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Abstract

The development of advanced engineering materials such as carbon nanofibers
from low-cost, renewable and/or waste resources is a key aspect of sustainability. In
addition, escalating concerns related to the presence of noxious sulfur compounds in
commercial fuels are driving the need to develop more efficient desulfurization
technologies. In this PhD dissertation research, activated carbon nanofibers were
produced from a blend of lignin with recycled poly(ethylene terephthalate) (r-PET)
and they were successfully tested for the adsorption of refractory sulfur compounds
from a model diesel fuel. Starting from different lignin/r-PET mass ratios, precursor
nanofibers of different morphologies were initially prepared using the electrospinning
technique. With the aid of a Design-of-Experiments statistical methodology,
electrospun nanofibrous mats with a minimum average diameter of 80 nm were
produced. The electrospun nanofibers were characterized with Differential Scanning
Calorimetry, Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy,
Thermogravimetry and Scanning Electron Microscopy. Subsequently, electrospun
precursor nanofibers consisting of different lignin/r-PET mass ratios and of varying
average diameters were carbonized into carbon nanofibers (CNFs). It was discovered
that the morphology of the CNFs depends on a synergy between the average fiber
diameter and the lignin/r-PET mass ratio of the precursor electrospun nanofibers.
These conditions were mapped and CNFs with average fiber diameter close to 100 nm
were prepared. The CNFs were characterized using N2 physisorption, Transmission
Electron Microscopy, Raman spectroscopy, X-Ray Diffraction and Energy-Dispersive
X-Ray Spectroscopy. Their structure consists mostly of disordered carbon, while the
CNFs derived from 50/50 lignin/r-PET with ~400 nm average fiber diameter present
the highest BET surface area (353 m?/g). Their chemical activation with KOH boosted
their BET surface area to 1413 m?/g, while a further treatment with HNO3 anchored
oxygen functional groups on their surface. These activated CNFs (ACNFs) were tested
for the adsorption of 4,6-dimethyldibenzothiophene (DMDBT) and of
dibenzothiophene (DBT) from a model diesel fuel (n-dodecane). It was found that they
exhibit a very high adsorption capacity (120.3 mgompet/gc and 77.82 mgpet/dc
respectively), combined with remarkably fast adsorption kinetics. Therefore, the

ACNFs have a great potential to be used as desulfurization adsorbents.
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Chapter 1: Introduction

1.1 Overview

Sustainability has emerged as an issue of immense importance that will
determine the prosperity of future generations. Based on the demand for sustainable
growth, as well as due to the gradual depletion of natural resources, a significant part
of the research and development in academia and in the industry is shifting towards
the utilization of waste or renewable resources for the development of new, advanced
engineering materials. This concept has been the main motivation behind this PhD
dissertation research, which describes the production of activated carbon nanofibers
from a blend of lignin with recycled PET and their successful application in the
adsorption of refractory sulfur compounds from fossil fuels.

Carbon nanofibers (CNFs) are a one-dimensional form of carbon with
diameters in the submicron- and in the nano-scale, which carry an array of interesting
properties that render them suitable for a variety of applications, such as in energy
storage devices, for adsorption and catalysis and as electrodes of dye-sensitized solar
cells [1, 2]. Their most striking feature is their very small diameter which translates
into a very large external surface area per unit mass (the external surface of the fibers).
Their surface can relatively easily be functionalized or doped with metals, according
to a desired application. Moreover, activated carbon nanofibers (ACNFs) combine the
advantages of CNFs with the very high porosity of activated carbon. However, an
important limitation related to CNFs is that their most common precursor is
poly(acrylonitrile) (PAN) [3], a relatively expensive petroleum-based polymer, the
cost of which limits their more widespread use [4]. Therefore, alternative CNF

precursors have been proposed, the most important of which is lignin.
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Lignin is the second most abundant natural polymer of Earth behind cellulose
[5]. It is a relatively low-cost biorenewable polymer which is obtained as a waste by-
product of the paper industry, while it can also be extracted from agricultural waste
[6]. Its complex structure, which depends on the plant source and the method of
extraction, hinders its widespread use; it has been estimated that only 2% of the annual
lignin quantity extracted from the paper industry is commercialized [6, 7]. However,
lignin shows a great potential for being used as carbon nanofiber precursor [3].

Poly(ethylene terephthalate) (PET) is one of the most common commodity
polymers and a major component of municipal waste. As the global consumption of
plastics rises annually by 5-6% [8], the development of alternative uses of the plastic
waste, and especially of recycled PET (r-PET), will be instrumental in upgrading the
municipal waste management.

Therefore, the combination of an abundant natural polymer (lignin), the large
potential of which is still unexploited, with a major municipal waste (PET) can provide
an alternative low-cost precursor for the manufacture of CNFs.

In addition, significant environmental issues are increasing the need for cleaner
fuels. Sulfur compounds existing in fossil fuels pose an important environmental
concern as they contribute to air pollution and they are related to detrimental health
issues. Over the last 10 years the competent authorities in most developed countries,
including the U.A.E., have introduced stringent regulations which limit the content of
sulfur in automobile fuels to 10-15 ppm [9-11]. Nevertheless, the long-standing
industrial catalytic hydrodesulfurization is very energy consuming as it takes place at
high temperatures and pressures, and it is not very efficient for removing the heavier

aromatic sulfur compounds [12, 13]. These compounds, such as dibenzothiophene
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(DBT) and 4,6-dimethyldibenzothiophene (DMDBT) are termed as refractory sulfur
compounds [12].

Hence, there is a need to develop alternative ways to upgrade the industrial
desulfurization practice, in order to achieve the more efficient removal of these
refractory sulfur compounds. For this purpose, adsorptive desulfurization at ambient
conditions is a very promising process [13]. In this PhD dissertation research, activated
CNFs are produced from lignin/r-PET and they are proposed as desulfurization
adsorbents. The work presented in this dissertation is schematically outlined in Figure

1.1.

1.2 Research objectives

On the basis of the above-mentioned problems, the objectives of this PhD
dissertation research are the following:

i) The preparation of precursor nanofibers from lignin/recycled PET using a
well-established nanomanufacturing technique, the electrospinning.

ii) The investigation of the electrospinning process conditions that minimize
the average fiber diameter of the electrospun fibers, and the characterization of these
nanofibers.

iii) The carbonization of the electrospun nanofibers, in order to transform them
into CNFs. The investigation of the process conditions that yield well-formed
filamentous carbon structures and the characterization of the CNFs.

iv) The activation of the CNFs in order to raise their porosity.

v) The application of activated CNFs (ACNFs) for the adsorption of refractory
sulfur compounds from a model fossil fuel. The calculation of their adsorption capacity

and the assessment of their potential as desulfurization adsorbents.



Electrospun Activated Adsorption of
nanofibers Carbon Nanofibers S-compounds

| e

Recycled PET

Figure 1.1: Graphical outline of the dissertation



1.3 Organization of the dissertation

This dissertation consists of six chapters.

In this chapter (Chapter 1), a brief introduction to the subject of this PhD
dissertation was presented, the research problems were analyzed and the research
objectives were stated.

Chapter 2 presents a literature review on the subject of CNFs. Particularly, the
structure, properties and applications of CNFs are analyzed, the electrospinning
technique is described, and the structure, properties and extraction methods of lignin
are presented. Moreover, a complete literature summary of the state-of-the-art related
to lignin-based electrospun CNFs is presented and analyzed.

The problems arising from the presence of sulfur compounds in fossil fuels are
delineated in Chapter 3. In addition, the current industrial practice is presented,
together with its limitations, and the alternative methods proposed. Applications of
CNFs related to adsorptive desulfurization are also presented.

Chapter 4 is the experimental part of this research, in which sufficient details
about the research methodology are given.

Chapter 5 is the “results and discussion” part of this dissertation. This chapter
is divided in four sections. In the first Section (5.1), the fabrication of electrospun
lignin/r-PET nanofibers is presented, together with characterization of their
morphology, structure and thermal properties. In the second Section (5.2), the
carbonization process is outlined, and the mapping of conditions that lead to a well-
formed filamentous morphology is presented. In the third Section (5.3) the CNFs are
characterized in terms of their BET surface area and their structure. Also, the activation

process is presented here, together with the morphology and the textural properties of
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the ACNFs. In the fourth Section (5.4), the adsorption results are presented for the
removal of DBT and DMDBT from a model diesel fuel (n-dodecane).

Finally, Chapter 6 presents the conclusions. The major findings are
summarized and analyzed together with recommendations for future research in this

field.



Chapter 2: Lignin-Based Electrospun CNFs: Literature Review

2.1 Carbon nanofibers: structure, properties and applications

An overview of the structure of the CNFs is presented in the following

paragraphs, together with their porosity characteristics and their applications.

2.1.1 Morphology and structure

Carbon materials have revolutionized the materials science in the last few
decades and they are projected to be at the forefront of emerging technological
advances. Carbon nanofibers (CNFs), a one-dimensional form of carbon, belong to
this class of materials and they show a promising potential for a wide range of
engineering applications. While conventional carbon fibers have typically diameters
of few micrometers up to few tens of micrometers, CNFs have diameters in the range
between few tens of nanometers up to submicron values. A strict definition would
require the use of the prefix “nano-" for dimensions up to 100 nm, however, the term
“nanofibers” is commonly encountered in the literature for fibers with diameters of up
to few hundreds of nanometers [3]; here, this convention will be followed. In
applications where the surface area is important, lowering the average diameter to this
range is highly beneficial.

The morphology of CNFs is characterized by a continuous network of long
carbonaceous filaments which usually have a varying degree of interconnection
(Figure 2.1). Unlike carbon nanotubes (CNT) which consist of perfectly wrapped
concentric graphene layers, the structure of CNFs is more random, although it mainly
consists of sp2-hybridized carbon, as well [3]. Their structure comprises graphitic

regions, which have a higher degree of order consisting of stacked graphene layers
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(graphitic regions), and more disordered regions with randomly oriented defective
graphene layers [3, 14]. The degree of order depends on the method of production and

on the precursor materials [2, 3].

A

Figure 2.1: Morphology and structure of CNFs; a) SEM image of lignin-based
electrospun CNFs (image taken during this research); b) the stacking of defective
graphene layers constituting the structure of CNFs [14]

The structure of CNFs is typically examined via X-ray diffraction (XRD) and
Raman spectroscopy. The domains of disordered graphene layers in carbonaceous
materials are sometimes termed as “turbostratic”, although this term has been criticized
(see [15] for a thorough discussion on this issue). Figure 2.1b presents a model for the
stacking of defective graphene layers in the structure of carbon fibers (adapted from
[14]). These layers comprise regions which have a perfect hexagonal structure (the
stacking of which builds the graphitic regions) and others in which the graphene layers
are flawed (containing 5- or 7-carbon rings, open rings, etc). These defects induce
curvature which disrupts the parallel stacking of graphene layers, forming disordered
regions resembling the shape of crumpled paper (see [16] for a detailed discussion
about these structures). The disordered regions contain more unoccupied space, which

translates into higher porosity [16].



2.1.2 Fabrication methods

CNFs are mainly fabricated using the following methods:

a) Chemical vapor deposition (CVD): according to this method, CNFs are
produced from the decomposition of gaseous hydrocarbon precursors (such as CHa,
C2Hs, CoHo, etc.) in the presence of metal catalysts inside a reactor [2, 3, 17]. This
process is performed at high temperatures (700-1200 K) [2, 3]. The catalysts used in
this case are metal nanoparticles consisting of Ni, Co, Fe, or various alloys [2, 3, 17].
As the gases are heated until they decompose, C atoms precipitate on the catalyst
surface and develop graphitic filamentous structures [2, 3]. Their diameter ranges from
few tens to few hundreds of nanometers, while their length from less than a micron till
few millimeters [17]. The shape of the graphitic structure (e.g. platelet-stacked or cup-
stacked) is determined by the type of catalyst used [2]. The CNFs produced with this
method have excellent thermal conductivities, however their production cost is rather
high [3].

b) Spinning: Carbon fibers, with diameters higher than 5 pum, are traditionally
fabricated from a polymeric precursor using a spinning technigque, such as wet
spinning, gel spinning, dry spinning or melt spinning [3]. In all these techniques, the
precursor polymer is initially formed into fibers, followed by their thermal treatment
at high temperatures (>600°C) under inert atmosphere [2, 3]. In the melt spinning
technique, the precursor polymer is heated until it melts and then it is drawn through a
spinneret for the formation of microfibers. In the other techniques, the polymer is
dissolved in a suitable solvent and then it is ejected through a spinneret [3]. The fiber

diameters are adjusted via the spinneret size and the drawing speed.
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Nevertheless, these techniques are not suitable for producing nanometer-sized

carbon fibers. Instead, the most suitable method for this purpose is electrospinning,

which is a variation of dry spinning. As CNFs are the main topic of this review, the

electrospinning technique and the polymer precursors used for their manufacture will
be described in more details in Section 2.2.

Besides these two techniques, template-based strategies and biomass methods

have also been reported for the preparation of CNFs. These, however, are beyond the

scope of this review; further information about them can be found in [2].

2.1.3 Properties and applications

The main advantage of CNFs is their very small diameter which translates into
a very high aspect ratio (over a few hundreds) and into a very high specific surface
area [3]. They can also be thermally or chemically treated in order to increase their
porosity and their BET surface area to values as high as 2500 m?/g [3]. Their large
surface area can facilitate the doping with metals or metal oxides and, thus, enhance
their applicability. Moreover, their surface can relatively easily be functionalized in
order to introduce functional groups and alter their surface properties and their
dispersion in various matrices [1, 3]. CNFs possess good flexibility and mechanical
strength depending on the degree of order of their microstructure, which in turn is
dependent on the choice of the precursor and the fabrication method [17]. Their tensile
strength can reach values of up to 4.8 GPa, which, however, is an order of magnitude
less than that of carbon nanotubes [1, 17]. These factors also influence their electrical
conductivity which can vary significantly from 107-10° S/cm [3]. Defects in their
structure lower their crystallinity, but this can be advantageous in applications related

to energy storage as their energy density is enhanced through higher charge storage in
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these defects [3]. Moreover, although they generally have lower thermal conductivity
(<1600 W/(mK)) compared to carbon nanotubes (2000-6000 W/(mK)), they possess
the advantages of easier dispersion and lower fabrication cost [3, 17].

Due to their high specific surface area, chemical resistance and thermal
stability, CNFs have successfully been used in catalysis (catalyst support) [1], as
adsorbents for the removal of sulfur compounds from fuels [18, 19], for air and water
purification [1], in biomedical applications, e.g. as templates for cell growth [1], for
polymer-based nanocomposites [1, 3], in dye-sensitized solar cells, in sensors [1] and
in energy storage applications, particularly as electrodes for lithium-ion batteries,

sodium-ion batteries and supercapacitors [2, 3, 20, 21].

2.2 Electrospinning for nanofiber manufacturing

The main features of the electrospinning technique, which was used in this

research, are described in the following sections.

2.2.1 The electrospinning technique

Electrospinning is a well-established technique for the fabrication of micro-
and nanosized polymer fibers. Although it was first patented in 1934, it has received
greater attention since the 1990’s and it has also been applied at industrial level [17].

In contrast to other fiber-spinning techniques such as melt spinning or dry
spinning, which rely on mechanical forces to produce fibers by drawing the polymer
through a spinneret, this technique relies on electrostatic forces [17]. A typical setup
of the process is presented in Figure 2.2 (the setup can have either vertical or horizontal

orientation) [1].
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Figure 2.2: Typical electrospinning setup with vertical orientation

The polymer or the blend of polymers is initially dissolved into an appropriate
solvent and loaded into a syringe which is connected to a pump offering a controlled
flow rate. The metallic needle of the syringe is connected to a metallic collector
through a high-voltage power supply. As the polymer solution is pumped through the
needle, it is subjected to the electrostatic force from the electric field between the
syringe and the collector. The shape of the pendant polymer droplet is, then,
transformed into a cone (termed as the “Taylor cone”). When the electrostatic force
overcomes the surface tension of the polymer solution, a jet is formed, which
immediately breaks into a number of smaller jets. These jets follow looping trajectories
and fall on the collector. During the ejection, the solvent evaporates and the jet is
transformed into polymer fibers, which are usually solid and smooth [22]. In a typical
setup, the fibers are randomly oriented and they form a nonwoven mat. However,

variations of the collector allow the formation of aligned fibers (e.g. using a rotating
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drum) [3, 22]. Other variations of the setup allow the formation of core/shell structured
fibers, in which the core polymer is different from the shell polymer, or hollow fibers
[3, 22].

The fiber morphology is influenced by various process and material
parameters. The most important of them are discussed in the following lines.

a) Solution concentration and viscosity: The solution concentration increases
the solution viscosity, which in turns results in higher average fiber diameters [3, 17].
When the concentration is below a certain point, the viscosity is too low, and then the
jets breaks easily into droplets. In this case, many spherical beads form during the
spinning, resulting in “beads-on-strings” morphology, or only beads (electrospray) [3,
17]. Therefore, a sufficiently high concentration is needed for bead-free fibers. At very
high concentrations, however, the continuous flow is disrupted.

b) Molecular weight of the polymer: The longer the chain length, the higher
the molecular weight of the polymer is [17]. This translates into more chain
entanglements, resulting in higher average diameters and fewer beads [17]. When the
polymer molecular weight is too low, then there is electrospray instead of fiber
formation. This is a very usual case for lignin. Therefore, a high-MW polymer (binder
polymer) is added to the lignin solution to increase its spinnability [23, 24].

¢) Solvent boiling point: A low boiling point is preferable for fast evaporation
and dry fiber formation [17]. Nevertheless, a too volatile solvent can solidify in the
needle and block it [3]. Moreover, the solvent evaporation affects the viscoelastic
properties of the jet; fast evaporation results in a higher viscoelastic force, which in
turn prevents the jet from stretching further. This produces fibers of larger diameters,
as it has been reported in the case of polystyrene in tetrahydrofuran (boiling point

66°C) vs. polystyrene in dimethylformamide (boiling point 153°C) [17].
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d) Surface tension: In most cases, it is better if the surface tension is kept rather
low, so that a very high voltage is not necessary for the fiber formation [3]. Hence, the
choice of solvent should be the appropriate one. Moreover, when the surface tension
is low the formation of beads is avoided [3]. However, exceptions to this rule have
been reported [17].

e) Electrical conductivity: It has been reported that the addition of salts into the
solution produces finer, beadless fibers [17]. This is the result of higher elongational
forces acting on the jet inside the electrostatic field [17].

f) Temperature: This parameter influences the viscosity of the solution and the
evaporation of the solvent. As an example, better spinnability of polyurethane fibers
at relatively high temperature (70°C) has been reported [17]. Nevertheless, there is no
universal rule in this case.

g) Humidity: This is another important factor which affects the evaporation of
the solvent. High humidity translates into slower evaporation, which in turn prevents
the viscosity of the jet from increasing abruptly. On the other hand, high humidity can
affect the charge density on the fiber surface [17]. Moreover, when more wet fibers
are deposited on the collector, the slower evaporation can leave behind pores or a rough
surface [17].

h) Applied voltage: The electrostatic force acting on the jet is influenced by
the applied voltage. There is a voltage threshold above which the fiber formation is
successful, and this depends on the surface tension and the viscosity of the solution
[3]. In most cases a higher voltage results in thicker fibers [17]. The voltage, usually,
varies between 15-30 kV.

1) Spinning distance: Similar to the voltage, the spinning distance controls the

electrostatic force. Here the effect is not always clear; at a constant voltage, larger
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distance means weaker electrostatic field. However, in this case the jet has more time
to stretch and dry [17]. Therefore, the effect is not always the same.

j) Flow rate: Various reports have stated that larger fiber diameters are
produced at higher flow rates, because of the speed with which the jet travels towards
the collector [3, 17]. At higher flow rates, higher voltage is required, as well [3]. The
flow rate values for continuous fiber formation are, however, unigue for each system.

There is a vast variety of more than 100 polymers which have been processed
via electrospinning [22]. The popularity of this technique is justified by a number of
advantages, such as its simple setup, the easiness in controlling the fibrous morphology
by simply adjusting the process parameters and the huge variety of polymers or
polymer blends that can be used. Furthermore, it is a versatile technique since
interesting variations have been developed, e.g. different configurations for producing
core/shell or hollow fibers, the production of composite fibers by incorporating micro-
or nano-sized fillers, multichannel structures, aligned fibers, or even the fabrication of
ceramic fibers [25, 26]. The most important drawbacks of this technique are the use of
harmful solvents and sometimes the viability of scaling up at industrial level,
especially when low concentrations or low flow rates have to be used. Electrospun
nanofibers have been used in diverse applications including the manufacture of filters,
in biomedical applications (tissue scaffolds), for sensors, in electrochemical
applications (electrodes, photovoltaic devices, etc), in controlled drug delivery, in

protective clothing and as reinforcing fibers in composites [17, 26].

2.2.2 Manufacturing electrospun-based CNFs

In addition to the applications mentioned in the previous section, electrospun

nanofibers made of certain precursors are used for the fabrication of CNFs. Despite
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the variety of polymers processed via electrospinning, only a few of them have been
used as precursors for the preparation of CNFs, that is, polyacrylonitrile (PAN), lignin,
pitch, polyimide (PI), poly(vinylidene fluoride) (PVDF), polyvinyl alcohol (PVA) and
more recently cellulose acetate [3, 25, 27, 28]. The reason is that the precursor must
satisfy some criteria in order to be carbonizable to CNFs. The most important is that it
should not melt when heated at very high temperatures (above 800°C), or at least that
it can undergo some thermal or chemical treatment to become infusible during heating
[29]. In this context, polymers containing heteroatoms (N, O, S, P, halogens), double
bonds and aromatic rings in their chains are more appropriate [29]. Furthermore, the
polymer must dissolve into an electrospinning-appropriate solvent and it should give
a considerable carbon yield. PAN is the most common polymeric precursor for CNFs
because it gives a high carbon yield (>50%) and it produces CNFs with very good
mechanical properties [3]. It can only be carbonized after it is first thermo-stabilized
through heat treatment in air at 200-280°C.

Lignin-based electrospun CNFs were first reported in 2007, although the
production of lignin-derived carbon microfibers using other methods had previously
been reported [30]. Details about the properties and the structure of lignin can be found
in Section 2.3. Although a few research groups have reported the successful
electrospinning of lignin alone and its carbonization into CNFs [30-35], in most cases
the electrospinning of lignin yields spray instead of fibers. Therefore, the presence of
another polymer of higher MW is necessary in the electrospinning solutions. This is
usually PAN, PVA or PEO (polyethylene oxide).

Moreover, in order to prevent the lignin-based electrospun mats from melting
and losing their fibrous morphology, they are first subjected to a stabilization step.

During this stage, the precursor nanofibers are heated at a very slow rate (usually
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<1°C/min, depending on the lignin type) under oxidative atmosphere (air) until they
reach temperatures between 200-280°C, where they are kept for a few hours. Detailed
stabilization and carbonization conditions for every lignin-based electrospun CNFs
found in the literature is presented in Table 2.1. This process can be very time-
consuming (sometimes lasting for days) and it is a drawback for industrial scale-up;
however, the slow heating is necessary for effective diffusion of Oz into the bulk of
the fibers [33]. During this step, oxygen-containing functional groups (carbonyl,
carboxyl, ester groups) are incorporated into the lignin macromolecules and cross-
linking reactions take place [30]. This procedure raises the Tq4 of lignin significantly
and it prevents the fusion among the fibers [30]. It should be noted, however, that some
degree of fusion among the fibers is desirable in many cases. Interconnected fibers
exhibit better mechanical properties, increased electrical conductivity and enhanced
performance in electrochemical applications [36, 37]. In rare cases the stabilization
can be totally omitted [21].

After the fibers have been stabilized, they are carbonized for their
transformation into CNFs. During this process, the nanofibers are heated under inert
atmosphere (N2 or Ar) until they reach a temperature between 600-1200°C, where they
are kept for ~1 hour in most cases. Detailed carbonization conditions can be found in
Table 2.1. Here, the fibers decompose slowly and release volatile products (H2, CHa,
H.0, CO, CO,, phenolic compounds), while their structure is transformed into sp?-
hybridized carbon as described in the previous sections. After the carbonization, a step
of activation is optionally added, for increasing the porosity of CNFs. The activation
can be either chemical (e.g. treatment with KOH or NaOH) or physical (heating under

CO; or steam) (see Table 2.1).
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2.3 Lignin: structure, extraction methods and properties

Lignocellulosic biomass extracted from plants is considered the most
promising biorenewable carbon-containing resource on earth. This biomass consists
of cellulose (35-83% dry weight basis), lignin (1-43% dry weight basis) and
hemicellulose (0-30% dry weight basis). The relative content of each of these three
components depends on the plant source [6].

Lignin is the second most abundant natural polymer on Earth after cellulose,
accounting for around 30% of the organic carbon existing in the biosphere, while it is
the main biorenewable source of aromatic structures [5, 38]. Its main function as a
structural component in the plants is to inhibit the diffusion of enzymes or solutions
into the wood, rendering the cell walls stronger and more rigid [6, 39].

The structure of lignin is complex and amorphous, as it is highly branched [5,
39]. It is constructed from the polymerization of three phenylpropane monomers
(coniferyl, sinapyl and p-coumaryl alcohols); inside the lignin structure these three
units are termed as guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) respectively
[5, 6] (Figure 2.3). The configuration of the lignin structure differs according to the
plant species and it is also influenced by the environment. Generally, in softwoods
(coniferous wood) the G units are prevalent, in hardwoods (deciduous trees) the
amounts of G and S are almost equal and only traces of H are present, whereas in

monocot grasses the ratio of the three monomers G/S/H is around 70/25/5 [6, 39].



19

a)

CH,OH CH,OH CH,0OH
P P P
OCH, H,CO OCHj
OH OH OH
H unit G unit S unit

LIGNIN-O

HyCO i O OCH;

o
HO OH
oH HO
HO on
o OH HO,
HO oH o
H,CO OH

4 HyCO OCH,
O  OCH; HO
HO
OCH3

Figure 2.3: The structure of the lignin macromolecules; a) the three lignin monomer
units; b) typical structure of softwood lignin. Adapted from [38]

The extraction of lignin from the lignocellulosic biomass is industrially
achieved through one of the following paper pulp processes, which aim at solubilizing

lignin in order to obtain pure cellulose.
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a) The kraft process: it is the most widely used method (approximately 85% of
the produced lignin is extracted with the kraft process) [5]. It is performed at high
temperatures (~ 170°C) and high pH values (~13-14) in which lignin is dissolved in
solutions of NaOH and NazS [5, 38]. Kraft lignin contains small amounts of ash and
sulfur and it usually has a molecular weight of around 1000-15000 Da [5, 6]. The ash
can, however, be removed with proper chemical treatment [40].

b) The sulfite process: this method is very common in the pulp and paper
industry [5]. It proceeds through the reaction of lignin with a metal sulfide and SO, at
high temperatures (120-180°C) for 1-5 hours [5]. The lignosulfonates produced here
are water-soluble, they contain a considerable amount of sulfur (4-8%) and ash, but
also a higher molecular weight compared to kraft lignin (1000-50000 Da) [5, 6].

c) The soda process: This process is applied to non-wood lignocellulosic
biomass (grass, sugarcane, etc) [5, 38]. It is similar to the kraft process as the biomass
is digested at high temperatures (140-170°C) in NaOH solution in the presence of
anthraquinone [5]. Soda lignins are sulfur-free and they have a range of molecular
weight between 1000-3000 Da [5, 6].

d) The organosolv process: This extraction method is based on the treatment
of the lignocellulosic biomass with organic solvents (methanol, ethanol, acetic and
formic acid) mixed with water at high temperatures (170-190°C) in the presence of
catalysts. It produces sulfur-free, more pure lignin, with low ash content and low
molecular weight (500-5000 Da). Disadvantages of this method include the corrosion
of the equipment, the high cost of the solvents and the presence of undesirable side
reactions [5, 6, 38]. Alcell lignin is a type of organosolv lignin commercialized by

Lignol Innovations [41].
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In addition to the above, lignin derived from the enzymatic hydrolysis of
biomass has also been reported [42]. The lignins produced from these processes have
some structural differences which affect their physicochemical properties. Kraft and
sulfite lignin contain sulfur (1-8%) and ash (mainly salts of alkali metals), while soda
and organosolv lignin are sulfur-free [7]. In terms of their solubility, sulfite lignin is
soluble in water, while kraft lignin becomes water-soluble after sulfonation, as well
[5]. Kraft and organosolv lignin are soluble in organic solvents, while soda lignin
dissolves in alkaline solutions [5, 29]. Moreover, sulfite lignin has the highest
polydispersity index (6-8), while the other three types have polydispersity values
between 1.5-3.5 [7].

The heterogeneous structure and the relatively high polydispersity are
obstacles in the wider use of lignin. This can be overcome by filtration or selective
precipitation to produce more homogeneous fractions, however, the large quantities of
solvents needed are a disadvantage for the industrial scale-up [38]. These issues,
together with its immiscibility with various polymer matrices and its poor mechanical
properties, have rendered this significant biorenewable resource rather unexploited. It
has been estimated, that out of 50-70 million tons of lignin extracted from the paper
industry in 2010, only 2% was commercialized for applications such as adhesives,
dispersants, antioxidants and surfactants [6]. Most of the lignin produced is used as
low-grade burning fuel or it is simply discarded as waste [7].

Nevertheless, lignin can potentially emerge as a significant, versatile raw
material through chemical modification. This includes amination, nitration,
hydroxyalkylation, esterification and alkylation of its hydroxyl groups among others
[8]. These processes can in turn lead to its use as a precursor for a wide range of

products such as biodiesel, pharmaceutical precursors or polymers [5, 6, 39]. Without
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chemical modification, lignin is a very attractive precursor for the manufacture of
carbon materials, such as carbon fibers and activated carbon. Its suitability for this
purpose is based on its low cost, its large availability, the relatively high carbon content
in its structure (around 60 wt%) and the absence of toxic by-products during its thermal
treatment [29]. The thermal decomposition of lignin during its conversion to carbon
consists of multiple steps over a wide temperature range. Usually, there is an initial
decomposition step between 150-275°C (dehydration from hydroxyl groups), then the
aliphatic chains start to break away from the aromatic rings at around 300°C, at 370-
400°C carbon-carbon cleavages occur in the lignin backbone and, finally, at 500-700°C
the rearrangements in the lignin structure lead to char formation (mainly polyaromatic
graphitic and disordered carbon) [6]. During this process, volatile compounds are

released, mainly H, H.O, CHa4, CO, CO. and phenolic compounds [43, 44].

2.4 Lignin-based electrospun carbon nano- and submicron-fibers: a review of
the relevant literature

Table 2.1 concisely presents a summary of the relevant literature related to
lignin-based electrospun carbon nano- and submicron-fibers, focusing on the
experimental conditions (material and electrospinning parameters, thermal treatment)
and on some key properties of the fibers (average diameters, porosity, mechanical and
electrical properties).

In the following sections, a more detailed account of the methodologies leading
to the successful fabrication of lignin-based electrospun carbon nano- and submicron-
fibers is presented, focusing on the precursor formulation and on their features arising

from the preparation method.



Table 2.1: Lignin-based electrospun carbon nano- and submicron-fibers: literature summary

; gﬁ:;‘;ggl Material parameters? EI;?:;;}T{; r;isng Thermal treatment* Avgi;ar%zg?er chaljgg::gtics Properties®

Lignin type/solvent Voltage/Distance Stabilization Electrospun BET Surface area Tensile str.

