specified by the d-spacing distance of the (002) plane (doo2) depended on the
length of the cross-linked diamine molecule [9, 32]. The value of dop2 in GO increased
from 8.3 t0 9.2, 10.1, and 13.8 A as the GO was cross-linked by DA, DAg, and DAs,
respectively, to form fibers. However, the do, retains for HCl-washed GO fibers since
the diamine ion bridges between GO layers were broken and eliminated by methanol
washing. Therefore, continuous spinning of the fibers was not available after washing

the fibers with the acidic solution as demonstrated in the previous discussion.

GO film

:: HCl-washed GO fiber
<
3, GOF_DA,
=]
S limeac GOF_DA,
<=
£

| GOF_DA;

5 10 15 20 25

2 theta (dearee)

Fig. 6.9. XRD patterns collected from the unreacted GO film and from the diamine cross-
linked GO fibers.
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The GO layers were effectively cross-linked by both ion bridge formation and covalent
bonds during the spinning and drying processes, respectively. The resultant GO fibers
showed excellent mechanical properties without the need for a post-drawing process.
Fig. 6.10 shows representative stress—strain curves collected from the GO fibers
prepared using each of the cross-linked diamine molecules. The average Young’s moduli
of the GO fibers were within the range 17.3 —26.6 GPa, and the average tensile strengths
were within the range 275.1 — 384.3 MPa, depending on the length of the cross-linked
diamine molecules (Table 6.2). These results were consistent with the predictions
obtained from the XRD analysis (Fig. 6.9).

As mentioned, GO fibers with excellent mechanical properties have been typically
fabricated with the aid of post-drawing processes involving a rotating coagulation stage
or a drawing roller. For example, Xu et al. utilized a rotating coagulation bath to fabricate
GO fibers that were coordinately cross-linked by Ca®" ions. They emphasized that the
post-drawing process was essential for fabricating ultra-strong GO fibers. Indeed, post-
drawing of the Ca**-cross-linked as-spun GO fibers increased the Young’s modulus by
65% and the tensile strength by 48% (Table 6.2) [17]. Xiang et al. reported similar results
by post-drawing as-spun GO gel fibers and varying the speed of the fiber-collecting drum.
They reported a 236% increase in the Young’ modulus and a 73% increase in the tensile
strength under the optimized fabrication conditions (Table 6.2). Excessive drawing (a
1.45 drawing ratio) can increase the brittleness of the GO fibers and decrease the
elongation at break (from 1.64 to 0.61%), thereby limiting the applicability of the fibers
[14].
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Fig. 6.10. Representative stress—strain curves collected from the GOF_DA,, GOF_DAg,

and GOF_DAg samples.
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Table 6.2. Comparison of the mechanical properties of the GO fibers prepared in this
work and those reported previously and coagulated using different coagulants, before

and after a drawing process.

Before drawing process After drawing process

Young's Tensile Elongation Young's Tensile Elongation

Coagulant
Modulus Strength at Break Modulus Strength at Break

(G (MPa) (%) (GPa) (MPa) (%)

Ethylene . This
-diamine (DA;) +1.2 +19.1 +0.16 work
Hexamethylene- 20.3 304.4 1.89 This
diamine (DAg) +1.5 +18.0 +0.20 work

1,8 diaminooctane 17.3 275.1 2.10 This
(DAs) +1.3 +15.2 +0.17 work
KOH 1.6 125 10 32 184.6 7.5 [17]
CuSO4 23 258.6 13.3 6.4 274.3 5.9 [17]
CaCl, 3.7 245.8 9.8 6.3 364.4 6.8 [17]
20.1 412
CaCl, - 32 [15]
+2.1 +30
22.6 442
Chitosan - 3.6 [15]
+1.9 +18
11.0 183
NaOH - 25 [15]
+2.4 +25
14.0 124 1.64 47 214 0.61
Ethyl acetate [14]
+1.5 +8 +0.12 +8 + 38 +0.1
CTAB 42 145 4.0 - [19]

*In the case of using NaOH coagulant, the fabricated fiber is partially reduced GO fiber, as NaOH reacts

as weak reductant during the fiber formation.