Polymer mass ratio Flow rate Carbonization Carbonized Total pore volume Y. Modulus

Additives Concentration® Activation Meso-/microporous Conductivity
[30] Organosolv/ethanol 12 kV/20-25 cm 0.25°C/min, 200°C, 24 h 400-2000 nm 1200 m?/g -
(Properties) -/- 0.5-1 mL/h 10°C/min, 900°C 200 nm 0.484 cmq/g -
- L/EtOH: 1/1 wiw - Microporous -
[35] Organosolv/ethanol 12 kV/20-25 cm 0.05°C/min, 200°C, 36 h 800-3000 nm 505-1195 m?/g -
(Properties) -/- 0.8 mL/h 10°C/min, 600-1000°C 400-1000 nm 0.233-0.523 cm®/g -
Pt-prec.: 0.2 & 0.4 wt% L/EtOH: 1/1 wiw - Microporous -

[32] Organosolv/ethanol 14-22 kV/25 cm 0.08°C/min, 200°C, 100 h N/A 747-1289 m?/g -
Catalysis -/ - 1-3mL/n 10°C/min, 900°C 600-3000 nm 0.18-0.51 cm®/g -

H3PO. 30 wt% & Pt<3 wt% L/EtOH: 1/1 wiw - Meso- & Micro- -

[33] Organosolv/ethanol 24 kV/30 cm 0.08°C/min,200°C,60 h 400-1000 nm 850-2000 m?/g 303 MPa
Catalysis -/ - 3 mL/h 10°C/min, 900°C 400-1000 nm 0.329-0.849 cm®/g 4 GPa
Electrodes H3PO4 30 wt% L/EtOH: 1/1 wiw N2/O2: 97/3 viv, 900°C Mostly microporous -

[45] Organosolv/Ac/CCl, 38 kV/13 cm 2°C/min, 250°C, 1 h 1300-5200 nm 532-2447 m?/g -

Supercapacitor -/ - 0.2 mL/min 1000°C, 1 h 1300-2500 nm 0.28-1.58 cm®/g -
Hexamine 7.5-10% 35 wit% Steam, 900°C Meso- & Micro- -
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Table 2.1: Lignin-based electrospun carbon nano- and submicron-fibers: literature summary (continued)

; gﬁ:g‘gggl Material parameters? EIS?::;%E rr1isng Thermal treatment* Avgi;an%itgser chaljgg::gtics Properties®
Lignin type/solvent Voltage/Distance Stabilization Electrospun BET Surface area Tensile str.
Polymer mass ratio Flow rate Carbonization Carbonized Total pore volume Y. Modulus
Additives Concentration® Activation Meso-/microporous Conductivity
[31] Kraft/DMF N/A/13 cm 0.5°C/min, 250°C, 15 min 769 nm 676-1204 m?/g -
Supercapacitor -/- 1mL/h 3°C/min, 900°C, 30 min 567 nm 0.22-0.55 cm®/g -
- 50 wt% CO», 600°C, 1 h Meso- & Micro- -
[46] N/A IDMF 15 kV/10cm 1°C/min, 250°C, 3 h (submicron) 6.3-12.9 m3/g -
LIB L/PAN: 0/100-50/50 0.02 mL/min 10°C/min, 1000°C, 1 h (submicron) N/A -
- 12 wt% - N/A -
[47] Lignosulfonate/DMF 25 kV/20 cm 250°C,1h 200-500 nm ~10-30 m?/g -
SIB L/PAN: 10/90-50/50 1 mL/h 800-1300°C, 30 min N/A N/A -
- 12 wt% (PAN) - Microporous -
[48] N/A IDMF 20 kV/15 cm 250°C, 3 h N/A 17.5-68.8 m?g -
LIB L/PAN: 50/50 1.5mL/h 1200°C, 1 h 150 nm 0.026-0.081 cm?®/g -
Pluronic P 123 12 wt% (PAN) - Mesoporous -
[49] Kraft/DMF 19 kV/16 cm 2°C/min, 280°C, 1 h N/A 2331-2543 m?/g -
Supercapacitor L/PAN:10/90-30/70 0.8 mL/h 5°C/min, 1000°C 79-184 nm Vmesmax: 0.955 mL/g -
- 10 wt% CO», 1000°C, 1 h Meso- & Micro- 530 S/m
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Table 2.1: Lignin-based electrospun carbon nano- and submicron-fibers: literature summary (continued)

; gﬁ:;‘;ggl Material parameters? EI;?:;;}T{; r;isng Thermal treatment* Avgi;arg]zg;?er chaljgg::gtics Properties®
Lignin type/solvent Voltage/Distance Stabilization Electrospun BET Surface area Tensile str.
Polymer mass ratio Flow rate Carbonization Carbonized Total pore volume Y. Modulus
Additives Concentration® Activation Meso-/microporous Conductivity
[42] EHL/DMF 25 kV/15 cm 1°C/min, 250°C, 1.5 h N/A 578-631 m?/g -
Supercapacitor L/PAN: 0/100-70/30 4.8 mL/h 10°C/min, 800°C, 1 h 172-421 nm 0.25-0.27 m3/g -
- 12 wt% - Microporous -
[50] N/A IDMF/THF N/A 280°C, 1h 310-650 nm 376-1194 m?/g -
Supercapacitor L/PAN/pitch: 0.78/7/3 N/A 5°C/min, 800°C, 1 h ~370 nm N/A -
Zn-prec.: 0-10 wt% N/A - -
[51] Kraft/DMF 8.5kV/20 cm 1°C/min, 280°C, 1 h N/A - -
Supercapacitor L/PAN: 20/80 & 50/50 N/A 5°C/min, 1000°C 270-590 nm - -
NiC0204: 1.59 mg/cm? 12-18 wt% - doped: >800 nm - -
[52] EHL/DMF 15 kV/15 cm 0.5°C/min, 260°C, 3 h N/A 1008-2439 m?/g -
Supercapacitor L/PAN: 50/50 1 mL/min 5°C/min, 1400°C, 1 h N/A 0.54-1.29 cm®/g 2.82 GPa
Graphene: 0-0.3 wt% 20 wt% KOH/CNFs: 6/1, 800°C Meso- & Micro- -
[53] N/A /DMF 24 kV/I N/A 1°C/min, 225°C, 2 h 105-250 nm - -
Sensor L/PAN: 50/50-75/25 0.3mL/h 1200°C <100 nm - -
Graphene: 0-5 wt% 10-20 wt% - - -
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Table 2.1: Lignin-based electrospun carbon nano- and submicron-fibers: literature summary (continued)

; gﬁ:ggggl Material parameters? EIS?::;%; rr1isng Thermal treatment* Avgi;an%itgser chaljgg::gtics Properties®
Lignin type/solvent Voltage/Distance Stabilization Electrospun BET Surface area Tensile str.
Polymer mass ratio Flow rate Carbonization Carbonized Total pore volume Y. Modulus
Additives Concentration® Activation Meso-/microporous Conductivity
[36] Organosolv/IDMF N/A /10-15cm 200-275°C, 1-12 h 250-270 nm - -
Thermoelectric L/PAN: 0/100-70/30 10 pL/min 900 or 1100°C, 1 h 130-150 nm - -
generator - 10-15 wt% - - 27.47 S/cm
[54] Kraft/DMF 16 kV / N/A 10°C/min, 250°C 283-412 nm - 160 GPa*mm?®/g
(Properties) L/PAN: 10/90-30/70 0.8 uL/min 1400°C/ 30 mins 185-253 nm - 14,000
Copolymer 10-30 wt% 10 wt% - - GPa*mmd/g
[55] N/A /DMF 15 kV/12 cm 200-280°C, 2 h in total 150-200 nm - -
(Properties) L/PAN: 50/50 0.04 mm/min 600-1000°C, 2-3 h ~100 nm - -
12 wt% - - -
[56] Kraft/DMF 17 kV/20 cm - ~3500 nm - -
(properties) L/PAN: 50/50 0.03 mL/h 1%t step: 550°C, 2 h, H» ~3500 nm - -
Cellulose nanofibrils 17 wt% 2" step: 1000°C, 1 h, Ar - -
[57] Kraft/DMF 17 kV/25 cm - 1000-1200 nm ~15-31 m?/g -
(Properties) L/PAN: 50/50 0.1 mL/h 1%t step: 550°C, 2 h, H; 615-989 nm - -
Fe-, Pd-precursors 15 wt% 2" step: 1000°C, 1 h, Ar - -
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Table 2.1: Lignin-based electrospun carbon nano- and submicron-fibers: literature summary (continued)

; gﬁ:;‘;ggl Material parameters? EI;?:;;}T{; r;isng Thermal treatment* Avgi;ar%zg?er chaljgg::gtics Properties®
Lignin type/solvent Voltage/Distance Stabilization Electrospun BET Surface area Tensile str.
Polymer mass ratio Flow rate Carbonization Carbonized Total pore volume Y. Modulus
Additives Concentration® Activation Meso-/microporous Conductivity
[58] Kraft/DMF 8.5-10 kV/15 cm 10°C/min, 250°C, 2 h N/A - 89.4 MPa
(properties) L-g-PAN copolymer 0.85-10.5 pL/min 600-1400°C, 30 mins 561-926 nm - 2.5 GPa
- 15-18 wt% - - 21.3 S/cm
[59] Organosolv/IDMF 10 kV/20 cm 0.2-2°C/min, 220°C, 1 h N/A - 89 MPa
(Properties) L/PAN: 50/50 1 mL/h 4°C/min, 1400°C, 2 h N/A - 5.3 GPa
lodine vapor, 70°C 20 wt% - - -
[60] Organosolv/IDMF 15 kV/20 cm 0.2°C/min, 200°C, 12 h 1300-1800 nm - 83 MPa
(properties) L/PAN: 30/70-70/30 5 uL/min 5°C/min, 1000°C, 30min 1000-1100 nm - 6.1 GPa
(Butyration) 20 wt% - - -
[61] Soda, kraft/DMF 15 kv/15 cm 0.3°C/min, 280°C, 1 h 273-701 nm - 142 MPa
(properties) L/PAN: 0.25/1-1/0.75 N/A 3°C/min, 1000°C 177-522 nm - 10 GPa
- 15 wt% - - -
[62] Kraft/Water 26 kV/25 cm Stepwise, 220°C, >24 h ~200 nm 583 m?/g -
Adsorption L/PVA: 70/30 1.2 mL/min 5°C/min, 1200°C, 1 h ~200 nm 0.29 cm®/g -
- 12 wt% - Meso- & Micro- -
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Table 2.1: Lignin-based electrospun carbon nano- and submicron-fibers: literature summary (continued)

; gﬁ:;‘;ggl Material parameters? EI;?:;;}T{; r;isng Thermal treatment* Avgi;ar%zg?er chaljgg::gtics Properties®

Lignin type/solvent Voltage/Distance Stabilization Electrospun BET Surface area Tensile str.

Polymer mass ratio Flow rate Carbonization Carbonized Total pore volume Y. Modulus

Additives Concentration® Activation Meso-/microporous Conductivity
[63] Kraft/Water 26 kV/25 cm Stepwise, 220°C, >24 h ~200 nm 583 m?/g -
Supercapacitor L/PVA: 70/30 1.2 mL/min 5°C/min, 1200°C, 1 h ~200 nm 0.29 cm®/g -
MnO; nanowhiskers 12 wt% - Meso- & Micro- -
[64] Kraft/Water 26 kV/25 cm Stepwise, 220°C, >24 h ~200 nm 583 m?/g -
LIB L/PVA: 70/30 1.2 mL/min 5°C/min, 1200°C, 1 h ~200 nm 0.29 cm¥/g -
Fe,0s: 22-45 wt% 12 wt% - Meso- & Micro- -
[24] Kraft/Water 26 kV/25 cm Stepwise, 220°C, >24 h ~200 nm 583 m?/g -
Supercapacitor L/PVA: 70/30-30/70 1.2 mL/min 5°C/min, 1200°C, 1 h ~200 nm 0.29 cm®/g -
- 12 wt% - Meso- & Micro- -
[65] Kraft/Water 26 kV/25 cm Stepwise, 220°C, >24 h ~200 nm 583 m?/g -
Electrocatalyst L/PVA: 70/30 1.2 mL/min 5°C/min, 1200°C, 1 h ~200 nm 0.29 cm®/g -
Ag-prec.: 11-25 wt% 12 wt% - Meso- & Micro- -
[66] Kraft/Water 22 kVv/20 cm lodine, 100°C, 12 h ~570-770 nm 1049 m?/g -
LIB/SIB L/PVA: 50/50 1 mL/h 2°C/min, 600°C, 1 h 514-875 nm 0.49 cm/g -
KOH: 5 wt% 15 wt% No additional treatment Microporous -
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Table 2.1: Lignin-based electrospun carbon nano- and submicron-fibers: literature summary (continued)

; gﬁ:ggggl Material parameters? EIS?::;%; rr1isng Thermal treatment* Avgi;an%itgser chaljgg::gtics Properties®
Lignin type/solvent Voltage/Distance Stabilization Electrospun BET Surface area Tensile str.
Polymer mass ratio Flow rate Carbonization Carbonized Total pore volume Y. Modulus
Additives Concentration® Activation Meso-/microporous Conductivity
[67] Kraft/Water 20 kV/15 cm 2°C/min, 250°C, 1 h 210-600 nm 1370-2170 m3/g -
Supercapacitor L/PVA: 90/10-75/25 0.8 mL/h 5°C/min, 1000°C, 1 h 166-220 nm 0.36-0.53 cm®/g -
- 24 Wwt% CO, 800°C, 30 min Meso- & Micro- -
[68] Kraft/Water 17 kV/20 cm 4°C/min, 250°C, 2 h, N2 148 nm 1689-2005 m?/g -
Supercapacitor L/PVA: 75/25 8-10 pL/min 4°C/min, 600°C, 1 h 148 nm 0.60-0.71 cm®/g -
- 17.4 wt% KOH/CNFs: 1/1, 900°C Mesoporous 386 S/m
[69] Kraft/DMSO 15-20 kV/20 cm 2.5°C/min, 250°C, 1 h 410-750 nm - 526.3 MPa
Microelectrode L/PVA: 100/0-50/50 0.5mL/h 550-1200°C, 1 h N/A - 26 GPa
- 30 wt% - - 21.9 S/lcm
[70] Kraft/Water 15-20 kV/20 cm 5°C/min, 250°C, 1 h N/A 193-941 m?/g -
DSSC L/PVA: 50/50-80/20 1mL/h 800-1500°C, 1 h 200-250 nm 0.12-0.53 cm®/g -
- 10-25 wit% - Meso- & Micro- 502 S/m
[71] Kraft/H,O/Acetic Acid 18 kV/ N/A 200°C, 3 h N/A 478-1147 m2/g -
Adsorption L/PVA: 1/0.1 0.4 mL/h 600-1000°C, 1 h N/A 0.43-0.73 m?/g -
- 27.5 wt% Steam, KOH, Nitrates Meso- & Micro- -
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Table 2.1: Lignin-based electrospun carbon nano- and submicron-fibers: literature summary (continued)

; gg:ggggl Material parameters? EIS?::;%; rr1isng Thermal treatment* Avgi;an%itgser chaligggesgztics Properties®
Lignin type/solvent Voltage/Distance Stabilization Electrospun BET Surface area Tensile str.
Polymer mass ratio Flow rate Carbonization Carbonized Total pore volume Y. Modulus
Additives Concentration® Activation Meso-/microporous Conductivity
[72] Kraft/H,O/Acetic Acid 18 kV/ N/A 200°C, 3 h N/A - -
Adsorption L/PVA: 1/0.1 0.4 mL/h 600-1000°C, 1 h N/A - -
- 27.5 wt% KOH/CNFs: 3/1, 800°C - -
[73] Kraft/H,O/Acetic Acid 18 kV / N/A 200°C, 36 h N/A 1466 m?/g -
Adsorption L/PVA: 1/0.15 0.4 mL/h 10°C/min, 600°C, 1.5 h 700-1000 nm 0.89 m?g -
Fes04: 1.25% wiv 27.5 wt% - Meso- & Micro- -
[74] N/A /H,0O/Acetic Acid 22 kV/15 cm 0.5°C/min, 250°C N/A 486-555 m?/g -
Sensors L/PVA: 1/0.1 1mL/h 800°C ~1000 nm 0.22-0.36 cm®/g -
ZnCly: 1 wt% 27.5 wt% - Meso- & Micro- -
[75] Organosolv/IDMF 25-30 kV/15-20 cm 0.2°C/min, 250°C, 1 h 400-600 nm 281-401 m?/g -
Supercapacitor L/PEQ: 90/10 0.4-1 mL/min 3°C/min, 900°C, 1 h 400-600 nm 0.193-0.394 cm?®/g -
Fe-prec.: 5-25 wt% ~42.8 wt% - Meso- & Micro- -
[76] Kraft/DMF 11-12 kV/17 cm 5°C/min, 250°C, 1 h 875 nm 374-456 m?/g 76.3 MPa
(properties) L/PEO: 28/0.2 2mL/h 600-1000°C, 1 h 634 nm N/A 4.8 GPa
- 30 wt% - N/A 19.6 S/cm
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Table 2.1: Lignin-based electrospun carbon nano- and submicron-fibers: literature summary (continued)

; gﬁ:;‘;ggl Material parameters? EI;?:;;}T{; r;isng Thermal treatment* Avgi;ar%zg?er chaljgg::gtics Properties®
Lignin type/solvent Voltage/Distance Stabilization Electrospun BET Surface area Tensile str.
Polymer mass ratio Flow rate Carbonization Carbonized Total pore volume Y. Modulus
Additives Concentration® Activation Meso-/microporous Conductivity
[40] Kraft/water 10-15 kV/12-20 cm - N/A 446-1444 m3/g -
(properties) L/PEO: 7.4/2.6-9/1 1mL/h 600-850°C, 30 min 100-500 nm 0.18-0.55 cm®/g -
NaOH or KOH/L<0.5/1 10-11.7 wt% - Meso- & Micro- -
[77] Kraft/water 10-15 kV/12-20 cm - - 475-885 m?/g -
(properties) L/PEO: 9/1 1mL/h 600-900°C, 30 min 500-2000 nm 0.75-0.90 cm®/g -
NaOH/L: 1/2 10 wt% H2S04, 110/150°C, 20 h Meso- & Micro- -
[78] Kraft/DMF V/D: 70x10° V/m 0.5-5°C/min, 250°C, 1 h 809 nm - 0.0085 N/Tex
(properties) L/PEO: 99/1 4.2x10° m3/s 5°C/min, 600-900°C, 1 h N/A - N/A
- 30 wit% - - 2.35 S/cm
[79] Kraft/DMF 17.5 kVv/15 cm 1°C/min, 250°C, 2 h 667 nm - 51.25 MPa
(properties) L/PEO: 30/1 0.1 mL/min 5°C/min, 1000°C, 2 h 474 nm - -
Pd-precursor N/A - - -
[80] Kraft/AM NaOH 19-25 kVv/18-20 cm - 172-478 nm ~905-1249 m?/g -
Supercapacitor L/PEQ: 1/0.14 1 mL/h 3°C/min, 800°C, 2 h— 163-331 nm 0.38-0.52 cm®/g -
NaNOs: 10-50 mol% 12 wt% —(5% Hz in N2) Meso- & Micro- -
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Table 2.1: Lignin-based electrospun carbon nano- and submicron-fibers: literature summary (continued)

; gﬁ:;‘;ggl Material parameters? EI;?:;;}T{; r;isng Thermal treatment* Avgi;ar%zg?er chaljgg::gtics Properties®
Lignin type/solvent Voltage/Distance Stabilization Electrospun BET Surface area Tensile str.
Polymer mass ratio Flow rate Carbonization Carbonized Total pore volume Y. Modulus
Additives Concentration® Activation Meso-/microporous Conductivity
[37] Kraft/DMF 20 kV/25 cm 5°C/min, 250°C, 1 h 300-1400 nm - -
(properties) L/PEO: 99/1 0.01 mL/min 10°C/min, 1000°C, 1 h N/A - -
- 25-30 wt% - - 0.18 S/cm
[81] Organosolv, kraft/DMF 20 kV/20 cm 0.2°C/min, 200°C, 12 h ~1000-1100 nm - 15.58 MPa
(properties) L/PEO: 95/5 0.5mL/h 5°C/min, 1000°C, 30 min ~900-1000 nm - 24.54 GPa
- 30 wt% - - -
[4] Organosolv, kraft/DMF 7-9 kV/10 cm 1°C/min, 200°C, 2 h N/A - -
Electrodes L/PEO: 90/10 3 mL/min 5°C/min, 1000°C, 1 h ~100-250 nm - -
Ketjen black: 1 wt% 20 wt% - - -
[82] Organosolv/DMF 7 kVv/10cm 1°C/min, 200°C, 2 h ~1000 nm 381-473 m?/g -
LIB L/PEO:~9/1 1mL/h 10°C/min, 900°C, 2 h ~500 nm 0.28-0.31 cm®/g -
N-doping (urea) 24.2% wiv - Meso- & Micro- 12.24 S/cm
[83] Organosolv/IDMF 30 kVv/15 cm 0.2°C/min, 250°C, 1 h N/A - -
Supercapacitor L/PEO: 95/5 0.1 mL/h 10°C/min, 900°C, 1 h 400-500 nm - -
Fe-prec.: 1-25 wt% 30 wt% - - -
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Table 2.1: Lignin-based electrospun carbon nano- and submicron-fibers: literature summary (continued)

; gg:ggggl Material parameters? EIS?::;%; rr1isng Thermal treatment* Avgi;an%itgser chaljgg::gtics Properties®
Lignin type/solvent Voltage/Distance Stabilization Electrospun BET Surface area Tensile str.
Polymer mass ratio Flow rate Carbonization Carbonized Total pore volume Y. Modulus
Additives Concentration® Activation Meso-/microporous Conductivity
[84] Kraft/DMF 20 kV/25 cm 5°C/min, 250°C, 1 h ~550-750 nm - 33.7 MPa
(properties) L/PEO: 99/1 0.01 mL/min 800-1000°C, 1 h ~300-550 nm - 8 GPa
NC Cellulose: 1-5 wt% 25-30 wt% - - 35 S/cm
[85] Kraft/Water 10-15 kV/12-20 cm - N/A same as [40] -
Supercapacitor L/PEO: 9/1 1mL/h 10°C/min, 850°C, 30 min (submicron) same as [5] -
NaOH or KOH/L: 0.5/1 10 wt% - same as [5] -
[86] Kraft/DMF 15 kV/15 cm 150°C (24 h) + 350°C (4 h) N/A 600-1140 m¥g -
Supercapacitor L/PVP: 1/2 0.2 mL/h 3°C/min, 800°C, 1 h 100-200 nm 0.283-0.627 cm®/g -
Mg-prec./L: 0.5/1-2/1 20 wt% - Meso- & Micro- -
[87] N/A / DMF 24 kV/30 cm 250°C, 2 h ~1500 nm - -
(properties) LPF/PVP: 3/1 0.39 mL/h 800°C, 2 h ~1000 nm - -
Polymeric precursor 30 wt% - - -
[88] Kraft/Ac/DCH:2/1 20 kV/20 cm - 500 nm 541 m?/g -
SIB L/CA: 1/1 0.75 ml/h 2°C/min, 1000°C, 1 h 300 nm 0.27 cm®/g -
- 8 wt% - N/A -

€€



Table 2.1: Lignin-based electrospun carbon nano- and submicron-fibers: literature summary (continued)

; gﬁ:;‘;ggl Material parameters? EIS?::rzpeitTe r;;ng Thermal treatment* Avgi;an%itgser chaljgg::gtics Properties®
Lignin type/solvent Voltage/Distance Stabilization Electrospun BET Surface area Tensile str.
Polymer mass ratio Flow rate Carbonization Carbonized Total pore volume Y. Modulus
Additives Concentration® Activation Meso-/microporous Conductivity
[89] Organosolv/Ac/DMAc 16-18 kV/ 24 cm 2°C/min, 300°C, 2 h 400-500 nm - -
(properties) L/CA: 1/1-4/1 0.7 mL/h 2°C/min, 600-1200°C, 1 h 200-300 nm - -
lodine vapor, 100°C 30 wt% - - -

““N/A” means that more details are not reported in the article; a dash “-” means that the specific procedure was not performed.

'Purpose of each article, classified in the following categories: properties, supercapacitor, Lithium-lon Batteries (LIB), Sodium-lon Batteries (SIB), electrodes, sensor,

adsorption, thermoelectric generator, catalysis.

2Abbreviations: L: Lignin; prec.: precursor (e.g. Pt-precursor); Ac: Acetone; CCl4: Carbon Tetrachloride; TFA: Trifluoroacetic acid;

DMF: N,N-Dimethylformamide; PAN: Polyacrylonitrile; EHL: Enzymatic Hydrolysis Lignin; THF: Tetrahydrofuran; PVA: Polyvinyl alcohol,

DMSO: Dimethyl sulfoxide; PEO: Polyethylene oxide; NC Cellulose: Nanocrystalline cellulose; PVP: Polyvinylpyrrolidone; LPF: Lignin-Phenol-Formaldehyde;
CA: Cellulose Acetate; DCH: N,N-Dimethylcyclohexylamine; DMAc: N,N-Dimethylacetamide

SRefers to total polymer concentration in the spinning solution.

“Described as: heating at a “x”°C/min heating rate, up to “T”°C temperature of treatment, hold for time “t” at this “T” temperature.

STensile strength, Young’s modulus and electrical conductivity: only the maximum achieved values are reported here.

ve
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2.4.1 Electrospun carbon nano- and submicron-fibers prepared from lignin alone

Lallave et al. [30] were the first to report the preparation of lignin-based
electrospun CNFs. Organosolv (alcell) lignin was used alone without any binder
polymers in this case, and it was spun into precursor fibers via coaxial electrospinning.
The tri-axial spinneret configuration consisted of (ethanol)/(lignin-in-
ethanol)/(glycerine); the role of the outer ethanol sheath was to inhibit solidification,
and the inner glycerine core acted as template fluid. After a lengthy stabilization step
(24 h) which was necessary to prevent fusion, and the subsequent carbonization, highly
microporous CNFs were produced with average diameters close to 200 nm. Their
carbon content amounted to 94.3 wt%. The same research group elsewhere reported
the production of carbon submicron-fibers doped with Pt [35]. The parameters of
investigation here were the variation in carbonization temperature (600-1000°C) and
the presence of Pt. It was found that although most of the precursor fibers had
diameters above 1 um, after carbonization their average diameter decreased to the
submicron scale. Increasing the treatment temperature resulted in the highest carbon
content (~95 wt% at 1000°C), higher structural order and increased porosity (reaching
a BET surface area of 1195 m?/g). The authors suggest that the high oxygen content in
lignin functions as an activating agent for the development of porosity. The presence
of Pt seemed to inhibit the structural ordering, while it didn’t significantly affect the
growth of porosity. The preparation of Pt-doped CNFs from alcell lignin was further
reported by the same research group in another article, in which the CNFs were tested
as catalysts for the electro-oxidation of alcohols [32]. The difference, here, was the
addition of H3POa in the spinning solution which functioned as activation agent for the

enhancement of porosity. The presence of H3PO4 allowed a vast decrease in the
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stabilization time from 100 h for pure precursor fibers to just 1 h for those containing
H3PO4. This vast difference was justified by the increased oxygen content which
favored cross-linking during thermal treatment. Moreover, the presence of phosphorus
boosted the development of microporosity, while mesoporous CNFs with lower
surface area were prepared in its absence. Although phosphorus increased the electro-
oxidation resistance of CNFs, it compromised their performance as electrocatalysts.
Nevertheless, phosphorus-free CNFs containing well-dispersed Pt-nanoparticles with
sizes of 2-3 nm performed very well in the electro-oxidation of methanol and ethanol.
Similarly, an article of the same research group studying the properties of alcell lignin-
based CNFs in the presence of H3sPO4 as additive [33], emphasized on the role of the
acid in the faster stabilization of the fibers and in their improved electrochemical
stability. These CNFs displayed a tensile strength of ~300 MPa and a Young’s
modulus of 4 GPa, which are deemed satisfactory for adsorbents despite being
insufficient for structural applications.

You et al. [45] prepared organosolv lignin-CNFs using a different approach to
improve the stabilization step. Hexamine which decomposes to formaldehyde and acts
as a cross-linker was added. Therefore, CNFs which retained their structural integrity
could be produced. After steam activation, the CNFs exhibited a noteworthy BET
surface area of 2447 m?/g and they contained a significant percentage of mesoporosity.
Moreover, it was shown that a narrow micropore distribution was more effective than
a large BET surface area in terms of the performance of CNFs as electrodes for EDLC.
Schlee et al. [31] used kraft lignin (Mw: 1900 g/mol) as CNF-precursor without the
presence of any other binder polymers or additives. After activation with CO, the BET
surface area of CNFs almost doubled from 676 m?/g to 1204 m?/g, accompanied by a

widening of pores and by an increase of the graphitic domains (Figure 2.4). The
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positive effect of pore widening was translated into an improved electrochemical

performance in EDLC.

Figure 2.4: Typical TEM images of lignin-based CNFs; a) and c) non-activated CNF;
b) and d) activated CNF. The diffraction pattern in (d) indicates the presence of
polycrystalline graphite [31]

2.4.2 Electrospun carbon nano- and submicron-fibers prepared from lignin/PAN

PAN is very common as binder polymer for the fabrication of lignin-based
CNFs due to its easy spinnability, its high molecular weight and the feasibility to be
transformed into carbon fibers of relatively high mechanical strength.

Lignin/PAN-based electrospun CNFs have been commonly used as anodes for
rechargeable batteries. Choi et al. [46] combined PAN with lignin at mass ratios
ranging from 0/100 to 50/50 (lignin/PAN). It was observed that after carbonization,

the average fiber diameters decreased by almost 50% (in the submicron scale), while
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increasing the lignin content resulted in thinner fibers with lower BET surface area,
probably due to some fusion between them, and lower coulombic efficiency when
tested as anodes for LIB. In contrast, Jin et al. [47] report better electrochemical
performance of lignin/PAN CNFs when lignin content increases, and a very good
overall cycling stability when tested as anodes for SIB. This result is attributed to the
more defective carbon structure created at lignin/PAN mass ratio of 50/50, as it
provides more sites for ion adsorption. The same research group further tested
lignin/PAN-based electrospun CNFs as anodes for LIB [48]. Keeping the same
lignin/PAN ratio of 50/50, a triblock copolymer (Pluronic P 123) acting as a template
for the development of mesoporosity was added. Although the CNFs had a low BET
surface area (68.8 m?/g), the abundant mesoporosity, as well as the fact that there was
some fusion between the fibers which created a 3D interconnected network for the
faster transportation of ions, resulted in a satisfactory capacity (127.7 mAh/g) at a high
current density of 5 A/g with a discharge time of 91 seconds.

Besides anodes for rechargeable batteries, lignin/PAN-based CNFs have also
been applied as supercapacitor electrodes. Jayawickramage et al. [49] blended kraft
lignin with PAN at mass ratios ranging from 10/90 to 70/30 respectively. After
carbonization and activation with CO2, prepared activated mesoporous CNFs were
prepared in which the BET surface area reached a maximum value for the fibers
containing the highest amount of lignin (2543 m?/g), while the mesoporous volume
amounted to 0.955 cm?®/g. Here, lignin acted as a partially sacrificial polymer for the
development of porosity. Moreover, the fibers containing the largest lignin percentage
had the minimum average diameter (79 nm) and the most ordered structure. Another
important feature induced by the high percentage of lignin was the rise in the electrical

conductivity of CNFs, which almost doubled compared to the conductivity of the
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fibers derived from the lowest lignin mass ratio (530 vs. 280 S/m respectively). Wang
et al. [42] have also shown the positive effect of increasing lignin content (up to 60
wt%) in lowering the average diameter and increasing the BET surface area of
lignin/PAN CNFs.

The doping of CNFs with metal-oxide nanoparticles or with heteroatoms is
another strategy to increase their suitability for supercapacitor electrodes, by taking
advantage of pseudocapacitive effects. With ZnO being a promising electrode material
for supercapacitors, Yun et al. [50] fabricated ZnO-doped CNFs from a
PAN/lignin/pitch precursor. Pitch, in this case, was added as a low-cost carbon source
with higher electrical conductivity than PAN, while the oxygen-rich lignin promoted
the development of porosity. The relative mass ratio of the three polymers was 0.78/7/3
for lignin/PAN/pitch respectively, with the only parameter of study here being the ZnO
content (0-10 wt% of zinc acetate precursor in the spinning solution). In the absence
of Zn, the CNFs were microporous (480 m?/g), while the presence of zinc acetate
boosted the porosity up to the value of 1194 m?/g for 5 wt% Zn, creating a
meso/microporous texture. Owing to pseudocapacitive effects, the presence of ZnO
was found to augment the electrochemical performance of the CNFs, reaching a
specific capacitance value of 165 F/g at current density of 1 mA/cm? and a power
density of 22 Wh/kg. Another doping method has been reported through the
hydrothermal deposition of NiC0204 on lignin/PAN based CNFs [51], which was
achieved by dispersing the CNFs and the metal precursors in ethanol. Here, the metal
oxides formed nanosheet-like and nano-needle hierarchical structures which grew

axially on the surface of the fibers (Figure 2.5).
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Figure 2.5: Nanostructures grown on lignin/PAN-based CNFs of different lignin
content in the precursors; a) NiC0204 nanosheets; b) NiCo.04 nano-needles. Lignin
content is 20 wt% and 50 wt% respectively for (a) and (b) [51]

Dai et al. [52] implemented another doping strategy, as graphene nanosheets
were added in the electrospinning solutions. Interestingly, it was found that the
lignin/PAN-based CNFs doped with 0.3 wt% graphene had around 5 times higher N-
and S-content than the undoped ones. It is suggested that the presence of graphene
probably retained some of the amount of NHz and SO being released from the
polymers during carbonization. Moreover, the presence of graphene prompted a large
increase in the BET surface area (2439 m?/g), together with higher Young’s modulus
(2.82 GPa), higher degree of graphitization and lower hydrophobicity.

Mustafov et al. [53] report the doping of CNFs with graphene as well, although
the application of interest here was biosensing. It was found that the presence of
graphene lowers the degree of crystallinity of the electrospun nanofibers as the
crystallization is disrupted, but it increases the degree of graphitization of the
carbonized ones and their electrical conductivity although specific values are not
mentioned. Here, CNFs of average diameter lower than 100 nm were produced.
Similar magnitude for the average diameters of CNFs has been reported by Ma et al.

[55] for a 50/50 mass ratio of corn straw lignin/PAN without any other additives. In
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this case, it was observed that increasing the carbonization temperature (up to 1000°C)
decreases the average diameter of the CNFs.

Another potential energy-related application associated with CNFs is that of
thermoelectric generators. Dalton et al. [36] studied the thermoelectric properties of
lignin/PAN-based CNFs, by measuring their Seebeck coefficient, which is defined as
the voltage difference generated by the sample when a temperature gradient is applied
on it. The results showed that increasing the lignin content to 70 wt% induces a high
degree of fusion among the fibers and results in an interconnected CNF network. This
high degree of fusion eliminates the contact resistance between the fibers. Hence, it
was found that their electrical conductivity rises to 27.47 S/cm, much higher than the
value of 7.64 S/cm for pure PAN-based CNFs which exhibit no fusion. The impact of
this phenomenon could be also measured in the Seebeck coefficient which amounted
to 10 uV/K, almost double that of pure PAN-based CNFs (4.5 uV/K).

Promoting the fusion and the interconnection among the fibers was the goal of
Ding et al. [60] who esterified lignin with butyric anhydride. The butyration had a
plasticizing effect as it transformed the hydroxyl groups of lignin into buty| esters, and,
therefore, the Tg4 of lignin decreased due to a higher molecular thermal mobility. The
morphology of the manufactured CNFs displayed a moderate inter-fiber bonding
without losing their fibrous structure. As a result, the tensile strength of butyrated-
lignin/PAN CNFs almost quadrupled compared to that of plain-lignin/PAN-based
CNFs (83 MPa vs. 22 MPa).

Zhang et al. [61] proved that the lignin extraction process, which yields lignins
of varying structural features, determines the mechanical properties of the CNFs. Soda
lignin presented a more linear structure compared to kraft lignin, which was more

complex and comprised many more polar functional groups. As a result, upon blending
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with PAN and processing for CNF preparation, the soda lignin-derived CNFs had a
less defective structure and exhibited much higher tensile strength (142 MPa) than
kraft lignin-based CNFs (99 MPa).

Another important feature demonstrated by the blends of lignin with PAN is
their flexibility to be modified in order to improve various properties of the CNFs.
Park et al. [54] added a lignin-grafted-PAN copolymer (30 wt%) as compatibilizer
between these two raw materials. This modification increased the specific tensile
strength of the CNFs to around 160 GPa*mm?/g and their Young’s modulus to around
14,000 GPa*mmq/g. Elsewhere, the same research group has reported the preparation
of electrospun CNFs using as a precursor the lignin-grafted-PAN copolymer alone
[58]. In this case, a tensile strength of 89.4 MPa was reported. The enhancement of
mechanical properties was also the subject of study for Dai et al. [59], who treated the
precursor fibers with iodine vapor prior to the stabilization step. lodine is known to
form charge transfer complexes with aromatic rings. Introducing it into the precursor
fibers allowed them to be stabilized at a relatively high heating rate (2°C/min),
therefore, more rigid CNFs with less structural defects and higher degree of
graphitization were produced. Here, their tensile strength amounted to 89 MPa and
their Young’s modulus to 5.3 GPa.

Xu et al. [57] prepared Fe- and Pd-doped precursor lignin/PAN nanofibers by
adding the appropriate precursors in the electrospinning solution. After the fabrication
of the CNFs, the presence of catalysts promoted the growth of carbon nanotubes on
their surface through a chemical vapor deposition process (Figure 2.6). The CNT-
grown CNFs exhibited high thermal stability (98.3% residual weight at 950°C) due to
their more graphitic structure, and a super-hydrophobic character because of the

hierarchical nanostructures grown on their surface. Moreover, the same research group
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has reported the preparation of porous CNFs through co-axial electrospinning, in
which the lignin/PAN solution formed the shell of the precursor fibers and acetylated
cellulose-nanofibrils the core [56]. The average external diameters of the core-shell

CNFs produced here were in the micro scale (~3.5 um).

10 um

Figure 2.6: Carbon nanotubes grown on lignin/PAN-based CNFs doped with metals;
a) and b) Pd-doped CNFs; ¢) and d) Fe-doped CNFs [57]. The red marks measure an
interlayer spacing of 0.340 nm
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2.4.3 Electrospun carbon nano- and submicron-fibers prepared from lignin/PVA

PVA is also very often combined with lignin for the preparation of electrospun
CNFs. Although it gives a very low carbon yield when treated at elevated temperatures
(<10 wt%) [8], it is soluble in water, therefore, it has high processability and the use
of toxic solvents can be avoided. Moreover, similarly to lignin, the oxygen atoms in
its macromolecule contribute to the development of microporosity [62].

Professor Hao Fong’s group has reported in various articles the fabrication of
lignin/PVVA-based electrospun CNFs and their applications in adsorption, catalysis and
energy storage [24,62-65]. Starting from a 70/30 lignin/PVVA mass ratio, the precursor
electrospun fibers are initially subjected to a lengthy stabilization step (>24 h) prior to
carbonization. The CNFs have average diameters of less than 200 nm, and they possess
a significant BET surface area of 583 m?/g with an average pore size of 3.5 nm. These
fibers were applied as adsorbents for the removal of methylene blue and tannic acid
from aqueous solutions [62]. Comparing with commercial activated carbon of higher
BET surface area (964 m?/g), the CNFs exhibited almost 9-times higher adsorption
capacity for methylene blue and 3.5 times higher adsorption capacity for tannic acid,
accompanied with faster adsorption kinetics. The key property here was the relatively
large average pore size, which posed less restrictions to the internal diffusion of the
adsorbates into the adsorbent pores.

Furthermore, these fibers were tested as electrodes in supercapacitors, in which
they exhibited a specific capacitance of 64 F/g at 400 mA/g current density, with 90%
capacitance retention after 6000 cycles [24]. In order to improve their electrochemical
performance, they were surface-decorated with varied amounts of MnO2 nanowhiskers

after treatment with KMnOQ4 (Figure 2.7) [63]. In addition, the research group tested
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the lignin/PVA-derived CNFs as electrocatalysts for the oxygen reduction reaction in
alkaline fuel cells, after they were doped with Ag [65]. The deposition took place
through the supercritical CO2 method, after which Ag-nanoparticles sized ~2-10 nm
were uniformly deposited on the fiber surface. For CNFs loaded with 15 wt% Ag, their
electrocatalytic activity was higher than that of a commercial Pt/C catalyst, recording

a mass activity of 119 mA/mg.

Figure 2.7: TEM images showing MnOz nanowhiskers grown on lignin/PVA based
CNFs; the mass ratio between CNFs and MnOz is: a) 2/1; b) 1/1; c¢) 1/2 [63]

Another doping strategy has been implemented in order to use lignin/PVA-
derived CNFs as electrodes in LIB [64]. Here, the CNFs were doped with F.O3, which
is known to possess a high theoretical capacity (1007 mAh/g). After proper treatment
of the CNFs with iron precursors, nanoparticles of 50 nm average size were uniformly
deposited on the fiber surface. The electrochemical measurements revealed that the
CNFs containing 35 wt% Fe>O3 nanoparticles showed a remarkable specific capacity
of 715 mAh/g after 80 cycles, reflecting a good electronic conductivity and superior
lithium permeability. Undoped Lignin/PVA-based CNFs activated with KOH have
elsewhere exhibited a BET surface area of 1049 m?/g and a capacity value of 272

mAh/g (at 50 mA/qg) after 100 cycles [66].
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Various other articles describe the utilization of lignin/PVA electrospun CNFs
in energy-related applications (supercapacitors, LIB, dye-sensitized solar cells).
Jayawickramage et al. [67] have reported the fabrication of mesoporous CNFs from a
lignin/PVA blend of mass ratio ranging between 90/10 and 75/25. After activation with
COo, the average fiber diameter dropped significantly from around 600 nm to less than
200 nm, mainly due to the decomposition of PVA. At 20 wt% PVA content, the
activated CNFs exhibited a very large BET surface area of 2170 m?/g. The role of PVA
as a porosity-generating template has also been highlighted in the work of Ago et al.
[68]. Here, the authors report that at 75/25 mass ratio between lignin and PVA, the
PVA spontaneously segregated during electrospinning, producing precursor fibers
with microphase separation. As PVA decomposes during carbonization, it acts as a
sacrificial polymer inside the lignin scaffold. After activation with KOH, the CNFs
possessed a high BET surface area (2005 m?/g) of mesoporous texture, and they were
used as free-standing working electrodes in supercapacitors. Their specific capacitance
amounted to 205 F/g, with a capacity retention of 83% after 1500 cycles.

As a means to boost their mechanical and electrical properties, a twisted CNF
yarn morphology has been elsewhere suggested, which can be fabricated after the
electrospinning step using a rotating motor assembly (Figure 2.8) [69]. This twisted
form enhances the tensile strength of the CNFs by an order of magnitude (523 MPa
vs. 48.5 MPa of the untwisted mat) and their electrical conductivity (21.9 S/cm vs. 8.4
S/cm). However, their specific capacitance drops considerably (by more than 20 times)
compared to the untwisted mat, because the twist produces more compact yarns and
eliminates the voids among the fibers which are crucial for the ion transport.

On the other hand, Zhao et al. [70] focused more on the positive impact of the

carbonization temperature on the electric properties of the CNFs. Raising the
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temperature to 1500°C produced mesoporous CNFs with 941 m?/g BET surface area,
which boosted their electrical conductivity (502 S/cm vs. 212 S/cm for CNFs
carbonized at 1000°C) due to a higher degree of graphitization. These fibers were
tested as binder-free counter electrodes of dye-sensitized solar cells, and exhibited a
conversion efficiency of 7.60%, a value which is very close to that of a conventional

Pt electrode.

Figure 2.8: Images of twisted lignin/PVA electrospun fibers with different number of
turns per cm; a) 23; b) 44; c) 54; d) 78 turns per cm (scale bar is 500 pm); e)-h) SEM
images of the corresponding CNFs (scale bar is 200 um) [69]

Moreover, Lignin/PVA-derived CNFs have been employed as adsorbents of
high surface area. Activation with KOH has been reported to create a texture consisting
of micro- and mesopores, reaching a BET surface area of 1147 m?/g [71]. Meng et al.
[72] studied the adsorption of volatile organic compounds (toluene, methanol, acetone)
in the gas phase on a bed of activated CNFs. The activation process was performed
through treatment with KOH, which altered the surface chemistry of the fibers by

incorporating oxygen functionalities. BET surface area measurements are not reported
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here, though. It was found that the non-polar toluene adsorbed to a larger extent
through physical and chemical adsorption, and the lactone groups had a positive
contribution in that. On the other hand, the more polar acetone and methanol showed
a preference for adsorption on more polar sites. The same research group has further
reported the enhancement of porosity through doping with FezO4 [73]. The presence
of the metal oxide promoted the development of micropores in the CNFs and brought
a huge increase in their BET surface area which reached the value of 1466 m?/g, while
the undoped ones had a BET surface area of 117 m?/g. Elsewhere, the same group have
reported the fabrication of ZnO-doped CNFs based on lignin/PVA which possessed a
BET surface area of 486 m?/g [74]. These fibers displayed a promising potential for

being used as sensors in environmental-related applications.

2.4.4 Electrospun carbon nano- and submicron-fibers prepared from lignin/PEO

Small amounts of PEO (usually 1-10 wt%) are often added to lignin to improve
its spinnability. PEO forms hydrogen bonds with the phenolic hydroxyl-groups of the
lignin macromolecules; studies have shown that these interactions are dependent on
the type of lignin (softwood/hardwood) [90]. Hence, it provides the necessary chain
entanglements that facilitate electrospinning, while it doesn’t interfere with the
transformation of lignin to carbon [40].

Shi et al. [81] have reported the blending of lignin with PEO in mass ratios of
95/5 respectively, in order to study the carbonization behavior of three different types
of lignin, namely, ethanol-organosolv lignin, formic acid/acetic acid-organosolv lignin
and kraft lignin, named after their extraction method. It was found that the ethanol-
organosolv lignin had a very low molecular weight and it could not be thermostabilized

as it melted. Similar results about this type of lignin have been reported elsewhere [4].
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On the other hand, formic acid/acetic acid-organosolv lignin contains many side-
chains, thus, it yielded defective carbon fibers with poor mechanical properties. Kraft
lignin, in contrast, produced smooth, compact fibers with a higher degree of
graphitization and a tensile strength of 15.58 MPa, because its macromolecules have
better orientation and fewer side-chains. Vivo-Vilches et al. [4] have further reported
that phosphoric acid-lignin gives CNFs of higher mechanical stability than kraft lignin,
due to its larger Mw and its higher purity.

The difference in the stabilization behavior depending on the type of lignin has
also been highlighted by Cho et al. [37], who state that softwood kraft lignin can be
stabilized at much faster heating rates (5-15°C/min) than the hardwood organosolv
lignins (often ~0.1°C/min). Although the stabilization step aims at preventing the
melting and collapse of the fibrous structure, the authors, here, stress the positive
impact of a small degree of fusion in applications requiring mechanical stability. As
the outer surface of the fibers softens, some “spot-welding” can be developed at
junctions with other fibers. Following cross-linking reactions that take place during
stabilization, these spots can act as strengthening knots that increase the tensile
strength and the elastic resilience of the carbon nanofibrous mats. Moreover, the same
research group has reported that this phenomenon boosts the electrical conductivity of
the CNFs, as well, through facilitation of the electron transport [84]; adjusting the
thermal treatment conditions to promote the interconnection between fibers boosted
the electrical conductivity from 5 to 35 S/cm. Similar conclusions were drawn by
Dallmeyer et al. [76] who measured improved tensile strength and electrical
conductivity when interconnection between fibers occurred (Figure 2.9). Furthermore,
Wang et al. [82] controlled the degree of fusion by incorporating an appropriate

amount of PEO (10 wt%) in lignin. This resulted in an electrical conductivity of 10.53
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S/cm. Therefore, the role of PEO in controlling the interconnection between the fibers
is pivotal. In their case, the electrical conductivity was further increased to 12.24 S/cm
after nitrogen doping via treatment with urea, while a specific capacity of 576 mAh/g
(at 30 mA/g current density) was measured upon application in LIB [82]. Elsewhere,
the conductivity of the CNFs has been shown to depend on the carbonization
temperature, as the treatment at higher temperature (900°C vs. 600°C) was found to
increase the conductivity by seven orders of magnitude due to the formation of a more

ordered structure [78]. This observation agrees with other studies [70].

Figure 2.9: Lignin/PEO based CNFs with a different degree of interconnection [76]

Hu et al. [40, 77] have reported different approaches to raise the surface area
of CNFs. Starting from a 90/10 lignin/PEO blend, NaOH or KOH were added at
different ratios (10-50 wt% per lignin weight) in the electrospinning solutions. This
quantity of alkali hydroxides is significantly smaller (only 0.1-0.25%) compared to the
quantity usually needed when a post-carbonization treatment is performed for fiber
activation. Here, activation of the fibers was conducted simultaneously with the
carbonization at 850-900°C, for the production of micro-/mesoporous CNFs with a

BET surface area of approximately 1400 m?/g [40]. These fibers exhibited a specific
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capacitance of 344 F/g with 96% cyclic stability after 5000 cycles [85]. Additional
treatment with concentrated H.SO4 at 110-150°C for 20 h and hydrothermal treatment
(water at 150°C, 5 atm for 24 h) caused fragmentation of the CNFs and widening of
the pores, but it decreased the microporosity and the BET surface area (752-885 m?/g)
[77]. However, this treatment anchored sulfonic acid on the surface of CNFs, which
were successfully applied in the hydrolysis of cellulose to glucose and nanocellulose.

Doping with Fe was applied by Wang et al. [83] and Yu et al. [75] to
lignin/PEO precursors of 90/10 mass ratio in order to employ the CNFs as
supercapacitor electrodes. Adding moderate amounts of Fe-acetylacetonate precursor
(~20-25% per polymer mass) enhanced the electrochemical performance of CNFs in
supercapacitors via the contribution of redox faradaic reactions; the specific
capacitance in these cases amounted to 72.1-121.5 F/g. Another doping strategy has
been reported through the coating of the CNF surface with Pd via electroless plating
for enhancing their catalytic properties [79]. Schlee et al. [80], on the other hand,
reported a significant increase in the volumetric energy density of CNFs in
supercapacitors, by adding an oxidizing agent (NaNO3) in the electrospinning solution
which already contained NaOH. Without any stabilization, the fibers were directly
carbonized in a reducing atmosphere (5% Hz in N2 at 800°C). The presence of NaNOs
decreased the average fiber diameter by more than 50% compared to the undoped
fibers (478 vs. 200 nm). Furthermore, this oxidizing salt enhanced the microporosity

and anchored oxygen functionalities which contributed to pseudocapacitative effects.

2.4.5 Electrospun carbon nano- and submicron-fibers prepared from lignin
blended with other polymers

Besides PAN, PVA and PEO, which are the most common binder polymers

for the electrospinning of lignin, a few other polymers have been successfully used for
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this purpose, each one contributing different features in the electrospun and in the
carbonized fibers.

Jia et al. [88] blended kraft lignin with cellulose acetate at a 50/50 mass ratio.
Cellulose acetate (CA) is the acetylated form of cellulose, which is an abundant,
renewable, natural polymer like lignin. Hence, the production of CNFs in this case is
totally based on natural precursors. Electrospun CNFs based on CA alone have been
reported, as well [91]. An important issue that is associated with the use of this polymer
for CNF preparation is that it must undergo deacetylation prior to carbonization to
prevent its melting; this involves the treatment with a strong base, usually NaOH. Here
it is reported, however, that after electrospinning, carbonization followed directly
without stabilization, which in this case was not necessary probably due to the presence
of lignin. The carbon fibrous structure, that was obtained, exhibited some fusion in the
intersection of the fibers. Furthermore, Schreiber et al. [89] started from lignin/CA of
different mass ratios (1/1-4/1 respectively), but stabilized the electrospun fibers
initially with iodine vapor, and afterwards with heating in air at 300°C before
carbonizing them. lodine adsorbed in the lignin domains and helped stabilize the
morphology, while the increasing lignin content resulted in a more disordered carbon
structure.

Besides CA, polyvinylpyrrolidone (PVP) can also be used as a spinning agent
for lignin. Although PVP gives a low carbon yield after carbonization, it can be
dissolved in various solvents, so, it functions as a scaffold for the development of
porosity after its thermal decomposition. Ma et al. [86] used a blend of lignin/PVVP
with 1/2 mass ratio respectively, which was also doped with Mg. After a long
stabilization step at 150-50°C and carbonization at 800°C, highly porous CNFs were

produced. In the absence of Mg, the fibers were microporous with BET surface area
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of 600 m?/g, while at the highest Mg-precursor/lignin mass ratio (2/1) the CNFs were
highly mesoporous with a BET surface area of 1140 m?/g. Guo et al. [87] combined
PVP with a resin of lignin-phenol-formaldehyde (LPF), in which the lignin mass ratio
was ~30%. The LPF/PVP mass ratio in the spinning solutions was 3/1. The precursor
fibers were treated with a solution of a home-made polymeric precursor and then
stabilized and carbonized. The polymeric precursor induced cross-linking and the
fibers exhibited good dimensional stability. Porosity measurements in this case were

not reported.

2.4.6 Conclusions drawn from the literature review

As it is described in the previous sections (2.4.1-2.4.5) the most important
feature of electrospun lignin-based CNFs is the variety of manufacturing strategies
including the choice of precursors, the additives, the conditions of thermal treatment
and the feasibility of post-treatment. Based on the previous sections, a number of
conclusions can be drawn:

i) Although a few articles describe the manufacture of electrospun CNFs from
lignin alone, the usual case is the addition of a binder polymer that promotes the
electrospinnability of lignin.

ii) Each of the binder polymers carries different features. PAN contributes to
higher mechanical strength; PVA can be electrospun using non-toxic solvents; PEO
contains oxygen which is beneficial for the stabilization and it can also control the
degree of fusion among fibers; CA is derived from an abundant bioresource, thus,
100% bio-based CNFs can be produced from lignin/CA; PVP acts as a sacrificial

polymer for the development of porosity.
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iii) The electrospinning technique is suitable for minimizing the average fiber
diameters and for controlling the morphology of CNFs. However, the use of organic
solvents is an issue of consideration. Moreover, when low flow rates or low solution
concentrations are required, the mass production of CNFs may not be viable.

iv) Using the electrospinning technique, CNFs with average diameters of as
low as 100-200 nm can be manufactured. Lowering the average fiber diameter at these
levels minimizes the mass transfer limitations when the CNFs are used as adsorbents,
catalyst supports or electrodes.

V) The porosity of CNFs can be customized through physical or chemical
activation and with a careful adjustment of the process conditions. BET surface areas
with values higher than 1000 m?/g are very common.

vi) The structure and the purity of lignin vary depending in its plant source
and the method of extraction and these, in turn, influence the properties of CNFs. In
general, kraft lignin can be stabilized faster than organosolv lignin but it contains a
higher amount of ash.

vii) The slow stabilization is a limitation of the whole process especially for
organosolv lignin, however, there are ways to accelerate it, e.g by adding HsPQOj in the
electrospinning solution, or with iodine treatment of the precursor fibers.

viii) A very important feature of lignin-based CNFs is the interconnection
among the fibers which comes as a result of controlled fusion. By adjusting this degree
of interconnection, the electrical conductivity and the mechanical properties can be
enhanced. However, excessive fusion compromises the surface area.

iX) Lignin-based CNFs can be easily doped with metals, metal oxides or
nitrogen. Their surface chemistry can also be altered, e.g. through the anchoring of

oxygen-containing functional groups.
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X) Limitations arise from the structural complexity of lignin, the presence of
impurities and its large polydispersity. Therefore, controlling its molecular structure,
e.g. through fractionation, is desirable especially for improving the mechanical
properties of CNFs.

Despite the limitations, it seems that lignin is a very attractive alternative for
the production of CNFs. Replacing benchmark materials is a difficult task that requires
the consideration of the cost arising from the disruption of established industrial
practice. Nevertheless, the flexibility emerging from using lignin as a precursor allows
the design of “bespoke” CNFs instead of relying to off-the-shelf materials.
Furthermore, the long-term benefits of promoting a sustainable, circular economy

should be decisive factors in the upgrade of existing technology.

2.5 Lignin blended with PET

In this research, lignin is blended for the first time with PET for the
manufacture of electrospun CNFs. However, blends of lignin with PET as carbon fiber
precursors have been reported before, using different techniques for the production of
micro-sized fibers.

Kadla et al. [92] reported the fabrication of kraft lignin/PET fibers with melt
spinning. The ratio of PET varied between 0-25 wt%. Although this blend exhibited
better spinnability than the blends of lignin with poly(ethylene) and poly(propylene),
the fiber formation was more difficult compared to pure lignin, so the researchers didn't
proceed with the carbonization process. Kubo and Kadla [93] further reported the melt
spinning of kraft lignin blended with PET. The PET ratio varied between 0-100 wt%
and the processing temperature between 195-273°C. The diameter of the produced

carbon fibers ranged between 30-45 um, while improved tensile strength was reported
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compared to carbon fibers derived from pristine lignin. Due to good miscibility of the
two materials the fiber surface was smooth, but the carbon fiber yield decreased with
increasing the PET content. The researchers suggested that the good miscibility of the
two materials probably derives from z-type interactions of the aromatic rings that both
polymers contain in their molecules. The same researchers report elsewhere [94] that,
in lignin/PET blends, there is no hydrogen bonding, but only weak intermolecular
interactions. Finally, Compere et al. [95] also reported the fabrication of lignin/PET
fibers by melt spinning and subsequent carbonization. The fiber diameters ranged
between 11-13 pum.

Despite the scarce reports of carbon fibers produced from lignin/PET and the
absence of any research till now related to lignin/PET electrospun CNFs, the goal of
combining lignin with PET is intriguing and it carries certain advantages. The total
global consumption of plastics increases annually by 5-6% [8], while PET is one of
the most widely used commaodity plastics and the main material for the manufacture
of water bottles, therefore it is a major component of municipal waste. Moreover, PET
is one of the most widely recycled plastics in the world, and according to the relevant
data the most widely recycled plastic in the USA in terms of weight of plastic material
recycled [96]. Therefore, it would be desirable to investigate new potential
applications for recycled PET. This task would contribute to more efficient waste
management, as the concept of producing useful products from waste is a key concept

of sustainability.
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Chapter 3: The Need for Improved Desulfurization Technologies

3.1 The problem of sulfur in fuels

Crude oil is a complex mixture consisting mainly of hydrocarbons, but it also
includes a small yet significant amount of compounds which contain sulfur, oxygen,
nitrogen and metals. Generally, the range of sulfur content in crude oil is 0.05-10 wt%,
but most commonly it varies between 1-4 wt% [97]. These crude oils that contain less
than 1 wt% sulfur are termed as sweet or low-sulfur, while those with more than 1 wt%
are termed as sour or high-sulfur. The sulfur compounds in petroleum can be either
inorganic or organic. The former category includes elemental sulfur, COS (carbonyl
sulfide), H2S (hydrogen sulfide), and dissolved pyrites, while the latter includes
compounds in which sulfur exists as a heteroatom bounded to a hydrocarbon molecule
[13, 97]. Figure 3.1 summarizes the most common organic sulfur compounds
encountered in crude oil. Alkyl-substituted derivatives of these molecules are usually
encountered, as well [12].

The presence of sulfur in crude oil poses a serious concern as it is associated
with various problems and adverse effects. First, many sulfur compounds are harmful
to human health. For example, heavier thiophenes are carcinogenic upon exposure of
humans to certain levels [13]. Thiols have an unpleasant repulsive odor and they can
cause nausea, breathing problems, irritation to the eyes, the throat and the lungs,
unconsciousness and muscular spasms [13]. Moreover, sulfur compounds raise
environmental concerns as they contribute to the atmospheric pollution. SO: is
produced during combustion, which contributes to the phenomenon of acid rain and to

the photochemical smog, two serious threats to the flora and fauna [13].
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Figure 3.1: Common organic sulfur compounds in crude oil. Adapted from [12, 97]

In addition, some compounds such as H2S and lower aliphatic sulfides and
mercaptans cause corrosion to the distribution pipelines and to the equipment of the
refineries, increasing the maintenance costs and obstructing their operation [13]. A
serious concern to many refining processes is also caused by the deleterious effect of
sulfur compounds on catalysts. These molecules are selectively adsorbed on the

surface of metal catalysts, such as Cu, Ni, Co, Pb, Pt, and Ir, and they tend to deactivate
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them [13]. Finally, the presence of sulfur in gasoline tends to decrease its octane
number, therefore additional processing is required in order to reach the necessary
specifications [13].

Because of the detrimental effects of sulfur compounds on human health and
on the environment, the competent authorities in most countries apply regulations in
order to limit the sulfur content of commercial fuels. These regulations have become
even more stringent with time, especially in the USA and in the EU. In the EU during
the 90’s, the maximum sulfur content for diesel was set to 350 ppm and for gasoline
to 150 ppm [10]. Since 2009 however, the limit is 10 ppm for both fuels [98]. Similarly,
in the USA the current limits set by the US Environmental Protection Agency are set
to 15 ppm for diesel and 10 ppm for gasoline [9, 99], while recent specifications in
China and in Japan demand an upper limit of 10 ppm for diesel [100, 101]. In the
United Arab Emirates, the Emirates Authority for Standardization and Metrology has
issued a standard regulating the sulfur content of diesel fuel to 10 ppm, as well (UAE.S
477:2013) [11]. Moreover, the International Maritime Organization has decided to
lower the limit of sulfur content for marine fuels from 3.5 wt% to 0.5 wt% starting in
2020 [102].

Furthermore, in the recent decades there has been a growing interest in the
development of fuel cells, aiming to the transition towards cleaner fuel technologies.
Under this concept, research has focused on the development of cars based on
hydrogen-powered fuel cells, such as polymer electrolyte membrane fuel cells
(PEMFC) and solid oxide fuel cells (SOFC) [12]. The problem is that these systems
which use hydrocarbon fuels as feedstock are very sensitive to the presence of sulfur.
PEMFCs demand a maximum sulfur content of 0.1 ppm, while solid oxide fuel cells

can tolerate a maximum of 10 ppm [12]. Therefore, the regulations regarding the
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specifications of automobile fuels as well as the universal need to promote the use of
cleaner fuels constantly drive the effort to develop more efficient technologies for deep

desulfurization.

3.2 Desulfurization strategies

Today, hydrodesulfurization (HDS) is the most common process in the
refineries for the removal of sulfur compounds from petroleum distillates. This process
was initially developed in the 1930s, and it is in use till now [12]. In HDS, the distillate
is fed together with hydrogen gas in the catalytic reactor operating at elevated
temperatures (320-440°C) and pressures (ranging from 15 up to around 200 atm) [12,
13]. The process conditions depend on the feedstock, with heavier petroleum fractions
demanding higher operating temperatures and pressures [12]. Commonly used
catalysts are sulfides of Mo or W supported on alumina and promoted by Co or Ni
[12]. The HDS reaction proceeds through hydrogenation and hydrogenolysis [12].

Considering the variety of sulfur compounds found in petroleum and the
differences in their structure and physicochemical properties, one should expect that
each one exhibits different HDS reactivity. Indeed, HDS is very efficient for thiols,
disulfides and sulfides, because they have higher electron density of the S atom and
weaker C-S bonds [12]. In contrast, in the thiophenic compounds, the S atom
conjugates with the rt-electrons of the aromatic ring, therefore these bonds are stronger.
There is also significant steric hindrance especially for the compounds which contain
alkyl-substituents, so it is harder for the S atoms to reach the active centers of the
catalyst. Hence, compounds such as 4,6-dimethyldibenzothiophene (higher
thiophenes) present a very low HDS reactivity and are very difficult to be removed

through this process; these compounds are termed as refractory sulfur compounds [12].
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Table 3.1: Distribution of sulfur compounds in different petroleum distillates (wt%)

[13]
. Boiling i
?'St'l!ate Point Thiols | Sulfides | Thiophenes [—hgher
raction o thiophenes
range (°C)
Naphtha 70-180 50 50 Rare -
Kerosene 160-240 25 25 35 15
Diesel 230-350 15 15 35 35
Vacuum gas oil 350-550 5 5 30 60
Vacuum residue >550 Rare Rare 10 90

Table 3.1 shows the distribution of various sulfur compounds in different
petroleum distillates, while Figure 3.2 summarizes the HDS reactivity of some
representative molecules. Besides the problem of removing certain refractory
compounds, reaching ultra-low concentrations of sulfur is more difficult to be achieved
with HDS, as it requires extreme operating conditions; that is, very high temperature
and pressure, and higher consumption of catalyst and Hy, in order to remove a greater
amount of sulfur [12, 13].

As a consequence, alternative ways for the efficient deep and ultra-deep
desulfurization of petroleum distillates have been investigated in the recent years.
Some of the proposed alternatives are extractive desulfurization using specialized
solvents, precipitative desulfurization, biodesulfurization using microorganisms,
oxidative desulfurization, and adsorptive desulfurization on appropriate tailor-made

adsorbents [12, 13].
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Figure 3.2: HDS reactivity of various organic sulfur compounds with respect to their
ring sizes and alkyl substitutions; T: thiophene, BT: benzothiophene,
DBT: dibenzothiophene, Me: methyl-group. Adapted from [12]

Among these methods, the adsorptive desulfurization seems to be a very
promising alternative to be used either alone or in conjunction with other methods, as
it is less energy intensive, it can be carried out under mild conditions of temperature
and pressure, it doesn’t require the consumption of H> or liquid solvents, and the
adsorbents can be tailored for high selectivity of sulfur compounds [12, 13]. An

example of adsorptive desulfurization used in the industrial scale is the S-Zorb process
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introduced by Phillips Petroleum Co. in 2001 in which selective adsorption is
combined with hydrotreatment [12, 13].

The desirable inherent properties of an adsorbent, that enhance the efficiency of
an adsorptive desulfurization process, include:

a) Its high surface area [103].

b) Its high total pore volume [104].

c¢) Its high micropore volume [105].

d) The presence of oxygen-containing functional groups [106].

e) The presence of transition metals or metal oxides [107, 108].

f) Possible doping with heteroatoms [109].

g) Its selectivity over aromatic or aliphatic hydrocarbons [110].

h) Its regenerability [111,112].

i) Its thermal stability when the process is conducted at high T.

j) Its low cost.
Carbon-based adsorbents, in general, possess most of these properties, and the
additional advantage that they can relatively easily be functionalized or modified to
improve their performance. Their main disadvantage is probably the selectivity against
aromatic components, while their regeneration is also an important factor to be

considered.