205

q L] & 3
¥ — I o



Notably, complex post-drawing were unnecessary for the production of GO fibers using
my newly developed method. The GO fibers displayed competitive mechanical
properties, with a good modulus and strength (Table 6.2). Comparing to the previously
reported GO fibers without any post-drawing process, even GOF_DAg, the weakest GO
fibers in this work, records the best tensile modulus and strength to the best of my
knowledge.

Numerous approaches still remain to maximize and tune the properties of GO fibers
fabricated using the coagulation method described here. GO sheets with a larger lateral
size may be used [14-16]. Post-treatments may be adopted, such as heterogeneous
complexion to form GO composite fibers [25, 28]. The oxygen-containing groups on the
GO layer surfaces may be chemically or thermally reduced to form graphene fibers [20-
22]. Therefore, the diamine cross-linked GO fibers developed here provide excellent
candidate precursors for use in multifunctional graphene-based fibrous materials,

broadening the field of graphene applications.
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6.4 Conclusions

A novel method was used to fabricate GO fibers with excellent mechanical properties
and without the need for post-processing steps. The GO fibers were condensed by
electrical attraction between the ionized diamine molecules and the hydroxyl and
carboxylic groups on the GO layers, which preserved the uniform orientations along the
longitudinal axis and the compact packing structures of the GO layers along the spinning
direction. The mechanical properties of the GO fibers could be tuned by varying the
structure of the cross-linked diamine molecules, which altered the microstructures of the
fibers. These results suggest that this novel GO fabrication method is readily applicable

to the optimized fabrication of one-dimensional fibrous graphene materials.
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Chapter 7 Concluding Remarks

The surface characterization of carbon nanomaterials is one of the most important
procedures pertaining to their proper utilization for various applications. Numerous
empirical techniques have been adopted for the qualification and quantification of the
surface functional groups on carbon nanomaterials. Among these techniques, titration is
an efficient method for the surface acidic or basic functional groups of carbon
nanomaterials, which mostly affect the surface properties, to show 1) their exact
concentrations, and 2) practical functions related to their applications. However,
conventional titration techniques, as represented by indirect and direct titration methods,
have several practical drawbacks with regard to their procedures and analysis methods.
Hence, a new concept of a titration methodology which differs from conventional
titration methods is necessary.

In this thesis, I develop a universal titration equation based on the conventional
Henderson-Hasselbalch equation, which has been traditionally used for pH calculations
or titration curve estimations for simple molecules or elements. The universal titration
equation not only considers the titration moieties in the analysis but also the titration
environment, including those of the titrants and titrands, thereby perfectly predicting 1)
the titration behaviors and 2) the ionization behaviors of various acidic or basic elements
ranging from monoprotic simple molecules to multiprotic carbon nanomaterials.

The titration methodology, developed based on the adoption of the universal titration
equation, penetrates the experimental boundaries of indirect and direct titration. Indirect

titration for carbon nanomaterials was simplified and standardized after the systematic
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consideration of the effects of the acidic elements (e.g., acidic carbon compounds,
carbon dioxide) dissolved in the reaction bases during the titration procedures. The pKa
distribution functions of carbon nanomaterials from direct titration measurements were
successfully converted to estimate the concentrations of the practical functional groups
obtainable from the indirect titration results. The titration methodology was also
fundamentally used to analyze the ionization behaviors of carbon nanomaterials in
various environments for their application of dispersion and second-generation
functionalization.

These theoretical and experimental works discussed in this thesis suggest that the
titration methodology ultimately breaks the boundary between the indirect and direct
titration methods for the characterization of practical functional groups and for
investigations of their roles in applications of carbon nanomaterials. Therefore, the
developed titration methodology will pioneer other surface characterization techniques

and engineering efforts related to carbon nanomaterials.
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