3.3 CNFs for adsorptive desulfurization

Various researchers have focused on different adsorbents, including carbon
nanomaterials, activated carbon, metal-organic frameworks, metal-oxide nanoparticles
and zeolites. For the purpose of this review, the focus will be on carbon nanofibers that

have been tested for the adsorption of various types of sulfur compounds.
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Figure 3.3: TEM images of CNFs containing different amount of ZnO nanoparticles;
a) 0; b) 13.6; ¢) 19.0; d) 25.7; e) 29.5; f) 34.2 wt% [18]

Kim et al. [18] prepared carbon nanofibers decorated with ZnO nanoparticles
for the adsorption of H>S from a stream of nitrogen. CNFs were prepared from the
thermal treatment of poly(acrylonitrile) (PAN) nanofibers, which had been fabricated
using the electrospinning technique. The decoration was carried out by adding zinc
acetate dihydrate in the spinning solutions and a subsequent thermal treatment; the
nanoparticle content on the surface of CNFs amounted to 13.6-34.2 wt%. The average
diameter of the various CNF samples was 152-304 nm, with the larger diameters
appearing for the samples of higher ZnO content. Figure 3.3 shows TEM images of
the CNFs containing different amounts of ZnO. It was found that when the ZnO
content was increased, the average nanoparticle size also increased due to
agglomeration; therefore, at 25.7 wt% ZnO content, the nanoparticles had an average

diameter of ~10 nm, while at a higher content, their average diameter increased to 50-
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80 nm, as more bulky clusters formed. Obviously, this is not desirable for the
adsorption process, as a percentage of their surface is rendered inaccessible to the
adsorbates and therefore useless. As a result, the maximum breakthrough time for a
breakthrough concentration of 1 ppm was observed for CNFs containing 25.7 wt%
Zn0 (530 min/g-adsorbent) and it was significantly larger than the breakthrough time
of undecorated CNFs (76 min/g-sorbent) or than that of pure ZnO (160 min/g-sorbent).
In contrast, CNFs with a very high ZnO content of 34.2 wt% showed a breakthrough
time of only 143 min/g-adsorbent.

Bajaj et al. [19] also utilized CNFs prepared from electrospun PAN, but their
strategy was to decorate it with Cu/CuxO nanoparticles for the adsorption of H2S. The
term “Cu/CuxQO” denotes that after activation of the nanofibers, it was found that Cu
nanoparticles were present together with their oxides on the nanofiber surface. Here,
in contrast to the breakthrough time for pure CNFs, which was 62 min/g-adsorbent,
the CNFs with 10 wt% Cu/CuxO showed a breakthrough time of 791 min/g-adsorbent,
while for those with 30 wt% Cu/CuxO it was 938 min/g-adsorbent, which is around 15
times higher than that of undecorated CNFs.

Karami et al. [113] used commercial CNFs for the adsorption of 1-butyl
mercaptan (1-butanethiol) from hexane, after first activating them through treatment
with acids (HNOsz, H2SO4, HCI) and decorating them with various amounts of Ni
through electroless coating. The adsorption studies showed that the CNFs which were
coated with the highest amount of Ni (around 800 ppm) exhibited the highest percent
of removal from the model diesel (~70%). Moreover, investigation of the adsorption
Kinetics revealed that increasing the amount of Ni in CNFs caused an increase in the

adsorption rate constants, denoting acceleration of the process. For first-order kinetics,
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CNFs containing ~300 ppm Ni had a rate constant of 0.7 s, while for those with ~800
ppm the rate constant was 2.3 s%.

Besides electrospinning, CNFs can be also synthesized via chemical vapor
deposition (CVD). Bigdeli et al. [104] used CVD to grow CNFs from methane and
ethane gases on the surface of activated carbon, attempting to increase its surface area.
Here, Ni was used as a catalyst for CNF growth; therefore, activated carbon was first
decorated with it. It was found that CNFs synthesized from methane gas were thinner
(average diameters in the range of 45-55 nm) than those synthesized from ethane (120-
190 nm). The presence of CNFs also significantly increased the specific surface area
of the adsorbents, from the value of 529 m?/g for the initial activated carbon, to 714
m?/g for the sample containing CNFs synthesized from ethanol and 790 m?/g for those
synthesized from methane; the total pore volume was doubled, as well. These
adsorbents were tested for the removal of thiophene or dibenzothiophene from n-
octane. The results showed that the adsorption capacity of the CNF-containing samples
was close to 13 mg/g for dibenzothiophene and close to 5 mg/g for thiophene; these
numbers were almost double compared to the adsorption capacity of the initial
activated carbon for both adsorbates. The higher adsorbed amount of DBT compared
to thiophene can be attributed to its higher molecular weight, and to its plate shape,
which allows more interactions with the adsorbent.

CVD-synthesized CNFs for the adsorption of thiophene from octane were also
tested by Prajapati et al. [114]. Here Cu was used for the growth of CNFs and then
they were thermally treated for increasing their surface area and also decorated with
Ni. Thermally treated Ni/Cu-CNFs exhibited a specific surface area of 346 m?/g, much
higher than the simple Cu-grown CNFs (107 m?/g). This was obviously reflected to

their adsorption capacity, which was 0.5 mgS/g with a breakthrough time of 130 min;
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in contrast, simple Cu-grown CNFs showed an adsorption capacity of 0.03 mgS/g and
instant breakthrough. It was also found that increasing the temperature of adsorption
from 30°C up to 200°C had an adverse effect on the process by decreasing the
breakthrough time and adsorption capacity. It was, therefore, concluded that the
adsorption of thiophene is exothermic and thus, favorable at low temperatures.

The presence of CNFs is not always favorable for adsorption, as the process
also depends on other characteristics such as the adsorbate characteristics or the
substrate. Prajapati et al. [115] synthesized Ni-doped activated carbon beads with
CNFs grown on them through CVD using acetylene. CNFs were observed to be
hollow, with average diameter close to 70 nm. While the starting activated carbon
beads had a significantly large specific surface area (1159 m?/g), when CNFs grew on
them, their surface area dropped to around 500 m?/g because many micropores were
blocked. The authors used these adsorbents for the removal of thiophene from n-
octane. The presence of Ni was proven to boost the adsorption in all cases. The results
showed that for DBT the efficiency of the adsorbent containing CNFs was much
smaller at all temperatures due to decreased surface area and total pore volume (8.2
mgS/g vs. 27.3 mgS/g for the case of activated carbon beads alone). In contrast, for
the adsorption of thiophene there was no significant difference in absolute numbers
(capacity close to 86 mgS/g for each of them). Considering, however, that the
adsorbent containing CNFs had much smaller surface area and pore volume, the
capacity of CNFs was larger in this case. The most probable explanation stated by the
authors is the difference in the molecular size between thiophene and DBT; thiophene

is much smaller, so its adsorption is mostly dependent on the pore filling.
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Chapter 4: Experimental Part

4.1 Materials

Kraft lignin (low sulfonate content, Mw~10,000 g/mol) was purchased from
Sigma-Aldrich (#471003) and it was used without further modification. Waste water-
bottles were used as the source of PET. All of them came from the same bottling
company in the U.A.E. (Masafi). Prior to the preparation of the spinnable solutions,
the bottles were left to dry and then, they were cut into pieces. The Melt Flow Index
(MFI) of the used PET was measured to be 72 g/10 min at 265°C with 2.16 kg load
(measurement with a Chengde Jingmi (XRL-400) plastometer according to ASTM
D1238). Similar MFI values for PET which has undergone thermal processing cycles,
as it is expected for the raw PET used in this research, have been reported elsewhere
[116, 117]. For pristine PET, an indicative MFI value found in the literature is 23 g/10
min [117, 118]. For comparison, PET with MFI 20 g/10 min has an indicative
molecular weight (Mw) of 42100 g/mol [119]. Trifluoroacetic acid (TFA, 99%)
purchased from Merck was used as the solvent for the electrospinning process.

High purity N2 (99.999%) was used in all the carbonization experiments. High
purity CO2 (99.99%) was used in the activation experiments of Section 5.3. HNO3
65%, HCI 37%, bromothymol blue, NaOH pellets and KOH pellets were purchased
from Sigma-Aldrich. For the adsorption experiments (Section 5.4), dibenzothiophene
(DBT, 98%) and 4,6-dimethyldibenzothiophene (DMDBT, 97%) purchased from
Sigma-Aldrich were used. N-dodecane (99%) was used as a model diesel fuel, and it
was purchased from Riedel de Haen. Commercial activated carbon (Merck 1.02186,

BET surface area 775 m?/g) was used for comparison in the adsorption experiments.
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4.2 Preparation and characterization of precursor electrospun fibers from
lignin/r-PET

In the following paragraphs, the methodology applied here for the preparation

of the electrospun precursor nanofibers will be presented.

4.2.1 The electrospinning process and the experimental design

Figure 4.1: The electrospinning apparatus used in this research; a) general view;
b) detailed view of the electrospinning chamber with the syringes and the collector
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The electrospinning solutions were produced after certain quantities of lignin
and r-PET (Table 4.1) were dissolved in TFA under magnetic stirring at room
temperature. Then, each solution was transferred to two disposable 10 mL syringes
(21G needle) which were placed inside the electrospinning apparatus. The electrospun
mats were fabricated in a FUENCE E-sprayer (ES-2000S) apparatus in which the setup
has vertical orientation similar to the one shown in Figure 2.2. The electrospinning
apparatus used in this research is shown in Figure 4.1. The grounded collector was
moving horizontally during the process in a controlled pattern, while there was
continuous ventilation inside the closed electrospinning chamber.

In the first stage of this research, a Design-of-Experiments statistical
methodology was applied in order to estimate which electrospinning factors influence
the average fiber diameter and how (Section 5.1). The design factors of the
electrospinning process were the distance between the needle and the collector, the
applied voltage, the flow rate of the solution, the concentration of both polymers in the
solution and the lignin mass ratio in the polymer blend. Two response variables were
chosen: the average fiber diameter and the standard deviation of the fiber diameter.

The levels of the various factors were determined after some preliminary
experiments, in which the limits of the experimental area were investigated. For
reliably assessing the effect of each factor on the response, it is necessary that the
experimental area is as wide as possible, so the range of each factor should be as wide
as possible. The criterion for deciding on the range of each factor was the continuous
formation of fibers without spray falling on the collector. In addition, the
electrospinning apparatus used in this research has certain limits regarding the allowed
values of each factor; the maximum voltage allowed is 30 kV, the maximum spinning

distance 20 cm and the minimum flow rate 0.1 uL/min. Therefore, the design factors
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and their value range, as it was decided after some preliminary experiments, are
presented in Table 4.1. In the electrospinning apparatus used, the fiber spinning was
taking place in a closed chamber with controlled ventilation; therefore, all the

electrospinning experiments were conducted at room temperature (~23-25°C).

Table 4.1: Design factors and their respective levels

Levels

Factors Low High

Needle-collector distance (factor A) 7cm 20 cm

Concentration of both polymers in the solution (factor B) 15% wiv* 25% wiv*

Lignin mass ratio in the polymer blend (factor C) 20% 50%
Voltage (factor D) 20 kv 30 kv
Flow rate (factor E) 0.1 uL/min | 2 pL/min

“the unit w/v denotes weight of polymer (grams) per 100 mL volume of solvent

Factorial designs are the standard methods of experimental design for
screening purposes. Screening is an experimental methodology followed when many
factors are involved in a process, and it is necessary to examine which of these factors
actually influence the response and which don’t. In order to avoid an excessive number
of experimental runs, it is better to keep the number of factor levels low. Usually two
factor levels are enough to characterize the process, and therefore, for each factor only
the highest and the lowest value were chosen in order to construct a 2 factorial design
(where k is the number of factors). If more than two levels are chosen for each factor,
the number of experiments increases exponentially; if five factors are to be examined,
then a two-level full factorial design demands 2°=32 experimental runs, while a 3-level

full factorial design demands 3°=125 experimental runs. Since a 2-level factorial
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design can reliably indicate which factors are significant and which are not, it is the
best option when many possible factors are involved. More details about the 2
factorial designs can be found in [120].

For 5 factors, a 2° full factorial design demands 32 unreplicated experimental
runs. In order to minimize the experimental runs, only the half fraction of the design
was chosen. Therefore a 2°!, resolution V, fractional factorial design with 16
unreplicated randomized runs was constructed. When only a fraction of the factorial
design is run, some information must be sacrificed. This information is the effect of
the high-order interactions between the factors. The resolution is an indication of
which factor interactions are sacrificed in order to obtain the maximum information
under the specific conditions. Particularly, resolution VV means that the main factors
are aliased with the 4-way interactions and the 2-way interactions are aliased with the
3-way interactions. It is not possible to distinguish the different influence of two
aliased effects on the response. However, the high-order interactions (e.g. 3-way, 4-
way, etc.) are assumed negligible in most cases.

The experiments were conducted by two researchers. For estimating the
possible influence of each operator on the responses, the runs were divided in two
blocks. Moreover, two center points were added in each block, in order to add degrees
of freedom to the process and estimate the errors more accurately; so, in total, 20
experimental runs were conducted. The experimental design was constructed and
analyzed using the Minitab 17 software with 95% confidence interval (alpha value is
0.05). Figure 4.2 shows the experimental region and the experimental runs (the large
dots at the edges of the cubes). The results of the analysis of the factorial design are

presented in Section 5.1.
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Figure 4.2: The 5-dimensional experimental space. Each dot represents an
experimental run (the center point in the middle of the space is also included)

In Section 5.2, a set of electrospun samples consisting of different average fiber
diameters and of varying lignin/r-PET mass ratios were fabricated and characterized.
The electrospinning conditions for the preparation of each of these samples is

presented in Tables 4.2-4.4.
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Table 4.2: Electrospinning conditions for the preparation of samples used in Section

52.2
Lignin/r- Solution Spinning A\{erage
Sample - Voltage ; Flow rate fiber
PET mass concentration Distance . :
No. . (kV) (nL/min) diameter
ratio (% wiv) (cm) (nm)
1 50/50 9 30 7.7 0.1 80+£21
2 50/50 10 30 7.7 0.1 121 £38
3 50/50 14 30 7.7 0.1 245+ 79
4 50/50 25 30 7 0.1 387 + 148
5 50/50 25 20 20 0.1 547 £ 205
6 50/50 32 30 7.7 1 781 +284
7 (pure r-PET) 15 30 10 5 204 £ 90

Table 4.3: Electrospinning conditions for the preparation of samples used in Sections

5.2.3and 5.2.4
Sample Lignin/r- Solution Voltage Spinning Flow rate A¥iek)r‘§1rge
No. PET mass concentration (kV) Distance (uL/min) diameter
ratio (% wiv) (cm) (nm)
1 50/50 9 30 7.7 0.1 80 +21
2 50/50 14 30 1.7 0.1 230+ 77
3 50/50 18 30 7.7 0.1 308 + 88
4 50/50 25 30 1.7 0.1 387 + 148
5 67/33 10 20 1.7 0.1 97+ 20
6 67/33 15 30 7.7 0.1 176 + 38
7 67/33 20 30 7.7 0.1 320 £ 94
8 80/20 10 30 7.7 0.1 95 + 27
9 80/20 13 30 7.7 0.1 135 +49
10 80/20 15 30 7.7 0.1 168 +£41
11 80/20 20 30 7.7 0.1 279+ 74
12 90/10 11 30 7.7 0.1 95+ 19
13 90/10 13 30 7.7 0.1 116 + 32
14 90/10 13 30 7.7 0.1 125+ 19
15 90/10 14 30 7.7 0.1 136 +41
16 90/10 17 30 7.7 0.1 171+ 45
17 40/60 22 30 7.7 0.1 406 + 141
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Table 4.4: Electrospinning conditions for the preparation of samples used in Section

525
Lignin/r- Solution Spinning Average
Sample - Voltage - Flow rate fiber
PET mass | concentration Distance . :
No. . (kV) (nL/min) diameter
ratio (% wiv) (cm) (nm)
1 50/50 9 30 7.7 0.1 85+ 27
2 50/50 14 30 7.7 0.1 230+ 77
3 50/50 18 30 7.7 0.1 292+ 76
4 50/50 25 30 7.7 0.1 395+131
5 50/50 25 20 20 0.1 565 + 189
6 80/20 20 30 7.7 0.1 252 + 64
7 90/10 14 30 7.7 0.1 147 £ 48

For the preparation of the CNFs derived from 50/50 lignin/r-PET with ~400
nm average fiber diameter characterized in Section 5.3, for the ones used for the
preparation of ACNFs-KOH and ACNFs-KOH-HNOs characterized in Section 5.3
and also for the ones used in all the adsorption experiments of Section 5.4, the
following electrospinning conditions were used: 50/50 lignin/r-PET mass ratio, 21%
w/v solution concentration, 30 kV voltage, 0.1 uL/min flow rate and 20 cm spinning
distance. For these samples, it was decided to use the largest spinning distance (20 cm)
so that the electrospun nanofibers would spread at a larger area on the collector and,

so, they would dry more efficiently.

4.2.2 Lignin/r-PET mass ratio vs. molar ratio

Throughout this PhD dissertation research, the lignin/r-PET mass ratio was
used in all the electrospinning experiments. PET consists of linear macromolecular
chains, in which the repeating unit has the formula C10HgO4 [121]. The molar mass of
this repeating unit is 192 g/mol. In contrast, lignin has a more complicated branched

structure, which is built after the radical polymerization of three phenylpropane units
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(quaiacyl, syringyl and p-hydroxyphenyl units; G, S and H units respectively) (Figure
2.3) [38, 122]. The configuration of the lignin structure and the relative quantity of
each of its three building monomers vary among plant species [29, 122]. Lignin
derived from hardwoods mainly consists of S and G units, while lignin originating
from softwoods primarily consists of G and small amounts of H units [29, 122]. For
the same lignin that has been used in this research (alkali lignin with low sulfonate
content purchased from Sigma-Aldrich, product number #471003), Zhang et al. have
estimated that the relative proportion of the three monomers constituting the lignin
structure is H103G358S [122]. This means that the macromolecules of lignin contain
around 3.5 times more G than H; therefore, G constitutes around 78% of its building
monomers. The amount of S is negligible. The molecular formula of the predominant
monomer G is CiH1203 with a molar mass of 180 g/mol. However, the various
monomer units connect through linkages, e.g. ether bonds, carbon-carbon linkages, etc
[123], so removing a hydrogen atom and adding an -O- bonding atom to the G group
would give an approximate molecular formula of C10H1104, with a molar mass of 195
g/mol. Other studies using the same lignin that was used here indicate a similar relative
ratio between C, O and H in its structure [124, 125]. This approximate formula and its
calculated molar mass are very similar to those of the repeating unit of r-PET.
Therefore, it can be assumed that the lignin/r-PET mass ratio used for the
preparation of each electrospinning solution throughout this research is fairly close to

the corresponding molar ratio of their building blocks.

4.2.3 Characterization of the electrospun nanofibers

After the fabrication, all the electrospun samples were left to dry for 24 h at

room temperature. The morphology of the fibrous mats was examined via Scanning
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Electron Microscopy (SEM) (JEOL Neoscope JCM-5000) after gold coating them.
The average fiber diameter was measured using an image analyzer (ImageJ, National
Institutes of Health, U.S.A.). Around 100 measurements in each sample were used for
the calculation of the fiber diameter and the standard deviation. Measurements at
several different spots of each SEM image were taken in order to ensure a
representative average fiber diameter for each different sample (mat).

In addition, Attenuated Total Reflection-Fourier Transform Infrared
Spectroscopy (ATR-FTIR) analysis was performed to investigate the possible
structural alterations of lignin under the effect of trifluoroacetic acid, as well as the
structure of the lignin/r-PET electrospun fibers (Section 5.1). In the case of lignin,
three different cases were examined: pristine, solvent-cast and electrospun (in reality
“electrosprayed”, see Section 5.1) lignin. In both solvent-cast and “electrosprayed”
lignin, the concentration of lignin in TFA was 20% w/v. For the preparation of solvent-
cast samples, pristine lignin was first dissolved in TFA and then, the solution was cast
onto petri dishes and left to dry for 72 h. The spectra were obtained using an
IRPrestige-21/Shimadzu spectrophotometer with a MIRacle ATR tool by PIKE
Technologies.

The miscibility between lignin and r-PET was examined through Differential
Scanning Calorimetry (DSC) using a Netzsch DSC 200 F3 instrument (Section 5.1).
Five different compositions of the lignin/r-PET blend were investigated, namely
80/20, 65/35, 50/50, 35/65 and 20/80. Each blend was prepared by dissolving the
appropriate quantities of polymers in TFA and then, following the electrospinning
process they were spun into nanofibrous mats and left to dry for 72 h before monitoring

their thermal behavior. For comparison, the thermogram of pristine untreated lignin as
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well as that of the starting recycled PET were also recorded. For each measurement, a
sample of 9-10 mg was tested in the range 40-300°C with a scan rate of 10°C/min.

In Section 5.2, the electrospun nanofibers were characterized with
Thermogravimetry (TGA) using a TA Q500 instrument. Around 6-10 mg of each
sample were heated under inert atmosphere with a rate of 7°C/min from 25 till 900°C.
N> was used as a carrier gas with a flow rate of 40 mL/min. Moreover, the X-ray
diffraction (XRD) patterns of the samples presented in Section 5.2 were recorded using
a Philips X’Pert3 diffractometer with a Cu-Ka radiation source (1.54 A). Differential
Scanning Calorimetry (DSC) tests in Section 5.2 were performed at inert atmosphere
(N2) with a heating rate of 7°C/min, using a TA DSC25 instrument. Elemental analysis
with Energy Dispersive X-Ray Spectroscopy (EDS) was performed using a JEOL
JSM-6010PLUS scanning electron microscope.

4.3 Carbonization and activation: the experimental methodology and the
characterization of the CNFs and of the ACNFs

For the experiments described in Section 5.2, the electrospun mats were
carbonized in a temperature-programmed tubular furnace (Tube Furnace GSL-1500X-
50, MTI). Each sample was heated under inert atmosphere (N2) (flow rate ~300
cc/min) at a heating rate of 5°C/min until it reached 600°C, where it was held for 1 h;
then, it was allowed to cool down at the same inert atmosphere. Initially, there was an
attempt to thermally stabilize the fibers prior to carbonization, however, it was found
out that this did not influence the fusion among them. Therefore, it was decided to omit
the stabilization step in all experiments.

The morphology of the carbonized samples in Section 5.2 was examined with

Scanning Electron Microscopy (SEM) (JEOL Neoscope JCM-5000) after they were
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gold-coated. Their diameter distribution was measured using an image analyzer
(ImageJ, National Institute of Health, U.S.A.).

For the investigation of the BET surface area with respect to the average fiber
diameter of CNFs as this is described in Section 5.2.5, the following carbonization and
activation procedure was applied: Each of these samples was carbonized in the tubular
furnace under inert atmosphere (N2) at a heating rate of 5°C/min until it reached 800°C,
where it was held for 1 h. Then the temperature was decreased to 600°C, the gas was
switched to CO2, and the sample was activated for 1 h at this temperature. Finally, the
gas was switched again to N2 and left to cool down at room temperature.

The textural characterization of these samples (Section 5.2.5) was studied
through N2 physisorption using a Micromeritics Tristar 11 Plus instrument. The surface
area of each sample was calculated using the Brunauer-Emmet-Teller (BET) equation,
the total pore volume was determined using the Gurvitch rule at P/P°=0.95 and the
micropore volume was estimated using the t-plot approach. In addition, exactly the
same procedure was followed for pristine lignin powder; it was carbonized at 800°C
with Ny, activated at 600°C with CO> and its textural characteristics were measured
for comparison, as well.

The CNFs (from either 50/50 or 90/10 lignin/r-PET) used for characterization
in Section 5.3 were carbonized either at 800°C or at 1000°C for 1 h under N2 in the
tubular furnace.

The activation of the CNFs that is described in Section 5.3 was carried out
using either physical activation with CO2 or chemical activation with KOH. For all
cases, CNFs carbonized at 1000°C were the starting material. For the physical
activation, the CNFs were manually crashed by fingers into smaller pieces, they were

placed into a combustion boat and they were transferred into the temperature-
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programed tubular furnace (GSL-1500X-50, MT]I). These smaller pieces consisted of
clusters of CNFs with sizes of few tens of micrometers, as it was found out after their
examination with SEM. They were heated under N, atmosphere at a rate of 5°C/min
until they reached 700°C. Then, the atmosphere was switched to CO; at a flow rate of
200-300 cc/min and they were held at this temperature for 1 h. Finally, the gas was
switched again to N2 and they were left to cool down.

For the chemical activation, the CNFs (derived from 50/50 lignin/r-PET with
~400 nm average fiber diameter) were first crashed by fingers into powder. They were
dispersed into a KOH 3M solution at a mass ratio of 4/1 KOH/CNFs, and they were
left under stirring for 12 h at room temperature. Then, they were placed into a
combustion boat and transferred into the tubular furnace, in which they were heated
under N2 at a rate of 5°C/min up to 800°C, where they were held for 1 h. Finally, they
were left to cool down. Subsequently, they were dispersed in an excess of HCI 1M
solution under stirring in order to neutralize the remaining KOH, and they were
repeatedly washed with de-ionized water and filtered via membrane filtration
(Millipore membrane filter 0.22 um) until the filtrate had pH ~7. Finally, they were
dried overnight at 130°C. This sample is denoted as “ACNFs-KOH”.

Some of the ACNFs-KOH were further treated with HNOs. First, they were
dispersed into HNO3 4M (0.8 g per 100 mL solution) and they were left under stirring
at 90°C for 8 h. Then, they were repeatedly washed with deionized water and filtered
through membrane filtration (Millipore membrane filter 0.22 um) until the filtrate had
pH ~7. Finally, they were dried overnight at 130°C. This sample is denoted as
“ACNFs-KOH-HNO3”.

The morphology of each sample was examined using Scanning Electron

Microscopy (SEM) (JEOL Neoscope JCM-5000 for all figures except for Figure 5.51
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in which JEOL JSM-6010PLUS was used) after coating them with gold. The average
fiber diameter of each sample was measured using an image analyzer (ImageJ,
National Institute of Health, U.S.A.). The morphology of the samples was also
characterized with Transmission Electron Microscopy (TEM) (Tecnai G2
Transmission Electron Microscope 200kV).

The textural characterization of the activated carbon nanofibers in Section 5.3
was studied through N2 physisorption using a Micromeritics Tristar 1l Plus instrument.
The surface area of each sample was calculated using the Brunauer-Emmet-Teller
(BET) equation, the total pore volume was determined using the Gurvitch rule at
P/P°=0.95 and the micropore volume was estimated using the t-plot approach. Raman
Spectroscopy analysis was performed using Raman-AFM combination Alpha300 RA
(WITec, Germany) at 532 nm laser wavelength. The X-ray diffraction (XRD) patterns
in Section 5.3 were recorded using a Philips X’Pert3 diffractometer with a Cu-Ka
radiation source (1.54 A). For both Raman and XRD, the peaks were deconvoluted by
fitting Lorentzian functions with the aid of a data analysis software (OriginPro).

Elemental analysis with Energy Dispersive X-Ray Spectroscopy (EDS) for
the samples in Section 5.3 was performed using a JEOL JSM-6010PLUS scanning
electron microscope. Boehm titration was carried out according to the methodology
described in [126, 127]. Briefly, 0.2 g of the sample were dispersed into 8mL NaOH
0.05 M and left under shaking for 24 h. The solution was filtered through syringe filters
(0.22 pm), an aliquot of 5 mL was added to 10 mL HCL, and the solution was titrated
with NaOH 0.05 M (titrator base). Bromothymol blue was used as an indicator to
determine the equivalent point. The volume of titrator base consumed was measured
and converted to mmol/g of surface acidic groups using the methodology described in

[126].
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4.4 Adsorption experiments

All adsorption experiments were conducted in a batch mode. The flasks
containing the solutions were placed in a water bath, at a shaking speed of 105 rpm. In
all of them, the adsorbent dose was 10 g/L. This was defined after some preliminary
experiments in which different values of the adsorbent dose were tested, and also after
an overview of the relevant literature. Particularly, 0.04 g of the adsorbent were added
in each flask containing 4 mL of solution.

For the DMDBT, the adsorption equilibrium was investigated for initial
concentrations in the range of ~100-2000 ppmw, using three different adsorbents:
CNFs derived from 50/50 lignin/r-PET carbonized at 1000°C with average diameter
close to 400 nm, ACNFs-KOH and ACNFs-KOH-HNO:g, as they are described in the
previous section. These experiments were performed at 22°C, and they were left to
equilibrate for 24 h. In order to analyze the results, different adsorption isotherms were
used, namely Langmuir, Freundlich and the extended Langmuir-Freundlich (see
Section 5.4). For ACNFs-KOH-HNOs the adsorption experiments were also
conducted at 50°C.

For the investigation of the kinetics of adsorption of DMDBT on ACNFs-
KOH-HNOg, an initial concentration of 335 ppmw DMDBT was used. The adsorption
capacity was then measured after certain time intervals, at 22°C and at 50°C. These
experimental results were fitted to three kinetic models; the pseudo-first order
(Lagergren model), the pseudo-second order (Ho model), and the intraparticle
diffusion model (Weber and Morris model) (see Section 5.4).

All the adsorption experiments for the removal of DMDBT from n-dodecane

were carried out using the same batch of ACNFs-KOH-HNO3, and they are presented
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in Sections 5.4.1-5.4.3 (Figures 5.53, 5.55-5.58). This specific batch of ACNFs-KOH-
HNOsz was also used for the characterization presented in Section 5.3.3. These
adsorption results were validated after a second batch of ACNFs-KOH-HNO3z was
produced under the same conditions. Using this second batch, some of the adsorption
desulfurization experiments were replicated and these results are presented in Section
5.4.4; the second batch (sample) used for validation is denoted as “sample 27, while
the initial batch (sample) is denoted as “sample 1”.

Some adsorption experiments of DMDBT were also performed using
commercial activated carbon (Merck 1.02186, BET surface area 775 m?/g) for
comparison purposes.

For DBT, the adsorption equilibrium was investigated for initial concentrations
in the range of 100-2000 ppmw, using only ACNFs-KOH-HNOQO3, and particularly the
same batch that was used for all the adsorption experiments of DMDBT (named as
“sample 1”). These experiments were performed at 22°C, and they were left to
equilibrate for 24 h. The same isotherms were used here, as well. For the investigation
of adsorption kinetics, an initial concentration of 233 ppmw DBT was used; the
adsorption capacity was then measured after certain time intervals, at 22°C. The results
were fitted to the pseudo-first order and to the pseudo-second kinetic model. Again,
the results for the adsorption of DBT were validated by replicating some of them using
the second batch of ACNFs-KOH-HNO3 (named as “sample 2”) (see Section 5.4.5).

In all the adsorption experiments, the concentrations were measured according
to the following methodology: the solution was filtered through a syringe filter (0.22
um) after the adsorption process was finished and the filtrate was transferred to a
quartz cuvette. Each solution concentration of DMDBT or DBT was measured using

UV-Vis spectroscopy (Shimadzu UV 1800) at the wavelength of 313 nm, after a
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calibration curve was built for each of these S-compounds. After measuring the
quantity adsorbed in ppm (mg of solute/kg of solvent), the adsorption capacity was
calculated using the formula g=(ppm adsorbed)*0.748/10, where 0.748 kg/L is the
density of n-dodecane and 10 g/L the adsorbent dose. Thus, the adsorption capacity is
measured in mg of solute per g of adsorbent (mgompeT/gc or mgoet/gc for DMDBT

and DBT respectively).
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Chapter 5: Results and Discussion

5.1 Electrospun nanofibers made of lignin/r-PET: the experimental design and
characterization
The first step of this research involved the preparation of electrospun
nanofibers of lignin/r-PET, that will be used as CNF precursors. In this section, the
electrospinning procedure is described, the influence of the electrospinning variables
on the fiber morphology is analyzed, and the electrospun nanofibers are characterized

in terms of their structure and their thermal properties.

5.1.1 Electrospinning of lignin alone

The choice of trifluoroacetic acid (TFA) as a solvent was made due to its
suitability for the electrospinning of PET [128-130]. Generally, PET is insoluble in the
common solvents used in the literature for the electrospinning of lignin (H20, N,N-
dimethylformamide, acetonitrile, ethanol, etc.) [23, 24, 35, 46, 131, 132]. However,
the behavior of lignin in TFA is rather ambiguous. TFA has been proposed as a solvent
for the treatment and fractionation of plant biomass in order to separate and recover
various useful components (cellulose, lignin, non-cellulosic polysaccharides) [133,
134]. In this context, Morrison and Steward [133] reported that most of the lignin of
oat straw is insoluble to TFA, with Poirier et al. [135] presenting similar results for
lignin derived from maize leaves and attributing this feature to some degree of cross-
linking. In addition, Fanta et al. [136] stated that ~10% of lignin derived from wheat
straw underwent degradation in TFA and gave water soluble fractions. Similar results
were reported by Dong et al. [134]. Other researchers who used TFA for the

electrospinning of lignocellulosic fibers [137, 138] report that the dissolution of lignin
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in TFA includes the cleavage of some covalent bonds and the disruption of its 3D
network. Moreover, the hydroxyl groups of lignin create ester bonds with TFA, a
process which, however, is reversible in atmospheric conditions [137, 138]. In this
research, kraft lignin was found totally soluble in TFA, and the solutions were stable.
In general, the chemical properties of lignin depend on its plant source, the extraction
process and possible post-treatment. Some of these variables defined this behavior
here, probably the fact that it has some small degree of sulfonation, as it is specified
by the supplier. However, even some degree of degradation is expected. The possible
structural changes of lignin dissolved in TFA were studied with ATR-FTIR (Section

5.1.5).
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Figure 5.1: SEM image of electrospun (electrosprayed) lignin 30% wi/v in TFA

The attempts to produce fibers of pure lignin were unsuccessful. Instead of
electrospun fibrous mats, there was just electrospray (Figure 5.1). This has been
observed previously with solutions of kraft lignin in water or N,N-dimethylformamide

[23, 24, 46, 132]. This behavior is attributed to the relatively low molecular weight of
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kraft lignin resulting in the absence of extensive chain structures and/or molecular
entanglements [23]. Therefore, the presence of r-PET as a binder polymer is
determinant for successful electrospinning. Dallmeyer et al. [132]. reported that the
electrospinnability of lignin in the presence of a binder polymer (in their case
poly(ethylene oxide)) is dependent on the viscoelastic properties of the solution, as an
increase in shear modulus and strain hardening was observed. The interaction between
lignin and r-PET is obviously important for the successful fiber formation. The nature
of this interaction was studied by Kadla and Kubo [94]. Although both polymers
possess functional groups capable of forming hydrogen bonds, they concluded that
only a minor degree of such interaction existed between the two polymers. Instead, the
fact that the glass transition temperature of the blend (T) exhibited negative deviation

from a linear mixing rule was an indication of weak intermolecular interactions.

Figure 5.2: SEM micrographs of various representative fiber morphologies with
varying average diameter; a) 733 &= 388 nm; b) 229 + 84 nm; ¢) 462 + 178 nm,;
d) 1473 £ 575 nm (see Table 5.1). Scale bar is 10 pm in all images
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5.1.2 Electrospinning of the lignin/r-PET blend

Figure 5.2 shows SEM images of various representative electrospun lignin/r-
PET fiber morphologies produced under different conditions (see Table 5.1). With the
naked eye, the electrospun mats appear as flexible membranes of light brown color

(Figure 5.3).

Figure 5.3: A representative electrospun mat as it appears with naked eye (sample 2
from Table 5.1)
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After completing the experimental design as it was described in Section 4.2.1,

the measured average fiber diameter and the standard deviation for each experimental

run was measured, and they are presented in Table 5.1.

Table 5.1: Measured average fiber diameter and standard deviation for each

experimental run

. . - Flow Av_erage Standard
Exper. | Distance | Concentration | Lignin | Voltage Fiber Lo
Run | (cm) (% Wiv) %) | (kV) Rate | piometer | DeViation
(nL/min) (nm) (nm)
1 7.0 25 20 30 2.00 733 388
2 7.0 25 50 30 0.10 455 181
3 20.0 15 50 20 2.00 368 111
4 20.0 15 20 30 2.00 255 68
5 20.0 15 20 20 0.10 325 99
6 135 20 35 25 1.05 504 173
7 135 20 35 25 1.05 423 246
8 7.0 25 50 20 2.00 670 267
9 20.0 15 50 30 0.10 229 84
10 7.0 25 20 20 0.10 462 178
11 7.0 15 20 30 0.10 328 84
12 7.0 15 20 20 2.00 365 98
13 7.0 15 50 30 2.00 278 71
14 7.0 15 50 20 0.10 278 88
15 135 20 35 25 1.05 450 108
16 135 20 35 25 1.05 508 168
17 20.0 25 20 20 2.00 639 180
18 20.0 25 20 30 0.10 1145 560
19 20.0 25 50 30 2.00 969 385
20 20.0 25 50 20 0.10 1473 575

5.1.3 Average fiber diameter: statistical analysis of the factorial design

For the average diameter, the initial analysis of variance gave the results

presented in the Pareto chart of Figure 5.4a.
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This chart presents the magnitude and relative importance of the standardized
effects by displaying their absolute value. Effects lying beyond the reference line are
statistically significant. The plot reveals that the only main factors that influence the
fiber diameter are the concentration of the solution and the distance between the needle
tip and the collector (factors B and A respectively). The lignin ratio, the voltage and
the flow rate were found insignificant to the response. Generally, these factors are
known to influence the morphology of electrospun fibers [17]. In this research, if a
wider range of values had been examined, it is possible that some additional factors
would also be significant. However, this specific range of values was based on the
demand of acceptable spinnability and was also limited by the apparatus’ allowable
limits in voltage and spinning distance. In the case of lignin mass ratio, there were
spinnability issues at very high percentages of lignin.
Therefore, it was not possible to examine a wider range of these three factors.
Even so, all factors influence the response through their interactions. The design was
constructed in such way that the 2-way interactions are aliased with the effect of the
3-way i iteractions. Most probably, however, the high-order effects are a result of the
2-way interactions. The Pareto chart indicated that the factors BD, AD and CE were
not important for the procedure. So, they could be eliminated from the model, together
with their aliased ones. Factors C (% lignin), D (voltage) and E (flow rate) couldn’t be
eliminated, because they participated in significant 2-way interactions. The blocking
factor was also found insignificant (p-value=0.785) and it was removed from the
model, as well. This was an indication that the two operators who conducted the

experiments did not influence the results.
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(a)
Factor effects on Average Fiber Diameter - First Step
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Figure 5.4: The standardized effects of electrospinning factors on the average fiber
diameter; a) in the first step of analysis; b) after eliminating the insignificant
interactions

After elimination of the insignificant factors, the second step of the analysis
revealed a similar situation (Figure 5.4b). It is important to note here that, now (after
the removal of the blocking effect), the AB interaction has a relatively higher effect
compared to that in the first step. The reason is that the model was initially designed

in such way that the blocking factor was confounded with the AB interaction. Thus,
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the large AB effect was initially concealed by the very small effect of the blocking

factor, and its true effect was revealed after removing the latter.

Table 5.2: Factor effects on the average fiber diameter

Factor Effect
Concentration +0.5150
(Distance)*(Concentration) +0.2472
Distance +0.2292
(Lignin%)*(Voltage) -0.1910
(Distance)*(Flow Rate) -0.1830
(Distance)*(Lignin%) +0.1103
(Concentration)*(Lignin%) +0.0885
(Concentration)*(Flow Rate) -0.0788
(Voltage)*(Flow Rate) +0.0718
Lignin% +0.0585

Flow Rate -0.0523
Voltage -0.0235

The actual effect of each factor is concisely presented with its algebraic sign in
Table 5.2. Here, the effects are ranked in a descending order of absolute values. It must
be mentioned here that the actual effect values presented in Table 5.2 are different
from the values shown in the Pareto chart of Figure 5.4, because the Pareto chart uses
standardized effects based on the t-values of the ANOVA.

The line above lignin% in Table 5.2 indicates the limit below which the effects
are insignificant to the response. The variability attributed to the insignificant factors
has been eliminated, so now all interactions appear significant. The three main effects

C, D and E (lignin mass ratio, voltage and flow rate respectively) still remain
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insignificant to the response. Interestingly, the product (lignin%)*(voltage) of two
insignificant factors appears to have a relatively large effect. However, the model was
constructed in such a way that this interaction is aliased with the
(concentration)*(distance)*(flow rate) interaction, so, it is possible that this significant
effect derives from its aliased factor, where two significant factors participate.

The p-value for the model was found to be 0.000, a strong indication that the
model adequately describes the data. A further support to this were the values of R?
and R?(pred). R? measures the proportion of the total variability explained by the
model and in this case it was 99.24%. The prediction R? was found 85.46%, indicating
a model expected to explain around 85% of the variability in new data. The p-value
for the lack-of-fit was 0.307, a proof that the removal of the insignificant factors didn’t
influence the validity of the model (if the p-value of the lack-of-fit was below 0.05
which is the alpha value, it would mean that the model would not be able to describe
the data reliably). Finally, the p-value for curvature was found 0.019, a sign that in
some areas inside the experimental topography, a quadratic model would most
accurately fit the data.

The model includes three basic assumptions: that the errors are normally
distributed, that they are independently distributed and that their variance is constant.
The standardized residual plots of the second step of the analysis (Figure 5.5) are useful
for testing these assumptions. More information on the residual plots can be found in
[123]. The normal probability plot confirms that the first assumption is satisfied.
Moreover, the plot of the residuals versus observation order follows no obvious

pattern, confirming the second assumption.
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Residual Plots for the Average Fiber Diameter
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Figure 5.5: Standardized residual plots for the average fiber diameter

The plot of standardized residuals versus fitted value is useful for testing the
third assumption. This graph shows that all residuals are included in the [-2,2] range,
which is desirable. However, there is much more scatter in the smaller values of
response, a sign of higher variability in diameters below 0.5 pm. The explanation for
this pattern is that the measurements of fiber diameter through the analysis of SEM
images had a higher degree of uncertainty, when measuring narrower fibers. This is
rational, because in the SEM images the larger fibers are measured with higher
accuracy than the smaller ones. Usually, when patterns like this appear in the residual
plots, a transformation of the response is applied. However, in this case the
transformation did not alter the situation. Since the source of variability can be
recognized, it is valid to assume that it does not influence the adequacy of the model,

especially when all other indicators give acceptable results.



95

Average Fiber Diameter vs. Distance, Concentration
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Figure 5.6: Minitab-generated contour plot of average fiber diameter vs. distance and
concentration, based on the results of the factorial design

The contour plot of average fiber diameter as a function of the two most
significant factors (concentration and spinning distance) is presented in Figure 5.6
(excluding the least significant factors for the range of input values in this factorial
design, i.e. voltage, flow rate and lignin/r-PET mass ratio). Here, each shaded area on
the plot, corresponds to an experimental region where the fiber diameters have similar
values. So, the smallest fiber diameters are found in the darkest areas (diameters < 0.4
um), while the largest diameters appear in the areas of whiter shade (diameters > 1.0
um). The contour plot reveals that the diameter is minimized as the concentration is
decreased. However, the contour plot exhibits two areas of minimization (saddle
point): in the lowest distance and in the maximum distance. This behavior is reflected
in the algebraic values of the effects of concentration, distance and
(distance)*(concentration) on the response. It was mentioned earlier that concentration

has an effect of +0.5150, distance has an effect of +0.2292 and
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(distance)*(concentration) has an effect of +0.2472. The two latter effects are very
close. The positive sign practically means that an increase in their value tends to
increase the diameter. To minimize the response, all three factors [concentration,
distance and (distance)*(concentration)] should be set to their lowest values, in order
to counteract their positive effect. However, when both distance and concentration are
set to their lowest values, then their interaction has its highest value [in coded units
this is (-1)*(-1)=(+1)], so it results in increasing the response. When concentration is
set to its lowest value and distance to its highest value, their interaction has its lowest
value [in coded units (-1)*(+1)=(-1)], but then the adverse effect is caused by the high
value of distance. It is not possible to simultaneously minimize all three effects. In
each case, a suitable combination of the other factors should be chosen.

It is well described in the literature that decreasing the concentration of the
spinning solution decreases the fiber diameter [17, 130, 132, 139, 140]. The reason is
that the solutions of lower concentration have lower viscosity. As the jet travels
towards the collector, the low viscosity facilitates the extension of the jet, resulting in
thinner fibers [139]. Theoretically, if the concentration and the viscosity are too low,
then the surface tension prevails and the jet breaks up into droplets, resulting in bead
formation [139]. The literature gives various possible relationships between the
concentration and the fiber diameter (power law, linear, quadratic or cubic
relationship) [17, 139].

The effect of spinning distance on fiber diameter is sometimes more
complicated. In many cases it has been reported that a larger distance results in thinner
fibers [17, 140-142]. When the distance is long enough, the fibers have more time to
stretch and elongate under the electrostatic forces before they reach the collector [17,

142]. The solvent evaporation is facilitated and the charged fluid has more time to split
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into smaller portions [140, 143]. However, different observations have been reported
for various systems and there seems to be a more complex relationship [143-146]. In
some systems, the increase of distance initially decreases the fiber diameter, but
gradually the diameter increases again [144-146]. In these cases, the results are
explained by focusing on the strength of the electric field, which is the ratio of voltage
over spinning distance [143-146]. At constant voltage, the field is stronger when the
distance is small, and it gradually weakens with increasing distance. At small spinning
distance, the field exerts higher electrostatic force on the jet leading to the formation
of thinner fibers [143]. At the same time, a strong field causes higher mass flow,
tending to increase the fiber diameter [143]. These antagonistic effects can result in a
complex relationship similar to the one observed here.

After identification of the important factors that influence the electrospinning
process, a further elaboration of the electrospinning conditions at the experimental
regions of lower average fiber diameter (as indicated from the contour plot of Figure
5.6) enabled the fabrication of nanofibrous mats with average fiber diameter lower
than 100 nm. Particularly, it was found that using a concentration of 9% w/v enabled
the fabrication of electrospun mats with average fiber diameter of around 80-90 nm
from 50/50 lignin/r-PET (see the experimental part, Section 4.2.1) (Figure 5.7). These
very fine nanofibers are two orders of magnitude thinner than lignin/PET fibers
manufactured with other methods [93, 95]. This very important finding has significant
implications, because the minimization of the fiber diameter at such low levels
maximizes the specific external surface area of the fibers (not taking into account any
porosity as these fibers are non-porous), and it enhances their suitability in any

application in which the nano-sized dimension is significant. In addition, these values
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of the average fiber diameter are among the lowest that have been reported for lignin-

based electrospun nanofibers (see Table 2.1).
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Figure 5.7: Electrospun nanofibers of 50/50 lignin/r-PET with very small diameters;
a) 80 £ 21 nm; b) 91 + 27 nm

5.1.4 Standard deviation: statistical analysis of the factorial design

The selection of the standard deviation of fiber diameter as the second response
serves the purpose of investigating in which electrospinning conditions there is a
narrower distribution of diameters. The analysis of variance revealed the experimental
conditions that induce higher degree of diameter variation. After eliminating the
insignificant factors, the final results are presented in Figure 5.8. This plot reveals a
situation similar to the average fiber diameter. The only main factors having significant
influence on the standard deviation are the concentration and spinning distance (factors
B and A respectively), while the other three factors are important only through their
interactions. The algebraic signs of the important effects (B, AE, CD, A and AB) were
found to be the same as in the case of the average fiber diameter. The p-values of the
model (0.001) and the lack-of-fit (0.938) and, in addition, the values of R? (97.65%)

and R?(pred) (88.71%) confirm the validity of the model.
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Factor effects on the Standard Deviation
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Figure 5.8: The standardized factor effects on the standard deviation of fiber
diameter

The contour plot of standard deviation versus concentration and distance
follows the same pattern with the average fiber diameter (Figure 5.9), revealing that
the two responses have similar behavior (as in Figure 5.6, excluding the voltage, the
flow rate and the lignin/r-PET mass ratio).

The lowest values appear in low levels of concentration, in either the highest
or the lowest levels of distance. This seems rational, because when the average
diameter has a certain value, the range of similar diameters must be of the same
magnitude; for instance, when the average diameter is 1473 nm the standard deviation
is 575 nm, while for average diameter of 255 nm the standard deviation is 68 nm.
Therefore, in order to estimate more thoroughly in which conditions the narrowest
distribution appears, it was more appropriate to use the relative standard deviation,
RSD (or coefficient of variation), which is the standard deviation expressed as a

percentage of the average fiber diameter. This measure has been used in the literature
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[143, 147] to estimate the width of the diameter distribution regardless of the diameter

magnitude. The RSD for each experimental run is presented in Table 5.3.

Distance (cm)

Standard Deviation vs Distance (cm); Concentration (%w/v)
20

18

16

14

12

Concentration (%w/v)

17,5 20,0 22,5

Standard
Deviation
(um)

[ ] < 01
ol - 02
mo2-03
03 - 04
04 - 05

> 0,5

Figure 5.9: Contour plot of standard deviation vs. concentration and spinning

distance based on the results of the factorial design

Figure 5.10: Effect of the electrospinning factors on Relative Standard Deviation

(RSD)

Term

AB
BD
AE

cD

AC
AD
BE

CE

Factor effects on the Relative Standard Deviation

Standardized Effect

4,303
H Factor Name
: A Distance (cm)
: B Concentration (%w/v)
H C Lignin (%)
- D Voltage (kV)
! E Flow Rate (uL/min)
:
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
:
0 1 2 3 4



101

Analysis of variance was performed again considering the RSD as a response

and the results are presented in Figure 5.10. The results reveal a totally different
situation; none of the controllable factors has a significant effect on RSD. The
variability of the RSD seems to be a random phenomenon, or at least not depending
on the factors examined here. Therefore, it was concluded that the fibrous mats exhibit
diameter distribution of similar order of magnitude, regardless of the specific

electrospinning conditions.

Table 5.3: Relative standard deviation (RSD%) for each experimental run

Sone | st oo | | o, | e o
1 733 52.9 11 328 25.6
2 455 39.8 12 365 26.8
3 368 30.2 13 278 255
4 255 26.7 14 278 31.6
5 325 30.4 15 450 24.0
6 504 34.3 16 508 33.1
7 423 58.1 17 630 28.2
8 670 39.8 18 1145 48.9
9 229 36.7 19 969 39.7
10 462 38.5 20 1473 39.0




5.1.5 Characterization with ATR-FTIR
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Figure 5.11: ATR-FTIR spectra of the lignin samples; a) wavenumber from 4000 to
500 cm™*; b) magnified region of IR spectra (1900-500 cm™1)
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Table 5.4: Absorption peaks and types of vibrations in the pristine lignin sample

Peak
location Type of vibration
(cm™)
3385 Stretching vibrations of alcoholic and phenolic -OH groups involved in
hydrogen bonds [148]
2937 CH stretching (-CHs or -CH-) [149, 150]
1588 Aromatic ring vibrations [148]
1502 Aromatic ring vibrations [148]
1458 Aromatic ring vibrations / asymmetric deformation of C-H stretching
[150, 151]
1419 Aromatic ring skeletal vibrations combined with C-H in-plane
deformation [131, 148, 149]
1263 Vibrations of guaiacyl rings and stretching vibrations of C-O bonds
[148, 149]
1209 Vibrations of guaiacyl rings and stretching vibrations of C-O bonds
[148, 152]
1133 Deformation vibrations of C-H bonds in the aromatic rings-syringyl
units [131, 148, 149]
1039 Vibrations of C-H bonds in guaiacyl rings/C-O stretching in O-CHs,
C-OH groups [148-151, 153]
850 Deformation vibrations of C-H bonds associated to guaiacyl [148, 150]
242 Deformation vibrations of C-H bonds associated to aromatic rings
[148]
649 Out-of-plane -OH bend [151]
i) Lignin

In order to assess the possible influence of TFA in the structure of lignin, the
ATR-FTIR spectra of pristine, solvent-cast and electrospun (electrosprayed) lignin
were examined and are shown in Figure 5.11. This Figure presents the absorption

bands () in the region 4000-500 cm™ and (b) in the magnified region 1900-500 cm™.
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The spectra contain the typical peaks found in the literature for lignin samples [148-
151, 153].

Table 5.4 summarizes the peaks detected in the pristine lignin sample and their
assigned types of vibration. The solvent-cast and the electrospun (electrosprayed)
lignin samples exhibited differences in their spectra compared to pristine lignin. Due
to the similarity between the spectra of solvent-cast and electrosprayed lignin, in
Figure 5.11 only the peaks of the latter are marked.

The most important differences between the spectrum of the electrospun
(electrosprayed) lignin and that of the pristine lignin are:

¢ Solvent-cast and electrosprayed lignin exhibit a large absorption band in the
area 1650-1800 cm™. This band probably corresponds to vibrations of C=0
groups either in conjunction or not with the aromatic ring [148-151, 153],
probably associated with guaiacy! units [149]. The appearance of these bands
could be an indication of cleavage of ester linkages [149]. The peak in the
region of 1781 cm® may signify the presence of trifluoroacetyl groups, since
TFA can act as esterifying agent of hydroxyl groups present in lignin [137,
138].

e The most significant difference between pristine and electrosprayed lignin is
the huge increase in absorption in the area 1100-1200 cm™. This area is
associated with deformation vibrations of C-H bonds in the aromatic rings
[131, 148, 149] probably in syringyl units [148, 149] and is also associated
with some possible overlapping of stretching vibrations of C-O bonds [148,
153]. This could signify a higher number of un-substituted positions in the
aromatic ring or rearrangement of peripheral groups attached to it [154]. The

mechanism of this effect, induced by the strong acid, is not clear. Similar
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observations are found elsewhere [150, 154, 155]. In [155] some possible
mechanisms of rearrangement in the lignin structure are speculated. However,
the large absorption in these wavelengths perhaps also signifies that there is
still TFA remaining in the samples, although they were left to dry before FTIR
was performed. TFA has an intense absorption band at 1000-1200 cm™ [156].
In this case, the fact that this peak is less intense in the electrosprayed sample
than in the solvent-cast sample, could indicate that TFA evaporated more
easily from the electrosprayed lignin because it consists of fine
microgranules. If this is the case, then any other structural changes in the
lignin structure would be concealed.

Solvent-cast and electrosprayed lignin have intense absorption peaks in the
region 640-850 cm™. These peaks are attributed to deformation vibrations of
C-H bonds in aromatic rings [148] or C-H out-of-plane vibrations in guaiacyl
units [150]; perhaps another indication of un-substituted positions in the
aromatic ring or rearrangement of peripheral groups.

Generally, in most peaks there is a shift towards higher or lower wavenumber
values between pristine and electrosprayed lignin, indicating small structural
differences between them. However, the ATR-FTIR spectra don’t provide
strong evidence of major structural changes in lignin after its dissolution in
TFA. Instead, it is possible that some quantity of TFA doesn’t evaporate due

to intermolecular interactions with the lignin macromolecules.
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Figure 5.12: ATR-FTIR spectrum of electrospun lignin/r-PET mat in comparison

with the spectra of electrospun (electrosprayed) lignin and electrospun PET;

a) presenting the whole region (wavenumber from 4000 to 500 cm™); b) presenting
the magnified region
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i) lignin/r-PET blend

Figure 5.12 unveils the ATR-FTIR spectrum of electrospun lignin/r-PET mats
in comparison with the spectra of electrospun (electrosprayed) lignin and of the raw r-
PET that was used in the experiments. The electrospun r-PET had identical spectrum
with the raw PET, so only the former is presented here. The electrospun lignin/r-PET
mat, the spectrum of which is presented here, consisted of a 50-50 lignin-PET blend.
Spectra of different lignin-PET ratios exhibited absorption peaks at the same
wavenumbers.

Table 5.5 summarizes the absorption peaks of electrospun r-PET and their
respective types of vibrations as described in the literature. Here, the most distinctive
peaks of the r-PET spectrum appear in 1719, 1408, 1242, 1095, 1018, 872 and 723 cm’
! These peaks appear in the electrospun lignin/r-PET mat almost at the same
wavenumbers. The same happens with the main lignin absorption peaks (see Table
5.4). The fact that most of the peaks in the blend appear unchanged compared to those
of the pure polymers, is an indication of weak intermolecular interactions between
them.

Kadla and Kubo [94] reported that in the blend of lignin with PET, the
intermolecular bonds consisted mainly of weak intermolecular interactions rather than
hydrogen bonding. In the area around 3300-3500 cm, which corresponds to hydroxyl
stretching due to hydrogen bonding, there is a shift in the peak shown in Figure 5.12a
(from 3418 to 3447 cm™). This is a possible indication of some hydrogen bonding
development between the two polymers. However, the peak at 1719 cm™, which shows

the C=0 stretching in the r-PET molecules, appears almost unchanged in the blend,
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therefore, it can be assumed that there is only a small degree of hydrogen bonding, in

accordance with the observations by Kadla and Kubo.

Table 5.5: Absorption peaks and types of vibrations in the electrospun r-PET sample

Peak
location Type of vibration
(cm™)
1719 C=0 stretching [152]
1408 Para-substituted benzene ring, ring C-H in-plane deformation, ring C-C
stretching [152]
1240 (C=0)-C stretching of ester, ring-ester in-plane mode, amorphous
phase [152, 157]
1095 Ester C=0 stretching / O-CHj stretching, in-plane ring mode,
amorphous phase [152, 157]
1042 Gauche O-CHj stretching, amorphous phase, gauche conformation
[152]
L018 Para-substituted benzene ring, ring C-H in-plane deformation, gauche
conformation [152, 157]
872 Para-substituted benzene ring, ring C-H out-of-plane vibration,
crystalline phase [152, 157]
723 Ring C-C bending and ring C-H out-of-plane [152, 157]

5.1.6 Elemental analysis

Elemental analysis of the electrospun nanofibers was performed through EDS
in order to investigate how the lignin/r-PET mass ratio influences the carbon and
oxygen content in the fibers. Particularly, two mass ratios were investigated: 50/50 and
90/10. The samples examined in this case were the samples 4 and 13 respectively from
Table 4.3. It was decided to focus on this region of mass ratios, as it was found that
mass ratios between 50/50-90/10 yield much better carbonization results than the mass

ratios which are less than 50/50. This is explained and analyzed in Section 5.2.
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Figure 5.13: EDS spectra of the electrospun nanofibers with different lignin/r-PET
mass ratio; a) 90/10; b) 50/50

The results showed that the 90/10 sample consists of 54.67 + 1.07% C, 29.16
+ 2.08% O and the balance (16.17 + 1.12%) of other elements (F, Na, K, S, Cu) per
unit mass (Figure 5.13b) (average of two measurements). EDS doesn’t detect H,
therefore this analysis is based on unit mass without H. The 50/50 sample consists of
57.36 £ 1.95% C, 32 + 2.33% O on average and the balance (10.64 + 1.4%) of other
elements (Figure 5.13a) (average of two measurements). Therefore, the starting kraft
lignin contains less C and O than r-PET and a significant amount of impurities (ash).
However, it was decided not to purify the starting kraft lignin for three reasons. First,
in order to avoid one additional step of treatment; second, in order to demonstrate the
feasibility of producing the desirable CNFs from untreated lignin; and third because

impurities of alkali and transition metals catalyze the gasification reactions and assist
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the development of porosity during carbonization [158]. The detection of F in the
electrospun samples denotes the presence of TFA which hasn’t evaporated from the

samples, in connection to the results from ATR-FTIR presented in Figure 5.11.

5.1.7 Thermal behavior and miscibility of the lignin/r-PET blend

A common way of assessing the miscibility of polymers is by monitoring the
thermal behavior of their blends in various compositions. The appearance in the blends
of a single glass transition temperature (Tg), which is dependent on the blend
composition, signifies full miscibility at a dimensional scale between 5-15 nm [94].
The appearance of two distinct glass transition temperatures, however, is an indication
of immiscible polymers.

Figure 5.14 presents the DSC curves of the electrospun mats prepared from
lignin/r-PET blends of various compositions. In addition, the thermograms of the
pristine untreated lignin (100/0) and the starting r-PET (0/100) are presented. In order
to reveal more details about the thermal behavior of PET, its thermogram in the region

60-130°C is magnified.
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Figure 5.14: DSC thermograms of electrospun mats prepared from various lignin/r-
PET blends (80/20, 65/35, 50/50, 35/65, 20/80), the pristine untreated lignin (100/0)
and the starting r-PET (0/100). The dashed ellipses indicate the regions of cold
crystallization

The r-PET has Tg at 70.5°C as indicated by the respective slope appearing at
that region. The large endothermic peak at 250.9 indicates its melting temperature
(Tm), while the broad exothermic plateau in the region 95-120°C is associated with its
cold crystallization temperature (Tcc). The T of pure PET generally appears in the
region between 100-160°C, while its Ty is generally between 70-80°C [116-118, 159].

On the other hand, the Tq4 of lignin generally varies depending on its source,

while it doesn’t exhibit any melting temperature since it is amorphous due to its
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complex structure [160-162]. Here, the T of lignin appears at approximately 88.7°C.
One can observe that each lignin/r-PET blend has one single T4 which depends on the
blend composition. Increasing the mass fraction of lignin, there is a slight gradual
increase in the Tg of the blend from the curve of pure r-PET (0/100) towards the curve
of pristine lignin (100/0). It can be deduced that the incorporated amorphous lignin
interacts with r-PET at molecular level and restricts the motion of the polyester
macromolecules, raising its Tq. Therefore, there is evidence that the two polymers are
miscible.

Due to the close proximity of the glass transition temperature between pristine
lignin and raw PET, as well as the moderate inclination that the DSC curves exhibit at
that region, there could be a possibility of overlapping between two separate peaks;
this scenario would conceal the possible immiscibility between lignin and r-PET.
Nevertheless, this case should be rejected since the Tcc and Tm peaks provide a
collateral evidence for the good miscibility of the two polymers. It is clear that the cold
crystallization region in the raw r-PET shifts gradually towards higher temperatures
with increasing lignin content, until it disappears for lignin mass fraction higher than
65 wt% (the trend is highlighted with the dashed ellipses in Figure 5.14).

In addition, the melting temperature of r-PET gradually decreases with
increasing lignin content (from 250.9°C at 0 wt% lignin to 242.3°C at 35 wt% lignin)
until it practically vanishes for more than 50 wt% lignin content. This is an indication
of amorphous structure, or perhaps only minor regions in the blend are crystalline,
which are undetectable in the thermograms here. It can be inferred from the
observations regarding Ty, Tec and Tm, that lignin interacts with the polyester
macromolecules, restricts their mobility and impedes their crystallization. The lignin-

PET interactions disrupt the integrity and purity of r-PET spherulites and induce a drop
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in the melting temperature of the polyester. Similar behavior has been reported for the
blend of lignin with poly(lactic acid) [162, 163]. These results provide therefore strong
support to the hypothesis that lignin and r-PET exhibit good miscibility, and agree with

previous observations for the same polymers [94].

5.1.8 Section summary

In this Section it was demonstrated how a designed experimental approach
enabled the modeling of the electrospinning process, the investigation of the influence
of the process variables on the morphology of the electrospun fibers and the
identification of the conditions that decrease the average fiber diameter. For the
electrospinning process, only the solution concentration and the spinning distance
were found to influence the fiber diameter. In contrast, the applied voltage, the flow
rate and the lignin ratio in the polymer blend were insignificant to the fiber diameter
and to its standard deviation for the range of factor values examined in this
experimental design. Hence, it was found that decreasing the solution concentration
induces a decrease in the average fiber diameter of the electrospun mats. A further
experimentation under these conditions enabled the preparation of electrospun
nanofibers with average diameter as low as 80 nm. This is a very important result as
this value represents a scaling down of lignin/PET fiber diameters by two orders of
magnitude compared to lignin/PET fibers produced by other methods reported in the
literature. This scaling down in the average fiber diameter maximizes the external
surface area of the fibers, a property which is crucial for a variety of applications.
Furthermore, examination of the electrospun mats with ATR-FTIR indicated the
blending of the two polymers via weak intermolecular interactions. Evidence of the

good miscibility between lignin and r-PET was also provided by DSC measurements.
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Moreover, elemental analysis with EDS highlighted how the carbon content in the
fibers changes with the lignin/r-PET mass ratio, and revealed the presence of

impurities mainly in the starting kraft lignin.

5.2 Carbonization of the precursor electrospun nanofibers: the synergy between
the mass ratio and the average fiber diameter

After producing electrospun nanofibers of desired morphology at certain
lignin/r-PET mass ratios, the next step of this research was to carbonize them for their
transformation into CNFs. Some preliminary experiments suggested that the
carbonization yield is much better when the percentage of lignin in the blend is higher
than 50%. Therefore, it was decided to focus on lignin/r-PET mass ratios between
50/50-90/10, as there were spinnability problems beyond 90/10. Moreover, it was
found that in this whole range of mass ratios it is feasible to produce electrospun
nanofibers with average diameters lower than 100 nm, when a solution concentration
of 10% w/v was used. The electrospinning conditions for producing the mats that were
used in the experiments included in this Section are presented in Chapter 4.

Furthermore, it was repeatedly observed that the production of CNFs with a
well-formed filamentous structure is only possible under certain conditions regarding
the mass ratio between lignin and r-PET and the average diameter of the precursor
electrospun nanofibers. In this section, the conditions leading to the successful
fabrication of CNFs are described, while the reasons leading to the collapse of the
fibrous structure when these conditions are not met are illuminated. First, the nano-
diameter effect will be analyzed for fibers prepared from 50/50 lignin/r-PET (Section
5.2.2), and the discussion will be extended for different mass ratios, in which the

combined effect of the mass ratio with the nano-diameter will be explained.
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5.2.1 The decomposition profiles of lignin and of r-PET

Figure 5.15 shows the decomposition of pristine lignin in comparison with that
of the electrosprayed lignin. Pristine lignin undergoes a multiple-stage decomposition,
the first stage of which is located between 154-400°C (after the removal of moisture
at T<100°C). At this wide stage, the cleavage of weaker bonds (e.g. C-O) takes place
with the maximum rate of decomposition appearing at 295°C. The asymmetrical shape
of this peak indicates the diversity of the decomposition reactions taking place, which
is due to the irregular structure of lignin. The evolution of medium-volatile
constituents continues until around 600°C, above which the final stage of lignin
decomposition takes place, with the cleavage of stronger bonds (e.g. C-H) [164, 165].
This profile is in accordance with similar curves for commercial lignin found in the
literature [43, 166].

Inspection of Figure 5.15 shows clearly that the first stage of decomposition of
electrosprayed lignin is much different than that of the pristine one. Between 185-
267°C there is a significant weight loss, followed by a smaller weight loss between
267-400°C. In the first of these two regimes, the rate of weight loss reaches the peak
value of 0.56%/°C at 237°C, which is much higher (more than double) than that at the
peak of pristine lignin (0.25%/°C at 295°C). These differences in the two profiles,
indicate that electrosprayed lignin decomposes faster compared to the pristine one, and
a larger amount of volatile gases evolve from its bulk. The second regime reaches its
highest value of decomposition rate (0.17%/°C) at 307°C. At 400°C, the residual
weight is 51.5% and 65% for the electrosprayed and the pristine lignin respectively.

Above this temperature, there is no significant change in DTG curve between these
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two materials, but electrosprayed lignin keeps decomposing at a slightly higher rate.

The final yield at 900°C is 8.6% and 29% respectively.
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Figure 5.15: Weight loss as a function of temperature for the pristine lignin (black)
and for the electrosprayed lignin (red). The dotted lines display the first derivative of
the weight loss

It has been reported that trifluoroacetic acid, the electrospinning solvent used
in this study, induces changes in the lignin molecular structure [155], which are
associated with oxidation of aryl-carbon atoms or attachment of fluoride ions on them,
and possibly with some rearrangement of their peripheral groups. Obviously, these
changes have an impact on the carbonization profile of lignin.

In addition, the most important reason for the difference in the decomposition
profiles between the two samples, is most probably the large size difference between
their granules. Figure 5.16 shows that pristine commercial lignin consists of large

granules with an average size that was measured to be 56.4 + 24 um.
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Figure 5.16: SEM images of pristine, electrosprayed and carbonized lignin;
a) granules of pristine lignin (magnification x100); b) electrosprayed lignin (x500);
c) electrosprayed lignin (x10,000), d) carbonized electrosprayed lignin (x10,000)

In contrast, the electrospinning process produces spray of very small droplets,
which after deposition on the collector and evaporation of the solvent, results in the
formation of submicron-sized rough granules of electrosprayed lignin (Figure 5.15b-
c¢). The average diameter of these granules was measured to be 669 = 228 nm. This
almost hundred-fold decrease in the average size of lignin particles results in a vast
increase in the total surface area per unit mass. More precisely, and assuming spherical
granules and by simple geometrical calculations, decreasing their average diameter by
84.3 times, increases their specific surface area by around 7,106 times. Since the

decomposition process is dependent on heat transfer towards the interior of the
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particles and mass transfer from their interior to the atmosphere, such a massive
increase in the surface area of the granules is expected to speed up the whole process.
The reason is that more molecules are on the surface or near the surface of the granules,
and the volatile gases can escape faster through diffusion from their core. Indeed, the
TGA profiles of these two samples demonstrate this effect.

Moreover, the complex irregular structure of lignin results in the absence of
melting temperature as it was shown in the previous section. In the case of the
carbonization of lignin/r-PET fibers, this property of lignin is desirable, since it allows
the preservation of the fibrous structure, as the fibers are slowly carbonized without
melting. Figure 5.16d shows the electrosprayed lignin after having been carbonized at
800°C under inert atmosphere. The granules retain their shape, while their size
distribution remains at the same levels as of the starting electrosprayed ones (622 +
213 nm).

Using lignin alone, it was not feasible to produce electrospun fibers. This is
attributed to the relatively low molecular weight of the lignin used here, which results
in the absence of extensive chain structures and molecular entanglements [23]. This in
turn results in lignin solutions of relatively low viscosities, or at least lower than the
values required for the successful formation of fibers. For the electrospinning
technique, it is well known that if the viscosity of the solution is relatively low then
the jet breaks into droplets under the influence of the electrostatic field [17]. Therefore,
it was not possible to produce lignin nanofibrous mats of different average fiber
diameters and to compare their decomposition rates.

Figure 5.17 presents the TGA curve of the starting r-PET as well as that of the
electrospun r-PET. The fibrous mat of electrospun r-PET consisted of fine fibers with

average fiber diameter of 204 + 90 nm (sample 7, Table 4.2) (see Figure 5.18). Here
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the behavior is totally different than in the case of lignin. Both samples exhibit an
almost identical TGA profile, with a main decomposition step taking place at 340-
476°C, and a maximum decomposition rate of 2%/°C appearing at 409°C. This peak
temperature is in accordance with the decomposition profiles of PET found in the
literature [167, 168]. Although the r-PET electrospun mat consisted of very fine fibers
with much larger surface area than the small pieces of the starting r-PET, it seems that
the nanoscale dimension plays no role in its decomposition profile. The reason is that
r-PET melts at 250.9°C, much earlier than the onset of decomposition. Therefore, by
the time the material reaches 340°C, the nanofibers have been transformed into a

shapeless melt (see Figure 5.18b-c).

100 . —-—Pristine PET - Weight%
------------- Pristine PET - dw/dT

—-—Electrospun PET - Weight% [~ 2.0
------------- Electrospun PET - dw/dT

- )
80 5
—_ <
2 =
£ 60 - 0,
o) (=]
© ~
= 2
40 4 o
@
(1]
20 3"9:;
) O

0.0

I M 1 M 1 ' 1
200 400 600 800
Temperature (°C)

Figure 5.17: TGA curves of the starting r-PET and of the electrospun r-PET
nanofibers
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Figure 5.18: SEM images of electrospun r-PET nanofibers; a) average fiber diameter
of 204 + 90 nm; b) and c) the same nanofibers after being heated at 300°C under N>

The decomposition continues at higher temperatures until the residual weight
reaches almost 0% at 900°C. In the case of r-PET it is feasible to produce electrospun
mats of varying average fiber diameter using r-PET alone. Nevertheless, due to the
melting of these mats at 250.9°C, they all lose their filamentous structure and they

decompose at a similar rate at 409°C.

5.2.2 The effect of the nanoscale dimension

Understanding the carbonization of electrospun lignin/r-PET fibers is crucial
for the preparation of tailor-made carbon nanofibers with a well-formed structure. In
order to examine the effect of lowering the diameter to the nanoscale, electrospun
samples of varying average fiber diameter were prepared and their TGA curves are

presented in Figures 5.19 and 5.20.
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Figure 5.19: Weight loss as a function of temperature for electrospun 50/50 lignin/r-
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Figure 5.20: DTG curves of the electrospun 50/50 lignin/r-PET fibrous mats
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In the figures, the TGA profiles of six electrospun samples consisting of fibers
with average diameter of 80, 121, 245, 387, 547 and 781 nm respectively are displayed
(see Table 4.2 for the electrospinning conditions). All samples were prepared using a
lignin/r-PET mass ratio of 50/50. Here, it is apparent that the fibers decompose in
distinctive steps, which correspond to the regimes found in pristine lignin and in r-
PET. The first major step is located between 180-260°C and is attributed to the
decomposition of lignin; this is followed by a smaller regime around 300°C, similar to
the one appearing in electrosprayed lignin. In the region between 325-460°C, the major
decomposition of the r-PET chains take place. Finally, there are two more
decomposition regimes, one located between 500-600°C and another one at higher
temperatures; both are mainly attributed to lignin.

The effect of lowering the average fiber diameter to the nanoscale is explicit in
the first decomposition regime of lignin (180-260°C). The relatively thicker fibers
(387-781 nm) exhibit a peak of maximum decomposition rate of 0.24-0.26%/°C
(Figure 5.20). However, a higher peak is observed as the diameter decreases. For the
fibers of 245 nm the decomposition rate reaches a peak value of 0.28%/°C, and for
those of 121 nm their decomposition rate reaches a peak of 0.33%/°C. Furthermore,
the thinnest fibers (80 nm) exhibit the highest peak in this region, as their
decomposition rate reaches a maximum of 0.40%/°C. This is around 60% higher than
the maximum decomposition rate of thicker fibers (>387 nm). These values refer to
the peak in the decomposition rate exhibited by the samples in this region, not to the
average rate. However, if a comparison based on the average rate is performed, then
the thinnest fibers will again have the highest value, as it is reflected in the weight loss
measured in this region. For fibers of 387-781 nm, the weight loss between 180-260°C

is around 8.5-9.3%. Fibers of 245 nm exhibit a weight loss of 10.3%, those of 121 nm
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exhibit a weight loss of 11.3%, and the maximum weight loss in this region is found
for the minimum fibers of 80 nm, and it is measured 14.5%. These numbers are

concisely presented in Figure 5.21.
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Figure 5.21: The influence of the average fiber diameter in the maximum
decomposition rate (%/°C) and in the weight loss (%) of the precursor fibers in the
region 180-260°C

As already mentioned, the carbonization of the electrospun fibers is a process
involving restrictions due to heat and mass transfer. From the previous observations,
it can be concluded that these restrictions are dominant in fibers of relatively larger
diameter (>387 nm). The transfer of heat towards the interior of the fiber and the
evolution of volatiles from its core due to diffusion obviously limit the rate of
decomposition, to a value that is almost constant over a wide range of diameters (387-
781 nm). However, as the average diameter is reduced to less than 245 nm, it seems
that these restrictions diminish. Reaching the minimum diameter of 80 nm, these
limitations play a minimum role, and here it seems that the overall rate of the process

is mainly controlled by the decomposition reactions taking place inside and on the
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surface of the nanofibers, as the volatile products can be transported more easily to the
atmosphere. This effect for the decomposition of nanofibers, although rational, has
scarcely been reported. J.S. Ye et al. [169] have presented a higher weight loss for
PAN-based electrospun nanofibers of 39 nm average diameter compared to thicker
nanofibers, although their study was focused on different aspects.

During carbonization, a higher specific surface area is expected to facilitate the
heat transfer towards the interior of the fibers and the mass transfer of the
decomposition products to the atmosphere through molecular diffusion. Moreover, a
sample of higher surface area will have more molecules exposed on its surface, which
can more easily undergo decomposition. Assuming nanofibrous mats of equal mass,
prepared from the same raw material, with fibers of a uniform cylindrical shape, and
using simple calculations based on their geometry, one can calculate that a relatively
small decrease in the average fiber diameter will have a large impact on their total
length and specific surface area. Specifically, the electrospun nanofibers with average
diameter of 80 nm are 128% longer than those of 121 nm, 838% longer than those of
245 nm and 2240% longer that those of 387 nm. Moreover, the sample having average
diameter of 80 nm will theoretically have 51% higher external surface area than the
sample of 121 nm, 206% higher external surface area than the one of 245 nm, and
383% higher than the one of 387 nm (external surface without taking into account any
porosity, as the assumption that the electrospun nanofibers are not porous is valid
here). Finally, considering the ratio of surface to volume, which shows the number of
molecules exposed on the surface compared to those confined in the bulk, the sample
of 80 nm will also have 50%, 206% and 383% higher ratio compared to the samples
of 121, 245 and 387 nm respectively. Comparisons with the samples which are made

of thicker fibers, reveal a much larger difference. The fact that the samples consist of



125
fibers, which have a distribution of diameters over a wider range, doesn’t influence so
much these calculations, as the samples exhibit a similar fiber distribution with
standard deviation around 30-40% of the average diameter.

Regarding the decomposition regime of r-PET, which appears between 325-
470°C, having a peak at around 383°C, it seems in Figure 5.20 that the sample of 80
nm shows a lower decomposition rate than the rest. However, its peak is broader to the
right, and calculations regarding the % weight loss show that it is similar for all
samples in this region, around 31-33%. This amount is lower than the total% of r-PET
mass present in each sample (50%). This means that due to the presence of lignin and
the intermolecular interactions between these polymers, not all the r-PET decomposes
in this region. Instead, a part of it decomposes at higher temperatures.

The differences in the decomposition noticed among the samples with respect
to their average fiber diameter, can be observed by examining their SEM images after
their carbonization at 600°C under N». Figures 5.22a-f present these results, comparing
between the precursor electrospun (on the left) and the same sample after carbonization
(on the right), for all the samples of different diameters. In the experiments conducted
here, carbonizing at even higher temperature (e.g. at 800°C) didn’t change the
morphology of the fibrous mat.

As the SEM images suggest, the effect of the average fiber diameter, which
was observed in the TGA, has an impact on the shape of the carbonized fibers. The
samples of relatively larger average diameter (>387 nm) retain their fibrous structure
during carbonization. There is no obvious melting or perhaps only at a minor degree,
which doesn’t destroy the original cylindrical form of the fibers. The final carbon
fibers have average diameter at the same levels as the precursors. However, as the

diameter is lowered to the nanoscale, there seems to be melting and fusion of the fibers.
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Figure 5.22: Carbonization results for the electrospun 50/50 lignin/r-PET fibrous
mats of different average fiber diameter. The precursor mats are presented on the left,
and the corresponding carbonized ones on the right; a)-b) 781 nm, ¢)-d) 547 nm, e)-f)
387, g)-h) 245 nm, i)-j) 121 nm, k)-1) 80 nm. Magnification: images a)-f): x3000,
images g)-h): x5000, images i)-1): x10000
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Figure 5.22: Carbonization results for the electrospun 50/50 lignin/r-PET fibrous
mats of different average fiber diameter. The precursor mats are presented on the left,
and the corresponding carbonized ones on the right; a)-b) 781 nm, c)-d) 547 nm, e)-f)
387, g)-h) 245 nm, i)-j) 121 nm, k)-1) 80 nm. Magnification: images a)-f): x3000,
images g)-h): x5000, images i)-1): x10000 (continued)

The sample of 121 nm shows a considerable degree of melting, while in the
sample of the minimum diameter (80 nm) the melting and fusing is so extensive that

the structure cannot be characterized as “fibrous”. This melting is expected to have an
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impact on the surface area of the fibers and to compromise their applicability in
relevant applications. It must be mentioned here, that the addition of a “stabilization”
step of heating in air before carbonizing them under inert atmosphere, did not prevent
the fibers from fusing, although it has been reported effective in other types of lignin-
based fibers [29, 35].

In the previous section it was shown that lignin and r-PET are fully miscible.
R-PET itself is a semicrystalline polymer with melting point at 250.9°C, while lignin
is amorphous. When the two polymers are mixed, lignin disrupts the integrity of the r-
PET spherulites as it is intercalated among the r-PET chains and restricts their
movement. However, and based on the results from the TGA studies, it seems that the
decomposition of the lignin macromolecules occurring at 180-260°C gives the chance
to r-PET chains to gain some mobility. This result is more pronounced in the
nanofibers of 80 nm, where the decomposition rate is much higher. Therefore, a visible
melting behavior appears to some extent, and it results in the fusion among the
nanofibers of the minimum average diameter. Heating these nanofibers under N2 with
the same heating rate until just 300°C reveals that the melting has already occurred at
that temperature and that it has destroyed the fibrous network (see Figure 5.23). This
means that the fusion of the nanofibers is manifested at the region of lignin
decomposition for the above-mentioned reasons. In contrast, there is no visible melting
and fusion in the samples of thicker fibers.

The hypothesis, that the decomposition of lignin up to 300°C results in an
increased mobility of the PET chains and therefore in the melting of the nanofibers,
was tested using DSC. Four of the samples were heated one after the other inside the
tubular furnace at standard heating rate (5°C/min) up to 300°C, without holding them

at that temperature, and then they were left to cool down. The whole process was
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carried out under N> atmosphere. The four samples were those with average fiber
diameter of 80, 121, 387 and 781 nm respectively. After they cooled down, their DSC

curves were recorded and are presented in Figure 5.24.

Figure 5.23: The effect of heating on lignin/r-PET electrospun nanofibers; a) lignin/r-
PET electrospun nanofibers heated under N2 up to 300°C; b) comparison of
shrinkage and warp between mats of different average fiber diameter. The samples
are: 80 nm vs. 781 nm, heated under N2 at 300°C. Lignin/r-PET is 50/50 in both

images
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Figure 5.24: DSC curves of the samples with average fiber diameter of 80, 121, 387
and 781 nm, after they were heated up to 300°C. Lignin/r-PET is 50/50

The DSC curves illuminate the differences in the carbonization behavior of the
samples based on their diameter. It seems that the samples of small diameter (80 and
121 nm) exhibit clear melting peaks in the region of 230-240°C. Both peaks are very
broad, indicating a non-uniformity of the melting regions. The enthalpy of melting for
both samples was measured to be around 1.1-1.2 J/g. In contrast, for the samples of
large diameter, the melting peak is much less pronounced, and almost undetectable.
For both samples, integration of the curve at this region gave an enthalpy of melting
of around 0.4 J/g. This value is much lower than that of the samples of small diameter.
Hence, there are much fewer regions inside the material that melt. This observation
confirms the hypothesis that the increased decomposition of lignin up to 300°C in the
minimum-diameter nanofibers is responsible for their more pronounced melting,
compared to the thicker fibers.

In addition, besides the melting of fibers observed microscopically in the

nanofibrous mats of minimum diameter when they are heated, macroscopically these



131
samples show a larger shrinkage and warp compared to those consisting of thicker
fibers, and they become more brittle during carbonization (see Figure 5.23, for the
samples heated up to 300°C). This behavior denotes that during their heating more
volatiles are evolved, their hydrogen and oxygen content is reduced more rapidly, and
in the end, they yield a stiffer material consisting of a higher percentage of carbon.

This assumption was validated and confirmed by performing elemental
analysis using EDS for the samples of 80 nm and 781 nm, after they were heated at
320, 490 and 800°C under inert atmosphere (Figure 5.25). This analysis reveals that as
these samples are heated, the carbon content in the sample of minimum diameter
becomes gradually higher than that of the sample of maximum diameter at the same

temperature, while the oxygen content becomes progressively lower.
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Figure 5.25: C% and 0% per unit mass of the samples of minimum and maximum
average diameter, as they are heated under N. atmosphere up to 800°C

It should be pointed out that when the average diameter of fibers is reduced to
the nanoscale, their surface energy has been reported to increase [170]. Hence, an
additional reason here could contribute to the melting of nanofibers, as the excessive

surface energy could provide the potential for an increased degree of melting. Even if
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this phenomenon occurs here, this is an additional, indirect effect of the nano-

dimension.

5.2.3 The effect of the lignin/r-PET mass ratio

In this section, a more detailed description of the melting of nanofibers will be
attempted, as it has been repeatedly observed during this research that at certain
conditions the fibers melt to a smaller or larger extent, therefore, the filamentous
structure collapses. When the degree of melting is extensive, then these electrospun
samples yield a rigid, brittle chunk of char, which has lost its fibrous structure. In
contrast, when there is only minor or negligible melting among the fibers, then these
samples yield carbon nanofibrous mats which have some degree of flexibility and they
retain their filamentous structure. Quantifying the degree of melting is not easy; thus,
it was decided to use a simple qualitative description by distinguishing three categories
for the extent of melting; namely, “extensive”, “moderate” and “minor”. It is termed
as “extensive” the degree of melting which results in the total collapse of the
filamentous structure; in this case, most of the fibers have lost their shape and it is not
possible to distinguish them. Typical examples of this behavior are presented in Figure
5.22l and in Figure 5.23a.

In “moderate” melting, there is an existing yet relatively limited extent of
fusion, especially at the spots where many fibers form “knots”. Here, there is a
significant degree of interconnection among the fibers, but their shape is

distinguishable. Typical examples of moderate melting are presented in Figure 5.26.
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Vac-Hiéh PC-Std. 15kV x 10000

Figure 5.26: Typical examples of samples which presented a moderate degree of
melting during carbonization; a) sample derived from electrospun nanofibers of
50/50 lignin/r-PET with average fiber diameter of 230 nm; b) sample derived from
electrospun nanofibers of 80/20 lignin/r-PET with average fiber diameter of 135 nm;
c) sample derived from electrospun nanofibers of 67/33 lignin/r-PET with average
fiber diameter of 176 nm (see Table 4.3). Scale bar is 2 um in all images

Finally, when the degree of melting is very limited or hard to distinguish, the
term “minor” is used. There are signs of fusion at some spots where the fibers touch
each other, but the degree of interconnection is very limited. Typical examples of
minor melting are presented in Figure 5.27. Although this is a subjective description
and the limits between these categories are not well-defined, it offers a relatively
precise overview of the behavior of the electrospun nanofibers upon heating, as it is

apparent in the SEM images of Figure 5.28.
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Figure 5.27: Typical examples of samples which presented a minor degree of melting
during carbonization; a) and b) sample derived from electrospun nanofibers of 90/10
lignin/r-PET with average fiber diameter of 171 nm; c) sample derived from
electrospun samples of 50/50 lignin/r-PET with average fiber diameter of 395 nm
(see Tables 4.3 and 4.4). Scale bar is 5 pm in a) and in ¢); scale bar is 2 um in b)
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Figure 5.28: The morphology of the electrospun (left) and of the carbonized (right)
nanofibers of minimum average diameter (<100 nm). The brackets show the varying
lignin/r-PET mass ratio. Scale bar in all SEM images is 2 um
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Figure 5.28 presents the effect of the lignin/r-PET mass ratio in the
carbonization of electrospun mats, in which the average fiber diameter is in the range
of 80-100 nm, the lowest average fiber diameters produced successfully (see Table 4.3
for the electrospinning conditions). The images on the left side correspond to the
electrospun samples, while these on the right to the carbonized ones. Apparently, when
the lignin/r-PET mass ratio is 50/50, which means that the percentage of r-PET in the
fibers is relatively high, then there is an extensive degree of melting (Figures 5.27a-b).
The fibers have almost completely fused with each other, and the filamentous structure
has collapsed. In contrast, at higher lignin/r-PET mass ratios, when the percentage of
r-PET becomes progressively less, the degree of melting wanes. Thus, at 67/33 there
is an extensive to moderate melting (Figures 5.28c-d), at 80/20 a minor to moderate
melting (Figures 5.28e-f) and at 90/10 only a minor degree (Figures 5.28g-h).

This behavior is justified by the differences in the macromolecular structure
and in the thermal properties between these two polymers as PET is a linear,
semicrystalline polymer with a melting point of around 250°C, while the lignin used
here is highly branched, amorphous and infusible when heated. Therefore, it is
expected that samples which contain a larger amount of r-PET will exhibit more
extensive melting. In the samples of minor melting, the resulting carbon nanofibers

have average diameters similar to the precursor ones.

5.2.4 The synergy between the mass ratio and the average fiber diameter

The behavior described in the previous section is not uniform for the whole
range of average fiber diameters at the sub-micron scale. As the average fiber diameter

of the electrospun sample becomes larger, then the degree of melting becomes much
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less pronounced, even for samples that contain a large proportion of r-PET. Hence the

nano-diameter effect wanes for increasing lignin/r-PET mass ratios.

(50/50)

(67/33)
320 nm

(80/20)
168 nm

Figure 5.29: SEM images showing the morphology of the electrospun (left) and of
the carbonized (right) samples consisting of relatively thicker fibers. Scale bar in a)
and b) is 5 pm; scale bar in the ¢), d), €) and f) is 2 um

Figure 5.29 shows the carbonization results for the four mass ratios examined

here, but for relatively thicker fibers. In Figures 5.29a and 5.29b, it is apparent that the
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electrospun sample consisting of 50/50 lignin/r-PET with average fiber diameter of
387 nm exhibits a minor degree of fusion. So, the fibrous structure is retained and
carbon submicron fibers are produced successfully. For electrospun samples
consisting of 67/33 lignin/r-PET with an average diameter of 320 nm (Figures 5.29c-
d), it is obvious that there is only a moderate to minor melting, and definitely to a less
extent compared to the thinner nanofibers shown in Figure 5.29d. Similarly, fibers
consisting of 80/20 lignin/r-PET with average diameter of 168 nm exhibit a rather
minor degree of melting (Figures 5.29e-f), while for fibers of 90/10 mass ratio the
extent of melting is minor even for the thinnest fibers as shown in Figure 5.28h and
the same occurs for thicker fibers.

As the SEM images in Figures 5.28 and 5.29 indicate and as it was repeatedly
observed when samples of varying average fiber diameters and mass ratios were
carbonized, the samples consisting of the thinnest fibers tend to melt more extensively,
and this degree of melting wanes as the average fiber diameter is increased and as the
lignin/r-PET mass ratio is higher. Concisely, these observations are visualized in
Figure 5.30. Here, the darkest regions correspond to a higher degree of melting, while
the lighter ones to a lower degree. The purpose of this figure is to provide a rough
estimation and a better understanding, but not to set distinct and rigor limits between
the regions. This figure was drawn based on the carbonization results of the samples
given in Table 4.3, and after additional replication experiments. Here, it must be
mentioned that it has been repeatedly noticed that the melting in each sample is
manifested even when it is heated under N2 up to just 250-300°C. Further heating to
higher temperatures doesn’t contribute to the extent of melting, but rather it only serves
as the route to transform the samples into carbon fibers. In other studies where carbon

fibers are produced from the carbonization of lignin, it is commonly suggested that
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including a stabilization step of heating in air at around 250°C can help in preserving
the filamentous structure [35]. However, adding a stabilization step here didn’t make
any difference in the degree of fusion between the fibers, probably because this is

caused by the presence of r-PET.

'E 480 - Minor
C 440 - melting
—
o 400 -
)
£
IE
b o] Extensive
‘5 melting
2
g
(]
e]1]
©
S
S
<
I
50 60 70 80 90 100

% Lignin mass ratio

Figure 5.30: The approximate degree of melting with regards to the lignin/r-PET
mass ratio and to the average fiber diameter of the electrospun samples
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Figure 5.31: CNFs with average fiber diameter of 116 nm fabricated from 90/10
lignin/r-PET (see Table 4.3)

e . s £ . | '
Vac-High PC-Std. 15kV x 10000 s—— 004893

Figure 5.32: CNFs with average fiber diameter of 125 nm fabricated from 90/10
lignin/r-PET (see Table 4.3)
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Hence, confirming the conditions mapped in Figure 5.30 that lead to successful
fabrication of infusible CNFs with an average diameter close to 100 nm, a few more
SEM images of these CNFs are provided in Figures 5.31 and 5.32. These samples were
fabricated from 90/10 lignin/r-PET (see Table 4.3 for the electrospinning conditions).
Such a small average fiber diameter for lignin-based CNFs has rarely been reported.
Moreover, it is necessary to mention that there was an attempt to fabricate
CNFs from lower lignin/r-PET mass ratios (that is <50/50). When electrospun fibers
with average diameter of around 400 nm consisting of a 40/60 lignin/r-PET ratio were
prepared, it was observed that during carbonization there was a moderate to extensive
melting (Figure 5.33). This is attributed to the high content of r-PET. So, for 40/60
mass ratio, samples of different average fiber diameter were not prepared to study their
behavior. Instead, it was chosen to focus on samples containing less r-PET, from which
there is evidence that thinner carbon nanofibers can be produced. Thus, it was decided

to focus only on lignin/r-PET ratios between 50/50-90/10.

e
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Figure 5.33: SEM images of the carbonized sample derived from lignin/r-PET 40/60
mass ratio with average fiber diameter of 406 nm
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In Figure 5.34, the weight loss and the decomposition rates of lignin/r-PET
electrospun samples prepared from different mass ratios (50/50-90/10) can be seen, as
they were monitored through thermogravimetry in the region between 50-800°C. All
of the samples presented here consist of nanofibers with similar average diameters (80-
100 nm), the minimum range of average diameters produced successfully (see Table

4.3 for the electrospinning conditions).
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Figure 5.34: The decomposition profiles of the lignin/r-PET electrospun nanofibers
of minimum average diameter

The results indicate that in the region between 180-260°C (the first
decomposition regime of lignin), the samples which contain a larger amount of lignin
exhibit a higher weight loss and a slightly higher decomposition rate (see Table 5.6).
In this region, the percent of weight loss for the sample of 50/50 is measured 14.5%,
for the sample of 67/33 it is 17.2%, for the one of 80/20 it is 17.4% and for that of

90/10 it reaches the value of 19.2%. Similarly, the maximum decomposition rate
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(peak) in this region appears in the sample which contains the highest amount of lignin
(90/10), and it is measured to be 0.45%/°C. The sample of 50/50 reaches a maximum
rate of 0.40%/°C. Furthermore, in the region where the r-PET decomposes (330-
470°C), the sample containing the highest amount of r-PET shows the highest peak of
decomposition (0.36%/°C) and the highest weight loss, while the other samples

decompose at a significantly lower rate here.

Table 5.6: Thermogravimetric features in the region 180-260°C for different mass
ratios (Figure 5.34)

Lignin/r-PET mass ratio

50/50 67/33 80/20 90/10
Maximum
decomposition 0.40 0.43 0.43 0.45
rate (peak)
(%/°C)

Focusing on the samples with mass ratios 50/50 and 67/33, which melt to a
larger extent when their average fiber diameter is minimum, a comparison of the
thermogravimetric curves between samples of different average diameters illuminates
the cause of this phenomenon. Figure 5.35 presents a comparison of the decomposition
rates between samples of the minimum average fiber diameter (which melt to a larger
extent) and samples of relatively larger average fiber diameter (which show a minor
degree of melting) for these two mass ratios (see Table 4.3 for the electrospinning
conditions of each sample). This Figure reveals that the samples of minimum average
fiber diameter decompose at a significantly higher rate compared to those consisting

of a larger average fiber diameter in the first region of lignin decomposition, i.e.
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between 180-260°C. The features measured for these 4 samples are concisely

presented in Table 5.7.
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Figure 5.35: The combined effect between the mass ratio and the average fiber

diameter in the decomposition of lignin/r-PET electrospun nanofibers
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For the samples consisting of 50/50 lignin/r-PET, the nanofibers of 80 nm

reach a maximum decomposition rate (peak) of 0.40%/°C, while those of 387 nm reach

a peak of only 0.25%/°C. Similarly, for 67/33 lignin/r-PET the nanofibers of 97 nm

reach a maximum rate of 0.43%/°C, while those of 320 nm reach a maximum rate of

just 0.35%/°C (Table 5.7). It seems that as the lignin/r-PET mass ratio increases, the

“gap” in the decomposition rate between the thinnest and the thicker fibers closes.

Thus, for 50/50 lignin/r-PET the maximum rate reached by the thinnest fibers is 60%

higher than the peak of the larger fibers, while for 67/33 the peak of the thinnest fibers

is just 23% higher of the thicker ones (as noted on Figure 5.35). This means that as the
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lignin/r-PET ratio increases, the difference in the decomposition rates between fibers
of different diameters decreases, and the effect of the diameter becomes less
significant. This observation explains why at high lignin/r-PET ratios the degree of

melting doesn’t vary much among fibers of different diameters (Figure 5.30).

Table 5.7: Thermodynamic features in the region 180-260°C: the synergy of the mass
ratio with the average fiber diameter

Mass ratio 50/50 Mass ratio 67/33
387 nm 80 nm 320 nm 97 nm
Maximum
decomposition 0.25 0.40 0.35 0.43
rate (peak)
(%/°C)

At high lignin/r-PET mass ratios, there is a higher percentage of lignin
macromolecules on the surface and inside the fibers. As the nanofibers are heated, they
reach the region of 180-260°C, and lignin starts to decompose. When the fibers contain
a higher percentage of lignin, it seems that the lignin decomposition reactions
themselves are more significant than the heat and mass transfer for the overall rate of
the process, because less r-PET macromolecules are present and, so, they hinder to a
lesser extent the decomposition of lignin. The hindering effect of the r-PET is based
on the fact that they occupy parts of the fiber surface, and also by the fact that they
absorb energy in this region (180-260°C) without decomposing. Therefore, at higher
lignin/r-PET mass ratios, the mass ratio itself becomes more important than the fiber
diameter, as it is shown in the thermogravimetric results of Figure 5.35 and also in the
morphologies of Figure 5.29. Here, this is the first time that the combining effect

between the mass ratio and the average fiber diameter has been reported to determine
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the morphology of the carbonized fibers, when a blend of polymers is used as
feedstock.

The differences in the decomposition of lignin between 180-260°C are crucial
for understanding the distinct melting behavior of each sample, as it will be shown in
the following results from XRD and DSC. As r-PET consists of linear macromolecular
chains, when lignin and r-PET are mixed then the branched macromolecules of lignin
restrict the movement of r-PET chains and they hinder its crystallization, as it was
shown in Section 5.1.7. The extent of this hindrance depends on the mass ratio of
lignin.

When pure r-PET is used, the r-PET nanofibers prepared from the
electrospinning process are amorphous, as it is revealed when they are examined with
XRD (Figure 5.36, for an electrospun r-PET nanofibrous mat of 204 nm average fiber
diameter, see Table 4.2 for the electrospinning conditions). This is not unexpected;
instead, this has been reported in the literature in several occasions [171, 172] not only
for PET but for other polymers as well [17]. This absence of crystallinity in the as-
prepared r-PET nanofibers can be explained by the rapid solidification process during
electrospinning [17]. However, when these r-PET nanofibers are heated, they totally
melt at around 250°C, because they pass through a crystallization phase at around 150-
190°C [172]. As a certain amount of lignin is mixed with r-PET (e.g. 30-40%), the
crystallinity being developed in this region is compromised. When the percentage of
lignin is increased, then the crystallization shifts towards higher temperatures and it
becomes less apparent in the DSC thermograms until it is practically undetected when

the lignin/r-PET mass ratio is higher than 67/33 (Section 5.1.7, Figure 5.14).
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Figure 5.36: X-Ray diffraction patterns of electrospun nanofibers prepared from pure
r-PET, from 50/50 lignin/r-PET (as-prepared) and from 50/50 lignin/r-PET after
heating them at 300°C. The curves have been displaced on the y-axis

However, the fact that lignin starts to decompose above 180°C probably gives
the chance to r-PET chains to gain some mobility and to re-organize to a small extent
at some regions, especially when the fiber diameter is minimum and the lignin
decomposition rate becomes maximum. Therefore, when the electrospun samples
reach temperatures between 220-250°C, there is some extent of melting. The fact that
more lignin decomposes when the sample consists of thin nanofibers (~80-100 nm)
compared to samples consisting of thicker fibers (Figure 5.20), probably means that
the r-PET chains gain more space to re-organize, therefore, these samples exhibit a

higher degree of melting compared to the samples which contain thicker submicron



148
fibers. This behavior is more pronounced for samples consisting of lignin/r-PET mass
ratio of 50/50, but it also occurs for samples of 67/33 even to a smaller extent.

This phenomenon can be better understood when an electrospun sample is
heated to 300°C under N2 and then left to cool down at room temperature. In this case,
a portion of lignin has decomposed, while the r-PET chains have not. Therefore, there
can be a detectable difference in the crystallinity between the as-prepared electrospun
sample and the sample heated at 300°C. This difference can be seen in Figure 5.36 for
a sample consisting of 50/50 lignin/r-PET, with average fiber diameter of 80 nm. The
as-prepared sample doesn’t contain any peaks. However, when it is heated at 300°C
and then left to cool down, two peaks emerge: a larger one at 26=17.5° and a broad
smaller one at 26=26.1°. These peaks correspond to characteristic patterns of the
crystal planes of PET (the first peak to (010) and second one to (100) respectively)
[173, 174]. This implies that the sample undergoes some small extent of crystallization
as it is heated, which is obviously enhanced by the decomposition of lignin above
180°C.

Investigation with DSC can contribute to a further understanding of these
phenomena. Again, these measurements were conducted for the electrospun samples
which were heated at 300°C under N2, then left to cool down and afterwards they were
examined with DSC. In Figure 5.37, the DSC thermograms are presented for four
samples in the region of 170-270°C, the region where the melting peak is expected to
appear. The samples shown here are two samples of lignin/r-PET with mass ratio 50/50
and average fiber diameter of 80 nm and of 387 nm, one sample of 67/33 lignin/r-PET
with average fiber diameter of 97 nm and one sample consisting of 80/20 lignin/r-PET
with average fiber diameter of 95 nm (see Table 4.3 for the electrospinning

conditions). The curves corresponding to the two 50/50 lignin/r-PET samples were
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also presented in Figure 5.24, and here they are included in the graph for comparison.
The sample of 67/33, which consists of thin nanofibers, shows a very broad and small
melting peak between 210-240°C. This indicates that even when the amount of lignin
is twice as large as the amount of r-PET in the sample, there is some minor
rearrangement of some parts of the r-PET chains and some degree of melting as it is
shown in Figure 5.29, due to the higher decomposition rate of lignin appearing when
the sample consists of thin nanofibers. The enthalpy of melting here was measured to
be around 0.1 J/g. In contrast, when the percentage of lignin is even higher (80%)
which means that the sample contains four times more lignin than PET, there is no

detectable melting peak.

(exo)
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Figure 5.37: DSC curves of electrospun samples after they were heated up to 300°C

under N2. The dotted straight lines were added for the ease of comparison. See Table
4.3 for the electrospinning conditions. The curves have been displaced on the y-axis
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Here it should be underlined that the emergence of some degree of melting is

not necessarily a drawback. As it was mentioned in the literature review of Section
2.4, in many cases the fused CNFs exhibit higher electrical conductivity and enhanced
tensile strength. These properties were not measured here as this is outside of the scope

of this research, which is the production of desulfurization adsorbents.

5.2.5 The impact of melting on the porosity of activated CNFs

Table 5.8: Textural characterization of the activated carbon nanofibers carbonized at
800°C and activated at 600°C

Sample ID Results
Lignin/r-PET | Average fiber | BET surface Total pore Micropore
mass ratio diameter (nm) | area (m?/g) | volume (cm%g) | volume (cm%g)
50/50 85 72 0.060 0.028
50/50 230 123 0.112 0.046
50/50 292 132 0.109 0.052
50/50 395 288 0.194 0.116
50/50 565 276 0.182 0.108
80/20 252 210 0.136 0.079
90/10 147 216 0.133 0.089
100/0
o - 176 0.091 0.079
(pure Lignin)

After mapping the conditions that are necessary for the avoidance of melting,
it was necessary to investigate if the melting influences the porosity of the carbon
nanofibrous mats. For this purpose, seven samples were prepared, carbonized and

activated as described in Chapter 4 (Table 4.4) and their porosity and BET surface area
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were measured. For comparison, the same procedure was followed for pristine lignin
powder, as well. The results are displayed in Table 5.8.

The two samples consisting of 80/20 and of 90/10 lignin/r-PET were fabricated
with such average fiber diameters, in order to avoid melting and to assess how the
lignin/r-PET mass ratio affects the porosity. All the N2 physisorption isotherms are
presented in Figures 5.38 and 5.39, while representative SEM images of the samples

derived from 80/20 and of 90/10 lignin/r-PET are shown in Figures 5.40 and 5.41.
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Figure 5.38: N2 physisorption isotherms of activated carbon nanofibers prepared
from lignin/r-PET 50/50 with different average fiber diameters

The results clearly indicate that in the samples consisting of 50/50 mass ratio
the degree of melting influences the development of porosity. The highest values of
BET surface area and of total pore volume appear for the samples that remain infusible
(average fiber diameter >395 nm). Moreover, it seems that increasing the average fiber

diameter from 395 to 565 nm doesn’t affect the porosity significantly, as the BET
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surface area ranges between 276-288 m?/g and the total pore volume between 0.182-
0.194 cm®/g. In contrast, when the nanofibrous mats consist of thinner fibers that melt
(<292 nm) the BET surface area doesn’t increase more than 132 m?/g.

In addition, the lowest porosity and BET surface area appears for the sample
that exhibits the most extensive melting. After such a sample is carbonized, it appears
as a solid chunk of carbon; since the lignin and the r-PET decompose anyway during
carbonization, obviously closed pores are created which are inaccessible to N2. On the
contrary, when the samples remain infusible the different nanofibrous horizontal layers
can be separated by friction and they are more flexible. For the samples which remain
infusible, the average fiber diameters of the CNFs remain at similar levels as the

precursor electrospun nanofibers.
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Figure 5.39: N2 physisorption isotherms of activated carbon nanofibers prepared
from different lignin/r-PET mass ratios, consisting of nanofibers that were infusible
during carbonization. The average fiber diameter of each sample is given in Table
5.8 (for the 50/50 sample it is 395 nm). For comparison, the N2 isotherm of the
activated carbon produced from pristine lignin is displayed
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Furthermore, although the samples of higher lignin content (80/20 and 90/10)
consist of almost infusible thin nanofibers, their porosity lies in the range between
0.133-0.136 cm®/g which is much less compared to the infusible 50/50 samples. Based
on these measurements, it seems that the r-PET functions as a sacrificial, porosity-
generating template. The r-PET macromolecules decompose to a larger extent than
lignin, as it was shown previously. Measurements with thermogravimetric analysis
showed that the starting recycled PET leaves a residue of less than 10 wt% at 800°C,
while the residue of pristine lignin powder is close to 35 wt% (Section 5.2.1). In the
case of lignin/r-PET nanofibers, the decomposition of the r-PET macromolecules
leaves voids which translate into porosity, hence, when the r-PET content is larger the
porosity is higher. This has also been reported for other lignin-based electrospun-
derived carbon nanofibers, in which lignin was combined with poly(vinyl alcohol)
[62,68] or polyvinylpyrrolidone [86]. In these cases, the binder polymer acted

sacrificially for porosity development, as well.

Vac-High PC-Std. 15kV x 5000

Figure 5.40: Activated CNFs prepared from a lignin/r-PET sample of 80/20 mass
ratio and 252 nm average fiber diameter. The preparation conditions are described in
Table 5.8 and in Section 4.3
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Figure 5.41: Activated CNFs prepared from a lignin/r-PET sample of 90/10 mass
ratio and 147 nm average fiber diameter. The preparation conditions are described in
Table 5.8 and in Section 4.3

5.2.6 Section summary

In this section, it has been demonstrated that when carbon nanofibers from a
blend of lignin with r-PET are produced, their fibrous morphology can be customized
by properly adjusting the lignin/r-PET mass ratio and the average diameter of the
precursor nanofibers. Particularly, precursor electrospun nanofibers having a relatively
high mass ratio of r-PET (>33 wt%) and low average fiber diameters (~100 nm) exhibit
extensive melting and the fibrous structure collapses. In contrast, samples of the same
high mass ratio of r-PET but large average fiber diameters (>300-400 nm) yield
infusible filamentous carbon structures. This nano-dimension phenomenon declines
when the r-PET content is low enough (~10 wt%). In this case, the nanofibers are
practically almost infusible and carbon nanofibers with average diameters close to 100

nm and a well-formed filamentous structure are produced. Moreover, BET surface area
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measurements indicate that the melting of nanofibrous mats compromises the porosity
of the activated carbon nanofibers produced from them, while the presence of r-PET
has a positive impact on the development of porosity. Finally, it has to be highlighted
that very fine CNFs with average diameters close to 100 nm are among the lowest

reported when lignin is used as precursor.

5.3 Characterization of the CNFs and of the ACNFs

In the previous section, the conditions leading to the successful preparation of
carbon nanofibers starting from different lignin/r-PET mass ratios were described.
Consequently, it was decided to investigate the structure and properties of these carbon
nanofibers more thoroughly. Particularly, it was decided to focus on two specific
samples; CNFs prepared from 50/50 lignin/r-PET with ~400 nm average fiber
diameter, and CNFs prepared from 90/10 lignin/r-PET with ~110-150 nm average
fiber diameter. As it was described in the previous section, the former can yield the
highest BET surface area and the latter consists of the minimum average fiber
diameters produced successfully. For these two mass ratios, only the carbonized fibers
without any activation were initially investigated, in order to examine the features of
the produced carbon structures starting from different lignin/r-PET mass ratios.
Moreover, two carbonization temperatures were considered, namely 800 and 1000°C,
in order to estimate the impact of the carbonization temperature on the properties of
the prepared CNFs. The carbonization at higher temperatures was avoided, so that the

process doesn’t become too energy-intensive.
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5.3.1 Porosity and BET surface area of CNFs

As the primary target of this research is to develop efficient adsorbents, the
surface area and the porosity of the CNFs is considered their most important feature.
Table 5.9 presents the BET surface area and the porosity characteristics of the CNFs
prepared either from 50/50 lignin/r-PET mass ratio (average fiber diameter ~400 nm)
or from 90/10 lignin/r-PET mass ratio (average fiber diameter ~110-150 nm), after
carbonization at 800 or at 1000°C. Tables 4.3 and 4.4 present the electrospinning
conditions that were used for the preparation of these samples.

In this chapter, no specific average fiber diameter is mentioned, but a range of
diameters is given; the reason is that the CNFs derived from 50/50 lignin/r-PET
consisting of ~400 nm were produced by mixing various 50/50 lignin/r-PET samples
with average diameters in this range. Similarly, the CNFs derived from 90/10 lignin/r-
PET was prepared after mixing various 90/10 lignin/r-PET samples with average

diameters in the range of 110-150 nm.

Table 5.9: Textural characteristics of the CNFs carbonized at 800°C or at 1000°C

Lignin/r- BET Total Micropore Average
g Temperature | surface pore P % pore
PET mass volume . .
. (°C) area volume 3 Microporous width
ratio (%) 2 3 (cm?/g)
(mig) | (cm°/g) (nm)
50/50 800 45 0.058 0.017 29.3 26.1
50/50 1000 353 0.223 0.139 62.3 6.3
90/10 800 47 0.052 0.010 19.2 8.7
90/10 1000 115 0.093 0.032 344 6.1

As the results presented in Table 5.9 clearly demonstrate, an increase in the

carbonization temperature from 800 to 1000°C enhances the porosity of the CNFs.
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Particularly, the BET surface area for the 90/10 sample increases from 47 to 115 m?/g,
while for the 50/50 sample it rises to 353 m?/g. Similar increase is observed for their
respective total pore volume. This observation agrees with numerous other studies for
carbon fibers and for granular carbon [35, 70]. Porosity is defined as the space inside
a (porous) solid which is accessible to molecules from a gas or a liquid phase
(adsorbates) [15]. This space is created as the precursor progressively decomposes at
elevated temperatures. Therefore, increasing the carbonization temperature results in
a more extensive decomposition which translates into the evolution of low molecular
weight molecules from the carbon material and into the development of a porous
network [15]. According to IUPAC, the pores are classified according to their width
as micropores when their width is smaller than 2 nm, mesopores when their width is
between 2 and 50 nm and macropores when their width is larger than 50 nm [16].
Another important result found here is the difference in the pore volume and in
the BET surface area between the 50/50 and the 90/10 sample at 1000°C, which is
around 3 times higher (353 vs. 115 m?/g). Obviously, this is due to the presence of the
r-PET in the precursor nanofibers. As it was also shown in the previous Section 5.2.5
for the activated CNFs prepared from different lignin/r-PET mass ratios, the r-PET
macromolecules decompose to a larger extent, leaving voids inside the carbon
material. Therefore, it acts as a template for the development of porosity and especially
microporosity, as it is inferred from the higher microporosity percentage of the 50/50
samples. In addition, it should be noted that the yield of carbonization provides further
evidence for the more extensive development of porosity when the percentage of PET
is larger. It was observed that precursor electrospun nanofibers consisting of 50/50

lignin/r-PET have a carbonization yield of ~24-26% mass at 1000°C, while those
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consisting of 90/10 give a yield of ~35-38%. Hence, when the former are used, a much
higher fraction of their mass decomposes, leaving voids into the carbon structure.

Furthermore, the higher carbonization temperature seems to favor the
development of microporosity for both samples, which is also accompanied by a
reduction in the average pore width. All four samples contain significant mesoporosity,
as indicated by the differences between the total pore volume and the micropore
volume. The average pore width of 26.1 nm exhibited by the 50/50 sample carbonized
at 800°C seems as a discrepancy. However, it should be considered that this sample
consists of nanofibers with average diameter close to 400 nm, therefore, the inter-fiber
voids are significantly larger than the voids between the thin fibers constituting the
90/10 sample. Thus, these voids (macropores) probably drag the average pore width
towards larger values; this result was validated after replicating the measurement.
Finally, it should be pointed out that the oxygen which is present in the
macromolecules of both lignin and PET has been suggested as an agent which
promotes the development in porosity during carbonization [35, 50].

Figure 5.42 presents the N2 physisorption isotherms of the four samples studied
here. All of them are type IV isotherms according to the IUPAC classification [175],
the most common type encountered in granular carbon and in carbon fibers. All of
them contain hysteresis loops, which indicate the presence of mesoporosity, in
accordance with the results presented in Table 5.9 [175]. The rise in the extent of
adsorption above P/P°=0.9 appearing in the sample of 50/50-800°C denotes the
presence of macropores [175] and it justifies the large value of its average pore width

shown in Table 5.9.
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Figure 5.42: N2 physisorption isotherms of the CNFs prepared from different
lignin/r-PET mass ratios (50/50 and 90/10) at different carbonization temperatures
(800 and 1000°C)

5.3.2 The structure of CNFs: Raman spectroscopy, XRD and EDS

Raman spectroscopy is a very useful experimental technique for characterizing
the structure of carbon samples. The Raman spectra of the four samples described in
Section 5.3.1 were recorded and they are presented in Figures 5.43 and 5.44. Each
spectrum was deconvoluted using Lorentzian functions with the aid of a data analysis
software (OriginPro). This procedure is commonly followed for the analysis of Raman
spectra [35, 176, 177] as it reveals the presence of peaks associated with different
structural components of the carbon material. Four peaks were identified in the

samples examined here.
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The peak appearing around 1590 cm™ termed as the G band, is associated with
the vibration modes of the graphitic lattice and especially with the in-plane stretching
vibrations of the aromatic rings [176, 178]. The D band appears at around 1344-1348
cm™ and corresponds to disordered carbon structure, namely to imperfect graphitic
domains in which defect-induced breathing modes of hexagonal carbon lattices appear
[36, 69, 176]. Two more bands related to amorphous carbon appear: the A1 band near
1139-1167 cm™ and the A2 band around 1500-1543 cm™. Although there is no
standard name for these two bands, here they are named Al and A2, following the
terminology of Ghosh et al. [176]. These two bands are related to amorphous sp?-forms
of carbon, to pentagonal or heptagonal rings in the hexagonal carbon network, to the
presence of impurities or functional groups and also to sp® bonds [35, 176]. Only in
the sample derived from 50/50 lignin/r-PET carbonized at 800°C (Figure 5.43a) one
additional peak appears at 1078 cm™ (D’ band [176]), while the A1 peak here appears
insignificant. This peak is related to the disordered regions of the carbon structure, as
well. This difference is obviously related to the presence of PET in this sample, as it
perhaps contributes to a larger extent of disordered graphitic structure. However, this
peak disappears if the carbonization temperature is 1000°C; instead, an Al band
related to amorphous carbon is present in this case.

Table 5.10 concisely presents the peak positions, as well as the Ip/lg ratio, the
relative intensity ratio between D and G band which is commonly used to assess the
degree of structural order in the carbon materials. The results here suggest that when
the carbonization temperature increases, the CNFs exhibit a more ordered graphitic
structure, as it is apparent from the decreasing Ip/lc ratio (Table 5.10), as well as from
the increasing intensity and sharpness of the G band appearing in Figures 5.43b and

5.43d.
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Table 5.10: Features of the Raman spectra of CNFs
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Lignin/r- Carbonization | D’ band | Al band A2 band D band G band

PET mass temperature position position position position position Io/lc

ratio (%) (°C) (cm™) (cm™) (cm™) (cm™) (cm™)
50/50 800 1078 1139 1543 1348 1595 1.75
50/50 1000 - 1167 1500 1344 1589 1.13
90/10 800 - 1166 1517 1348 1590 1.27
90/10 1000 - 1155 1503 1347 1590 1.16

Particularly, a large decrease in the Ip/ls intensity ratio is measured for the CNFs
derived from 50/50 mass ratio when the carbonization temperature rises from 800 to
1000°C (from 1.75 to 1.13). This reflects a vast increase in the degree of structural
order of the carbon structure due to higher graphitization [36]. As the material
progressively decomposes during carbonization and low molecular weight molecules
evolve, especially those containing O and H, this breakage of bonds can lead to
rearrangement of C atoms, which can move to positions of higher stability and form
hexagonal rings [15]. Therefore, the degree of graphitic structure is increased. In this
sample, the extensive decomposition of PET probably promotes a more extensive
rearrangement of the aromatic rings existing in lignin, and the formation of graphitic
domains. This trend has also been reported for other lignin-based or PAN-based CNFs
[36, 69]. However, the disordered structure is still predominant in all samples.
Furthermore, a decrease in the Ip/lg ratio is also measured in the sample derived from
90/10 mass ratio, indicating an increase in the graphitic structure, although here the
difference is not very large (from 1.27 to 1.16). The smaller decrease here can be
attributed to the much smaller PET content of the precursor nanofibers. The sample
consisting of 90/10 lignin/r-PET is more homogeneous and lignin decomposes to a

smaller extent than PET. Therefore, its aromatic rings can rearrange to a smaller
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degree. This can also be noted from the Raman spectra as they are shown in Figure
5.44. The transformation in the spectrum of the CNFs derived from 50/50 lignin/r-PET
between 800 and 1000°C is very apparent (Figure 5.44a), while in the CNFs derived
from 90/10 mass ratio the two spectra are similar (Figure 5.44b). This observation is
in accordance with the BET surface area measurements of the 90/10 sample, in which
the increasing carbonization temperature doesn’t enhance its porosity dramatically.
Here, it should be mentioned that this trend of increasing structural order with
increasing the carbonization temperature is not ubiquitous; instead, for various types

of lignin-based and also for cellulose-based carbon fibers the opposite may occur [69].
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Figure 5.45: XRD diffractograms of the CNFs prepared from 50/50 and from 90/10
lignin/r-PET mass ratio carbonized at 1000°C

XRD measurements can contribute significantly to the more thorough
characterization of the structure of CNFs. The diffractograms of the 50/50 and of the
90/10 sample carbonized at 1000°C are presented in Figure 5.45. In each graph, two
broad peaks which are characteristic of carbon materials are apparent. The peak

centered at around 23° corresponds to the (002) plane of the graphitic nanocrystalline
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lattice, while the peak at around 44° is associated with its (100) plane [48, 69, 176].
The emergence of these peaks suggests that there are small crystalline graphitic
domains inside the CNFs. The diffraction patterns of the two samples contain other
peaks centered at 32°, 35° and 38°, as well. These peaks correspond to impurities
deriving from the ash which is present in the starting lignin, and they are more intense
in the 90/10 sample because its precursor contains a higher amount of lignin, as it was
shown in Section 5.1. These impurities contain alkali metals, mainly Na; the peak
centered at ~38° was identified as KNa(SO4) using the database installed in the XRD
software.

The average size of the graphitic domains of each sample is possible to be
calculated through analysis of their respective diffractograms. After subtracting the
baseline and fitting a gaussian curve in each of their peaks, these features were
calculated and they are presented in Table 5.11. The average interlayer spacing d(oo2)
between consecutive graphene layers was calculated using Bragg’s equation [176,
179]:

d A
(002) ™ 2 « sin@

Where L is the wavelength (0.154 nm) and 6 is the diffraction angle (°). The crystallite

size L along the c axis and the size of ab planes La was calculated using Scherrer’s

equation [176, 179]:

L 0.91 %24
¢ (FWHM)(ooz) * Cose(ooz)
1.84 % A
L

N (FWHM)(IOO) * COSG(lOO)
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FWHM is the full width at half maximum of each peak measured in rad, and it is used
for the calculation of La and Lc. N¢ is the average number of graphene layers in each
crystallite [176]. The results suggest that the CNFs derived from 90/10 lignin/r-PET
have a more ordered structure, as it is revealed by the average size of their graphitic
domains, which is clearly larger than those existing in the CNFs prepared from 50/50
lignin/r-PET. The smaller interlayer spacing d(oz) of the 90/10 sample indicates its
higher level of organization, as well. The interlayer spacing of a perfect graphitic
crystal is 0.335 nm [61] and a larger deviation from this number shows a higher degree
of disorder [61, 176]. These results agree with the porosity measurements presented in
Table 5.9. CNFs prepared from 50/50 lignin/r-PET mass ratio have a higher degree of
disorder, therefore, their structure includes more defects which induce a higher degree
of porosity. In contrast, CNFs prepared from 90/10 lignin/r-PET have a more ordered

structure which translates into lower porosity.

Table 5.11: Crystallite features of carbon nanofibers prepared from different lignin/r-
PET mass ratios

Lignin/r- 20(002) do2) FWHM (200) Lc 20(100) FWHM 100 La
PETMAS | @ | (m) (rad) m | O (rad) omy | N
ratio (%)
50/50 23.2 0.383 0.147 0.97 435 0.106 2.87 2.53
90/10 23.7 0.375 0.111 1.29 43.7 0.091 3.35 3.44

The carbon and oxygen content in these CNFs produced from 50/50 and from
90/10 lignin/r-PET mass ratio was measured using EDS. It was measured that the
90/10-CNFs consist of 77.65 + 2.06% C and 10.04 + 1.12% O with the balance
representing the impurities (Na, F, S, K, Cu, Ca) (percentage per unit mass) (Figure

5.46a). On the other hand, 50/50-CNFs consist of 78.7 + 1.84% C and 12.5+0.9% O
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(Figure 5.46b). Thus, the C content in both these CNFs is similar, but there is a
significant difference in the O content. This result agrees, as well, with the previous

remarks, as the O molecules represent defects in the graphitic structure of CNFs.
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Figure 5.46: EDS spectra of the CNFs prepared from different lignin/r-PET mass
ratio and carbonized at 1000°C; a) 90/10; b) 50/50

5.3.3 Preparation and characterization of activated ACNFs

The next step after the preparation of the CNFs was their activation and the
investigation of the properties of the activated CNFs (ACNFs). Particularly, it was
decided to apply two different methods of activation; physical activation using CO>
and chemical activation using KOH (as it was described in Chapter 4). The physical

activation was applied in the CNFs prepared from 50/50 and from 90/10 lignin/r-PET
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carbonized at 1000°C (from average fiber diameter of ~400 nm and of 110-150 nm
respectively, as previously). These samples are denoted here as “ACNFs-50/50-CO.”
and “ACNFs-90/10-CO;”. The activation with KOH was applied only to the CNFs
prepared from 50/50 carbonized at 1000°C, because it was described in the previous
section that this sample possesses much higher porosity. This sample is denoted here
as “ACNFs-KOH”. In all cases of activation, the final yield of the ACNFs was ~45-
50% with respect to the mass of the starting CNFs. Finally, the ACNFs-KOH were
further treated with HNO3 according to the methodology described in Chapter 4. This
treatment is usually applied in order to oxidize the carbon structure and to introduce
O-containing functional groups which augment the adsorption capacity of the
adsorbent [180-182]. This sample is here denoted as “ACNFs-KOH-HNO3”. The yield
of the HNOz-treatment process was ~90-95% with respect to the mass of the starting
ACNFs-KOH.

After preparing these four samples, their porosity characteristics were measured
through N2 physisorption, and the results are presented in Table 5.12 and in Figure
5.47. All the isotherms are type IV with hysteresis loops. The results suggest that the
activation raised the porosity of all samples significantly. For the ACNFs-90/10-CO>
it is obvious that although its BET surface area almost tripled compared to that of the
starting CNFs (299 vs. 115 m?/g), the value of 299 m?/g is much lower than the other
3 samples. Therefore, it was decided that this sample would not be used in the
adsorption experiments. For the CNFs derived from 50/50 lignin/r-PET, physical
activation with CO; increased their BET surface area to 686 m?/g, but the chemical
activation with KOH boosted their BET surface area to 1413 m?/g. This value was
validated through replication. Furthermore, the physical activation produces ACNFs

which are mostly mesoporous with only a small percentage of microporosity. For both
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these samples, their microporous fraction is around 11%, their average pore width is
around 7 nm, and their isotherms contain hysteresis loops and show elevated
adsorption at high values of relative pressure, therefore, they contain large mesopores
and macropores. The adsorption of adsorbates in the pores of an adsorbent takes place
mainly inside the micropores, as the dispersion forces are stronger there [175]. The
main role of mesoporosity is to promote the faster mass transfer of the adsorbates to
the active sites of the carbon surface. Therefore, it is desirable that an adsorbent
contains both micro- and mesopores. However, the microporosity developed after
activation with CO> is rather low. During this process, selective gasification takes
place on the surface of carbon, especially where the carbon structure is defective,
during which C atoms are extracted in the form of CO [158]. More ordered graphitic
structure renders the extraction of carbon atoms harder, and probably this is the reason
why the porosity of CNFs-90/10 doesn’t increase to a larger extent. In both cases of
activation with COg, there was an extensive burn-off which promoted the widening of

pores and yielded a mostly mesoporous carbon structure.

Table 5.12: Textural characteristics of the activated CNFs (ACNFs)

Average
sample BET surface Total pore Micropore % pore
P area (m?/g) | volume (cm®g) | volume (cm®/g) | Microporous width
(nm)
ACNFs-
686 0.853 0.095 11.1 7
50/50-CO,
ACNFs-
299 0.381 0.043 11.3 6.9
90/10-CO,
ACNFs-
1413 1.010 0.138 13.7 3.7
KOH
ACNFs-
1267 0.811 0.261 32.2 3.6
KOH-HNO;3;
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In contrast, activation with KOH yielded ACNFs with much larger BET surface

area and total pore volume, while their porosity contains a higher microporous fraction
and narrower average pore width. The KOH activation proceeds mainly through the
intercalation of K atoms among the various graphene layers which causes their
expansion, while gasification occurs as well [183]. Similar values of BET surface area
have been reported for other lignin-based ACNFs after treatment with KOH (see Table
2.1). Furthermore, after treating these ACNFs with HNOs, the BET surface area and
the total pore volume decrease (1267 m?/g and 0.811 cm?®/g respectively). The reason
is the attachment of functional groups on the carbon surface, which narrows or closes
some pores. However, this sample contains a higher percentage of microporosity,

perhaps due to the narrowing of small mesopores.
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Figure 5.47: N2 physisorption isotherms of the ACNFs
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The presence of O on the surface of carbon materials can be determined through
Boehm titration. Following the methodology described elsewhere [126,127] and that
is briefly summarized in Chapter 4, it was estimated that the total acidic groups in
ACNFs-KOH amount to 1.06 + 0.06 mmol/g while in the ACNFs-KOH-HNO3 they
amount to 1.78 + 0.13 mmol/g (average of two measurements). A more detailed

measurement of the relative quantities of each type of acidic group was not carried out.
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Figure 5.48: EDS spectra of the chemically activated CNFs; a) ACNFs-KOH;
b) ACNFs-KOH-HNO3

Furthermore, these samples were examined using EDS in order to measure their
C and O content. The measurements revealed that ACNFs-KOH contain 86.86 + 1.4%

Cand 13.12 + 1.4% O, while ACNFs-KOH-HNO3 contain 84.07 + 1.19% C and 15.22
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+ 0.9% O (percentages per unit mass, average of two measurements) (Figure 5.48).
Interestingly, other impurities in these two samples were almost undetected, although
it was previously mentioned that the starting CNFs contain ~ 9% of other atoms. It
seems that these impurities were washed away during the activation process.Figure
5.49 presents the C and O content after each stage of the preparation of ACNFs;
starting from the precursor electrospun nanofibers from 50/50 lignin/r-PET, moving
to CNFs, then ACNFs-KOH and finally to ACNFs-KOH-HNO3. The CNFs presented

in this figure are those prepared at 1000°C.

LP - 50/50 CNFs ACNFs - KOH ACNFs - KOH -
HNO3

Figure 5.49: Evolution of the C% and the O% mass ratio from the precursor 50/50
lignin/r-PET electrospun nanofibers to the ACNFs-KOH-HNO3; a) C%; b) O%. The
error bars are denoted on top of each bar
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Figure 5.49: Evolution of the C% and the O% mass ratio from the precursor 50/50
lignin/r-PET electrospun nanofibers to the ACNFs-KOH-HNO3; a) C%; b) O%. The
error bars are denoted on top of each bar (continued)

SEM images of the ACNFs-KOH and of the ACNFs-KOH-HNO3 are presented
in Figures 5.50 and 5.51. These samples consist of fibers with average diameter close
to 350-400 nm, which is of similar magnitude to that of the precursor electrospun
nanofibers from which they were produced. Prior to activation, the CNFs were
manually crashed in order to be dispersed in the KOH solution, as it is described in
Chapter 4. The ACNFs-KOH-HNOs in the images shown here are, therefore,
fractured, and their final form resembles the shape of nano-cylinders of finite length

(SEM images in Figure 5.51).
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Figure 5.50: SEM images of the ACNFs-KOH. The average fiber diameter is
measured to be 378 nm. The images are taken on different regions of the same
sample. The scale bar is 5 um



176

¢SElI 20kV .V

Figure 5.51: SEM images of the ACNFs-KOH-HNOa. The average fiber diameter is
measured to be 356 nm. The images are taken on different regions of the same
sample. The scale bar is 2 pm

With naked eye, the material appears as a very fine powder. In this form they
were used for the adsorption experiments. Furthermore, as the CNFs lose weight
during the activation process, which results into the development of porous channels

into their structure, their density is reduced. Hence, after activation and after the
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subsequent treatment with HNOs, the ACNFs exhibit a very low bulk density, that is,
a small amount of ACNFs occupies much space if it is not compacted. Particularly, the
bulk density of ACNFs-KOH and of ACNFs-KOH-HNO3 was measured to be ~0.075
g/mL, hence 1 g of ACNFs occupies ~13.3 mL. The bulk density of CNFs manually
crashed into powder amounts to ~0.133 g/mL. For comparison, the bulk density of
commercial activated carbon (Merck 1.02186) was measured to be 0.16 g/mL.

Figure 5.52 presents the TEM micrographs of the CNFs prepared from 50/50
lignin/r-PET carbonized at 1000°C (Figures 5.52a-c), and of the ACNFs-KOH derived
after the chemical activation (Figures 5.52d-f). The images show that the surface of
the fibers is rough and it contains protuberances, as it was also denoted from the images
presented in Figure 5.50. The randomly oriented, corrugated layers of carbon indicate
that the CNFFs mainly consist of amorphous and disordered structure, although careful
examination reveals the existence of spots in which there is parallel stacking of a few
graphene layers (as indicated by the arrows in 5.52b and 5.52c). These graphitic
domains are, however, very small. The diffused concentric circles in the electron
diffraction pattern shown as an inset in Figure 5.52a confirms that the structure of
CNFs has a low degree of order, and it corroborates the results of the XRD and of the
Raman spectroscopy. In addition, the porous network constituting the structure of the

ACNFs is apparent in Figure 5.52f.
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Figure 5.52: TEM images of CNFs and of ACNFs; a), b) and c) the starting CNFs
derived from 50/50 lignin/r-PET carbonized at 1000°C; d), e) and f) the ACNFs-
KOH produced after chemical activation

Based on the results presented in this section, the CNFs exhibiting the highest

porosity are the ones derived from 50/50 lignin/r-PET with average fiber diameters
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close to 400 nm. These CNFs are mostly microporous with a disordered carbon
structure, and after chemical activation with KOH they yield ACNFs with a BET
surface area of 1413 m?/g, the highest BET surface area achieved for these materials.
Further treatment with HNO3z yields ACNFs which contain more functional groups in
their structure. These functional groups are expected to act as active sites for
adsorption.

Moreover, these characteristics (very high external surface area due to their
nanosized diameter, very high porosity, a combination of microporosity with
mesoporosity, the presence of functional groups) are promising not only for
adsorption, but also for other applications such as for energy storage, as it was
mentioned in Section 2.4. As the adsorptive desulfurization is the application of

interest of this research, the results will be presented in the following section.

5.3.4 Section summary

In this section, a detailed characterization of the structure and of the porosity
characteristics of the CNFs and of the ACNFs was presented. In the case of CNFs,
increasing the carbonization temperature to 1000°C and the lignin/r-PET mass ratio to
90/10 raises the degree of order in their carbon structure. Nevertheless, the structure
of all of them is mostly disordered, with only small nano-regions of graphitic domains.
CNFs prepared from 50/50 lignin/r-PET and carbonized at 1000°C exhibit the largest
BET surface area which amounts to 353 m?/g. Moreover, it was found that chemical
activation with KOH boosts their BET surface area to 1413 m?/g, while a further
treatment with HNO3 decreases this value to 1267 m?/g, but it functionalizes the carbon

surface through the anchoring of O-functional groups.
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5.4 The adsorption of refractory S-compounds from a model fuel using ACNFs:
equilibria, kinetics and thermodynamics of adsorption

The results presented in the previous Section indicate that ACNFs-KOH and
ACNFs-HNO3 possess the highest BET surface area and porosity by far. Hence, these
materials were selected to be used for the adsorptive desulfurization experiments. For
comparison, the adsorption capacity of the non-activated CNFs prepared from 50/50
lignin/r-PET at 1000°C was investigated, as well. For the adsorption experiments
reported in this chapter, the same samples that were characterized in Section 5.3 were
used. All experiments were performed in a batch mode, according to the methodology
described in Chapter 4.

As it is analyzed in Chapter 3, aromatic S-compounds, especially
dibenzothiophene and alkylated dibenzothiophenes are the hardest to remove through
the traditional hydrodesulfurization process (refractory S-compounds). Based on the
need to develop alternative methods for the removal of these compounds from middle
distillates of petroleum, it was decided to focus on the adsorption of 4,6-
dimethyldibenzothiophene (DMDBT) from a model diesel fuel (n-dodecane, C1»).
Thus, the adsorption equilibria, the adsorption thermodynamics and the adsorption
kinetics were thoroughly investigated for the adsorption of DMDBT on ACNFs. In
addition, the suitability of ACNFs for the adsorption of dibenzothiophene (DBT) was

tested, as well. The structure of DBT and of DMDBT are presented in Figure 3.1.

5.4.1 The adsorption of DMDBT: adsorption equilibria

The results of the equilibrium adsorption of DMDBT on the three adsorbents

studied here at room temperature are presented in Figure 5.53.
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Figure 5.53: Adsorption isotherms of DMDBT on CNFs, ACNFs-KOH and ACNFs-
KOH-HNO3 at T=22°C. The dashed lines in the ACNFs present the fitted Langmuir
isotherms, while the dashed line in CNFs present the Freundlich isotherm

The Figure suggests that ACNFs-KOH-HNO3 exhibit the highest adsorption
capacity, while the adsorption capacity of CNFs is very low, as it is expected based on
their relatively lower BET surface area. The data were fitted to three different
adsorption isotherms, namely Langmuir, Freundlich, and the modified Langmuir-
Freundlich model, using non-linear regression with the aid of a data analysis software

(OriginPro) (equations 5.1, 5.2 and 5.3).

L o Kp*Ce
Langmuir isotherm: qe = qpm_, * TTKLC. (5.1)

Where de (MgbmpeT/gc) is the equilibrium adsorption capacity, Ce (mgompet/kgc12) is
the equilibrium concentration, gm-L (MgombeT/gc) is the maximum adsorption capacity

predicted from the Langmuir isotherm and Ky is the Langmuir constant [184-186].
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Freundlich isotherm: g = KzCX/™ (5.2)

Where @e (Mgompet/gc) is the equilibrium adsorption capacity, Ce
(mgompeT/Kgc12) IS the equilibrium concentration, Kr
[(mgompeT/ge)/(Mmgompet/Kgci2)' is the Freundlich constant related to the adsorption
capacity and nr (dimensionless) is the Freundlich constant related to the adsorption
intensity [179, 184].

(KLp*Ce)Y/DLF

Langmuir-Freundlich isotherm: q. = qp—-Lr * Tt (K Coy LF

(5.3)

Where ge (mgowmpet/gc) is the equilibrium adsorption capacity, Ce
(mgompeT/Kgc12) is the equilibrium concentration, KLr
[(mgompeT/ge)/(Mmgompet/Kgce12)'" is the Langmuir-Freundlich constant related to the
adsorption capacity and the exponent n.r (dimensionless) is related to the surface
heterogeneity [187-189].

Langmuir isotherm assumes monolayer adsorption on a surface of identical
sites [190, 191]. Freundlich isotherm is an empirical model applicable for
heterogeneous surfaces or multilayer adsorption, in which ne>1 indicates favorable
adsorption [179, 191]. In the Langmuir-Freundlich model, the exponent n.r accounts
for the heterogeneity of the site energies, with a large deviation from the value of 1
indicating a higher degree of heterogeneity [186].

The results of the model fitting for each adsorbent are shown in Table 5.13.
With the exception of CNFs, in which the Freundlich model gave the best fitting, the
adsorption experimental data of the ACNFs were best fitted to the Langmuir model.
However, the R? values of the Freundlich model are also high, therefore, it cannot be

disregarded.



Table 5.13: Equilibrium adsorption of DMDBT: parameters of the Langmuir, Freundlich and Langmuir-Freundlich model

Langmuir Freundlich Langmuir-Freundlich
Sample Tem%%;jltu re gm-L KL R? Kr nF R? gmLF | KLF NLF R?
CNFs 22 15.73 | 0.0032 | 0.8891 0.493 | 2.12 | 0.9618 - - - -
ACNFs-KOH 22 95.40 | 0.0088 | 0.9835 3.77 191 | 0.9526 | 98.65 | 0.0082 | 1.035 | 0.9673
ACNFs-KOH-
22 120.3 | 0.0230 | 0.9800 11.18 | 243 | 0.9507 | 128.6 | 0.0191 | 1.11 | 0.9761
HNO3
ACNFs-KOH-
HNO 50 113.9 | 0.0160 | 0.9894 7.093 | 2.08 | 09706 | 130.2 | 0.0110 | 1.168 | 0.9598
3

Units: gm-L: Mgompet/ge; KL: kgeiz/mgompst ; Ke: [(Mgompet/ge)/(Mmgomoet/kgeiz)™; ne: dimensionless; qm-Le: Mgompet/gc;

KLr: kgci2/mgomper; Nir: dimensionless

“The fitting of the model did not converge

€8T
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The modified Langmuir-Freundlich model fitted the data less accurately than
the other two models, as it is indicated by the values of R?. Even so, the values of n.r
are close to 1, which shows a good approximation of the Langmuir model.

Therefore, the results suggest that there is homogeneous monolayer adsorption,
although a heterogeneous mechanism may also be involved, especially at low surface
coverage, when the DMDBT molecules first adsorb on the sites of higher energy [186,
192]. A larger Kr of the Freundlich isotherm indicates higher adsorption capacity,
while a smaller nr denotes a more homogeneous adsorbent with a narrower site energy
distribution [193]. In this case, ACNFs-KOH-HNOz seems to have a more
heterogeneous surface energy, due to the anchoring of more O-functional groups on
the carbon surface.

The calculated parameters of the Langmuir isotherm presented in Table 5.13
show that the ACNFs-KOH-HNO3 exhibit a maximum adsorption capacity of 120.3
mgompbeT/gc, Which corresponds to 18.2 mgS/gc. This value is among the highest
found in the literature for the adsorption of DMDBT on activated carbon or related
materials. Table 5.14 presents a literature overview of the highest values reported for
the adsorption of DMDBT on carbon-based adsorbents, as they are calculated from the
Langmuir isotherm (gm-. values). It should be noticed, however, that a direct
comparison with the values reported in other studies is not always reliable, as there are
various factors which influence the adsorption capacity, such as the dose of adsorbent,
the presence of other solutes and the solvent itself. Very high adsorption capacity
values have been reported for the adsorption of DMDBT from hexane, heptane and
octane; however, the solubility of DMDBT in these relatively light hydrocarbons is

significantly smaller than its solubility in dodecane and hexadecane. Therefore, the
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removal of DMDBT from the lighter hydrocarbons is more favorable, just as it happens

with other refractory S-compounds [194].

Table 5.14: Comparison of maximum adsorption capacities calculated through
Langmuir isotherm for DMDBT on carbon-based adsorbents

Adsorbent Solvent Adsorpyon Reference
Capacity
Activated carbon _
_ Dodecane 120.3 mgpmbaT/g This work
nanofibers
) 26.85 mgS/g=
Activated carbon Hexadecane [188]
177.7 ngMDBT/g
Activated carbon 49 mgS/g=
Heptane [192]
cloth 324.4 mgompsT/g
) 19.5 mgS/g=
Activated carbon Hexadecane [190]
128.7 ngMDBT/g
Activated carbon 30.2 mgS/g=
) Isooctane [195]
doped with boron 199 mgpmpbsT/g
Activated carbon n-Octane 385 mgopmpeT/g [196]
Activated carbon 0.391 mmol/g=
) Decane/hexadecane [197]
doped with metals 82.9 mgpbmpbsT/g
Activated carbon | Decane/hexadecane 84 mgpwmpeT/g [198]
) 31.88 mgS/g=
Activated carbon Hexadecane [199]
211 mgopwmpsT/g
Activated carbon Hexadecane 11.3 mgompeT/g [182]
) 0.41 mmol/g=
Activated carbon Dodecane [200]
86.7 mgpmpaT/g
Activated carbon
_ 23.5 mgS/g=
and carbon fibers Hexane [201]
. 155.6 mgpompeT/g
doped with metals
Activated carbon 0.77 mmolS/g=
_ Hexadecane [202]
doped with metals 163.1 mgompaT1/gC
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As an example, for the case of DBT, it has been reported that changing the
solvent from n-hexane to n-decane can decrease the maximum adsorption capacity by
more than 40% [194]. Taking this into consideration, a comparison of the adsorption
capacity found here with the values found in the literature (Table 5.14) suggest that

ACNFs exhibit a high capacity for the adsorption of DMDBT.

9
a9
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N

Figure 5.54: The structure of graphene and its adsorption of sulfur-compounds; a) the
conjugated & orbitals on a graphene layer [203]; b) the mechanism of n-w interactions
between aromatic S-compounds and sp?-hybridized carbon substrates [204]

In general, carbon materials have demonstrated a very good adsorption

capacity for aromatic S-compounds. These adsorbents are mainly built of carbon atoms
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connected through sp?-hybridized bonds; hence, they contain conjugated m-orbitals
lying perpendicular to the plane (Figure 5.54a). These out-of-plane conjugated =-
orbitals can generate interactions with other aromatic molecules. On the other hand,
thiophenes and benzothiophenes contain aromatic rings, hence, they form =n-n
interactions with graphitic substrates. The interaction between the delocalized =-
electrons of the aromatic S-compounds and the electron-rich regions of the carbon
substrate is based on dispersion forces [181]. This mechanism is schematically
demonstrated in Figure 5.54b.

Moreover, the adsorption capacity of ACNFs-KOH is clearly lower than that
of the ACNFs-KOH-HNO3 (95.4 vs. 120.3 mgompet/gc), although its BET surface
area and porosity are higher as it was described in the previous section. The reason is
that ACNFs-KOH-HNO3 contain much more O-functional groups, which are known
to enhance the adsorption of S-compounds. The various types of thiophenes and
benzothiophenes have a basic character as the S-atom acts as an electron donor [181,
205]. Thus, they interact with the acidic O-groups through Lewis acid-base
interactions [181, 206]. Hence, the treatment with HNO3 enhances the adsorption

capacity of the adsorbent [106, 207].

5.4.2 The adsorption of DMDBT: adsorption thermodynamics

Investigation of the adsorption equilibrium at a higher temperature can provide
information about the enthalpy of adsorption and the spontaneity of the process. Using
the ACNFs-KOH-HNOs which gave the highest adsorption capacity, the adsorption of
DMDBT was carried out at 50°C and the results are presented in Figure 5.55. For

comparison, the adsorption isotherm at 22°C is presented in this figure, as well. The
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calculated parameters of the Langmuir, the Freundlich and the Langmuir-Freundlich

model are provided in Table 5.13.
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Figure 5.55: Adsorption isotherms of DMDBT on ACNFs-KOH-HNO3 at 22°C and

at 50°C

Again, it was found that the Langmuir model fits the data more accurately. The

calculated maximum adsorption capacity is 113.9 mgompet/gc, which is slightly lower

that the adsorption capacity of ACNFs-KOH-HNO3 at room temperature. Hence, the

process is exothermic and more favorable at lower temperatures for the range of

temperatures studied here. The thermodynamic parameters of the process were

calculated using the fundamental equations:

AG® = AH® — TAS® (4.4) and AG® = —RTInK, (5.5)

which give InK, = —AR—I;O + A%o (5.6)
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Where R is the ideal gas constant, AG° is the standard Gibbs free energy change,

AH® is the standard enthalpy change and AS° is the standard entropy change. The
dimensionless equilibrium constant Ke was calculated following the methodology
described in [208]. Briefly, the adsorption can be represented as the following

reversible process:

Adsorbate in the solution < Adsorbate on the adsorbent

Therefore, Ke was determined based on the equation Ke=ge/Ce at different initial
concentrations of adsorbate and extrapolating to zero. Then, InKe was plotted against
1/T and after a simple linear regression it was calculated that AH°=-8.423 kJ/mol and
AS°=0.677 J/molK. This value of adsorption enthalpy is lower in absolute value than
-20 kJ/mol, and this is an indication that the DMDBT molecules are physisorbed on
the surface through dispersion forces [209]. Gibbs energy AG® was also calculated for
these two temperatures and it was found negative (see Table 5.15). Therefore, the
process is spontaneous and exothermic. The positive entropy indicates an increased

randomness at the solid/solution interface after the adsorption of DMDBT.

Table 5.15: Thermodynamic parameters for the adsorption of DMDBT on ACNFs-

KOH-HNO3
Temperature K AG° AH® AS°
(°C) ) (kJ/mol) (kJ/mol) (J/mol*K)
22 33.644 -8.623

-8.423 0.677

50 24.981 -8.642
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5.4.3 The adsorption of DMDBT: adsorption Kinetics

Investigation of the adsorption kinetics is very important as this is closely
connected to the feasibility of the process at an industrial scale. The adsorption kinetics
were studied at 22°C and at 50°C, at an initial DMDBT concentration of 335 ppm,
following the methodology described in Chapter 4. At certain time intervals the
solution concentration was measured, and the results are presented in Figures 5.56 and

5.57 for the temperatures of 22°C and of 50°C respectively.
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Figure 5.56: Adsorption kinetics for DMDBT on ACNFs-KOH-HNO3 at 22°C. The
dashed line shows the fitting of the pseudo-second order model
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Figure 5.57: Adsorption kinetics for DMDBT on ACNFs-KOH-HNOs at 50°C. The
dashed line shows the fitting of the pseudo-second order model

Two models were investigated according to their accuracy to describe the data

[184, 186]:

The pseudo-first order model:

d —k1x
£ =ki(@e—q) © g =qe(1—e ) (5.7)

Where g: (mgompeT/de) is the adsorbed quantity at time t, ge (Mgomoet/gc) is the

equilibrium adsorption and ki (min™) is the rate constant of the pseudo-first order
model.
The pseudo-second order model:

dq, koqat t 1 ¢
dac _ Ca)? o _ = — — — (4.8
T 2(de —qp) At 1+ Kk,qet qc  k,q2 * Je ()

Where q: (mgompeT/gc) is the adsorbed quantity at time t, ge (MgomosT/gc) is the

equilibrium adsorption and k2 [gc/(mgompsr*min)] is the rate constant of the pseudo-
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second order model. The pseudo-first order model is used to describe the initial stages
of the adsorption, while the pseudo-second order describes much better the whole
process and assumes the sharing of electrons or the electron exchange between the
adsorbate and the adsorbent [181].

An overview of the results presented in Figures 5.56 and 5.57 indicates that the
adsorption is remarkably fast. Particularly for room temperature, around 94% of the
final equilibrium adsorption is reached after just 1 min, and 98% after 10 min.
Similarly, at 50°C 99% of the final equilibrium adsorption is reached after just 15 min.
A further proof of the very fast kinetics is provided by the rate constants calculated by
fitting the above-mentioned kinetic models. While the pseudo-first order model
doesn’t fit the data well as indicated by R?, the pseudo-second order model is very
accurate with R? reaching 0.999 for both temperatures. For 22°C the rate constant is
0.297 gc/(mgompeT*min), while for 50°C the rate constant is 0.316 gc/(mgompeT*min),
which translates to faster kinetics at higher temperature (Table 5.16). Table 5.17
compares the rate constants calculated here with the highest values found in the
literature using the pseudo-second order kinetic model for the adsorption of DMDBT

on carbon-based adsorbents.

Table 5.16: Kinetic parameters for the adsorption of DMDBT on ACNFs-KOH-

HNOs3
Pseudo-1°t order Pseudo-2" order
Tem?)ecr;iture exper?:'r;ental Ge Ki R* 9e K R?
22 24.25 23.7 6.97 | 0.8792 | 24.28 | 0.297 | 0.9998
50 24.13 23.64 | 3.08 | 0.5768 | 24.08 | 0.316 | 0.9995
Units: ge: mgompet/gc; Ki: (Min); ka: [gc/(Mgompsr*min)]
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Table 5.17: Comparison of the adsorption kinetics measured here for the adsorption
of DMDBT with the highest values found in the literature

Adsorbent dose Initial
Adsorbent Solvent [(adsorber!t concentration Ko . Shaking Ref.
mass)/(solution of DMDBT [9/(mg*min)] speed
mass or volume)]
0.297
Activated )
(94% of This
carbon Dodecane 10 g/L 335 ppm o 105 rpm
) equilibrium work
nanofibers . .
after just 1 min)
200 ppm (total
. PP (_ 0.029
Activated concentration,
} (90% of
carbon Heptane 0.029/35¢g in the presence o 150 rpm [192]
equilibrium
cloth of other S- .
after >40 min)
compounds)
) 0.632 mmol/kg 0.12
Activated )
(in the presence (90% of
carbon Heptane 0.025g/4 g o N/A [186]
of other S- equilibrium
cloth .
compounds) after >25 min)
23.8 pmol/
Hmorg 0.3021
(total S .
. i mmol/g/min
Activated concentration,
Dodecane 19/50¢g . (90% of N/A [208]
carbon in the presence o
equilibrium
of other .
after >30 min)
compounds)
Activated 50 ppm (in the 0.0406
carbon Hexane/ presence of (90% of
. (not stated clearly) L N/A [210]
doped with toluene other S- equilibrium
metals compounds) after >20 min)
Activated 50 ppm (in the 0.0311
carbon Hexane/ presence of (90% of
. (not stated clearly) L N/A [211]
doped with toluene other S- equilibrium
metals compounds) after 20 min)
Activated (not calculated)
carbon Decane/ 90% of
. 0.05 g/10 mL 100 mgS/L o 110 rpm [197]
doped with hexadecane equilibrium
metals after >10 h
Activated
Hexadecane 0.01g/L 20 ppmS 0.153 N/A [182]
carbon
Activated
carbon
. Isooctane (not clearly stated) 5-150 ppmS 0.514 300 rpm [195]
doped with
boron

Ganiyu et al. [195] have reported very fast kinetics for the adsorption of DMDBT

on activated carbon, however, they report that the experiments were conducted at an
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extreme shaking speed of 300 rpm, while isooctane was used as a solvent. Thus, under
these conditions it is expected to measure very fast kinetics. Furthermore, shorter-
chain hydrocarbons lead to much faster adsorption rates due to a combined influence
of their viscosity with the surface tension [194]. In contrast, the experiments in the
present study were contacted at a low speed of 105 rpm. Therefore, based on the
information presented in Table 5.16, the results presented here correspond to
comparatively the fastest kinetics that have been reported for the adsorption of
DMDBT on a carbon-based adsorbent.

Based on the adsorption Kinetics at the two distinct temperatures, it is possible
to calculate the activation energy of the adsorption. The adsorption rate constant k»
calculated from the pseudo-second order model is a function of temperature according

to Arrhenius equation [184]:

k, =A _Ea<=>lk ——lA——a
RT
2 x e nk, =In

Where Ea (kJ/mol) is the activation energy, A [gc/(mgomoeT*min] is the collision
frequency factor and R is the ideal gas constant. By plotting Ink> vs. T at 295 K and at
323 K and fitting a linear relationship, it is calculated that Ea=1.76 kJ/mol and A=0.607
[gc/(mgompeT*min]. Values of Ea<4 ki/mol denote physisorption, while Ex>8 kJ/mol
is an indication of chemisorption [184]. Thus, this rather small value of E, calculated
here provides a further proof that the adsorption of DMDBT on the ACNFs proceeds
through dispersion forces.

The claim, that ACNFs present the fastest kinetics compared to the values at
various conditions encountered in the literature, is corroborated by fitting the
intraparticle diffusion model to the data presented here for the adsorption of DMDBT

on ACNFs-KOH-HNOs. This model gives an insight into the mechanisms involved
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during the process, and it is expressed as an empirical formula according to the

following equation:

Qe =kia* 2+ G (5.9)

Where t is the time (min), g: (MgompeT/gc) is the amount of solute adsorbed at
time t, Cia (mgompbsT/gc) is the intercept, which is related to the size of the boundary
layer, and kis [mgompeT/(gc*(min”0.5))] is the rate constant of each separate stage of
the adsorption [212, 213]. The model assumes that the adsorption proceeds through
separate stages, the first of which is the external surface adsorption through the
boundary layer, the second one is the intraparticle adsorption to the micropores and
the third one is the surface adsorption at equilibrium [212]. If the plot of q: vs. t*?is
linear, then the process is only controlled by intraparticle diffusion [213]. However,
the usual case is a multi-linear plot consisting of two or three stages; hence, more than
one mechanisms are controlling the adsorption process [213].

Figure 5.58 shows the plot of gt vs. t? for the adsorption data of DMDBT on
ACNFs-KOH-HNOs3 at 22°C and at 50°C. Both plots clearly consist of three stages,
and each one is highlighted with a dashed straight line. For each stage, the intraparticle
diffusion constant kiq and the intercept Cig was calculated through linear regression of

equation 5.9 and the results are presented in Table 5.18.

Table 5.18: Calculated parameters of the intraparticle diffusion model

First stage Second stage Third stage
Tem%ecri ture Kid1 Cia1 Kid2 Cid2 Kids Cias
22 6.4178 16.359 0.5205 22.277 0.0876 23.584
50 12.045 10.507 0.5984 21.954 0.0265 23.826
Units: Kia: [mgompet/(gc*(min”0.5))]; C: mgompet/gc
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Figure 5.58: Fitting of the DMDBT adsorption kinetics data to the intraparticle
diffusion model; a) T=22°C; b) T=50°C

In both cases, the first stage of adsorption is remarkably fast with a very high

rate constant of 6.4178 [mgpmpeT/(gc*(Min”0.5))] at 22°C and almost double at 50°C
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(12.045 [mgompet/(gc*(min”0.5))]). Thus, the external diffusion through the
boundary layer proceeds extremely fast, especially at higher temperatures. The rate
then drops as the adsorbate molecules diffuse into the micropores and finally they
reach the equilibrium, as indicated by the final almost horizontal plateau. Therefore,
the data suggest that the process involves a multi-stage mechanism, and it is mainly
controlled by intraparticle diffusion into the micropores as the external diffusion is
extremely fast.

For the adsorption of DMDBT on activated carbon-based adsorbents, values
found in the literature for the fitting of the interparticle diffusion model have calculated
kia1 to be 0.641 (mg/g*min*?) for the first stage of external diffusion [210] and up to
0.0657 for the second and third stage of adsorption [195]; these values are orders of
magnitude lower than the calculated values reported here. Therefore, the parameters
calculated from fitting the intraparticle model further support that the activated carbon
nanofibers exhibit the fastest kinetics for the adsorption of DMDBT, with 94% of the
final equilibrium adsorption reached after just 1 min, and 98% after 10 min at room
temperature at a low shaking speed of 105 rpm. Moreover, the results suggest that
these fast kinetics are based on the extremely fast initial external diffusion of the
adsorbates to the adsorbent surface through the boundary layer. This is justified by the
morphology and structure of the ACNFs. As it was demonstrated in Section 5.3, this
material actually consists mostly of nano-sized cylinders or clusters of them with large
voids (macropores and large mesopores), therefore, it has a remarkably high external
surface area (the external surface area of the fibers) which translates into a very large
interface between the adsorbent and the solution. In contrast, the common activated
carbon mainly consists of microparticles, hence the total interface between the

adsorbate and the solution is considerably smaller.
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5.4.4 Replication of the adsorption measurements

As it is described in the experimental part (Section 4.4) all the adsorption
desulfurization experiments for the removal of DMDBT were carried out using the
same batch of ACNFs-KOH-HNO3, the properties of which were also characterized in
Section 5.3. For validation purposes, a second batch of ACNFs-KOH-HNO3 was
produced under the same conditions and it was used to replicate a limited number of
the adsorption experiments. The replication results are presented in the four graphs of
Figure 5.59 for the equilibrium adsorption and for the adsorption kinetics at room
temperature and at 50°C. In these graphs, the results obtained using the second batch
of ACNFs are represented by the red dots (denoted as “sample 2°). The blue dots
(“sample 17) signify the initial results presented in Sections 5.4.1-5.4.3. In all cases,
the adsorption measurements showed very good reproducibility. The equilibrium
results obtained from the second sample differed less than 10% compared to the initial

sample, while the adsorption kinetics differed less than 5%.
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5.4.5 The adsorption of DBT: equilibria and kinetics

As a further proof of the potential of ACNFs-KOH-HNO3 to be used for
adsorptive desulfurization, the adsorption of dibenzothiophene (DBT) from n-
dodecane (C12) at room temperature was also studied, following the methodology
described in Chapter 4. Prior to these experiments, preliminary experiments for the
comparison of the adsorption capacity of ACNFs-KOH-HNO3z with ACNFs-KOH and
with commercial activated carbon (Merck 1.02186, BET surface area of 775 m?/g)
were conducted. It was found that the adsorption capacity of ACNFs-KOH-HNO3z was
almost 35-45% larger compared to commercial activated carbon and around 20-30%
larger compared to ACNFs-KOH (results not shown here). Hence, the presence of
acidic O-functional groups favors the adsorption of DBT, as it was also shown for
DMDBT. Therefore, it was decided to proceed with using only the ACNFs-KOH-
HNO:s for the adsorption experiments.

The adsorption results are presented in Figure 5.59, while the fitting parameters
of the Langmuir and Freundlich isotherms are shown in Table 5.19. The fitting of the

Langmuir-Freundlich isotherm was less accurate and it is not presented here.

Table 5.19: Fitting parameters for the adsorption equilibrium of DBT

Langmuir Freundlich
Sample Tem%ecl;;ature Qm-L KL R? Kr | nr R?
ACNFs-
22 77.82 | 0.0217 | 0.9680 | 9.62 | 2.97 | 0.9602
KOH-HNO3

Units: gm-L: mgoet/ge; Ki: kgeiz/mgoer ; Ke:(Mgomost/ge)/(Mmgoet/kgciz);
nk: dimensionless
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Figure 5.60: Adsorption isotherm of DBT on ACNFs-KOH-HNO3 at room
temperature. The dashed line shows the fitted Langmuir isotherm

Similarly to DMDBT, the adsorption results of DBT best fitted to the Langmuir
isotherm; however, Freundlich gives also an adequately large R% Thus, there is
homogeneous monolayer adsorption, although a heterogeneous mechanism is also
involved, especially at low surface coverage, when the DBT molecules first adsorb on
the sites of higher energy [192]. From the Langmuir model, it is calculated that the
maximum adsorption capacity amounts to 77.82 mgpst/gc, Which corresponds to 13.5
mgS/gc.

As in the case of DMDBT, comparison with the values found in the literature for
the adsorption of DBT on carbon adsorbents can be misleading, as the different
solvent, adsorbent dose and the presence of other solutes renders the comparison
difficult. Values of maximum adsorption capacity in the range of 300-500 mgpsT/g
have been reported for the adsorption of DBT from shorter-chain hydrocarbons

(hexane, heptane) [214, 215]. However, the removal of refractory sulfur compounds
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from lighter hydrocarbons is easier; it has been reported that changing the solvent from
n-hexane to n-decane can decrease the maximum adsorption capacity by more than
40% [194]. While hydrocarbons ranging from C6-C8 are used in the majority of
studies, there are a few reports in which decane and/or hexadecane have been used;
these results are summarized in Table 5.20. Based on these results, it can be concluded
that ACNFs-KOH-HNO:3 exhibit a remarkable adsorption capacity for DBT, as well.

In addition, a comparison with the adsorption capacity calculated for DMDBT
on ACNFs-KOH-HNO3 in terms of mgS/gc unveils that the adsorption capacity of
DBT on ACNFs is comparatively lower (18.2 mgS/gc vs. 13.5 mgS/gc). The reason is
that DMDBT is a larger molecule which creates stronger dispersion forces with the
carbon surface. Since the adsorption is based on these dispersion forces, it is expected
that the adsorption of DMDBT will be higher compared to DBT, as it has been
elsewhere observed [216].

Furthermore, the adsorption kinetics of DBT on ACNFs-KOH-HNO3 at room
temperature were studied, following the methodology described in Chapter 4. The
results are presented in Figure 5.60 and in Table 5.21. The pseudo-second order model
was found to best fit the data, with a rate constant of 0.588 [gc/(mgosT*min)].
Similarly to DMDBT, the kinetics here are also remarkably fast; almost 95% of the
final equilibrium capacity is reached after 1.5 min, and 98% after 10 min. These results
were compared to reported values in the literature for the fitting of the pseudo-second
order model to the adsorption of DBT on carbon adsorbents, and they are summarized

in Table 5.22.
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Table 5.20: Comparison with values found in the literature for the adsorption of DBT
on carbon-based adsorbents. Fitting with Langmuir.

Adsorbent Solvent Adsorpyon Ref.
Capacity
Activated carbon _
_ Dodecane 77.82 mgpe1/g This work
nanofibers
555.6 umol/g=
) 102.3 mgpeT/g
Activated carbon Hexadecane _ [217]
(in the presence of
other solutes)
61.3 umolS/g=
) 11.3 mgDBT/g
Activated carbon | Decane/hexadecane ) [218]
(in the presence of
other solutes)
8.1 mgS/g=
Activated carbon ) 46.57 mgpsT/g
_ Diesel _ [114]
doped with metals (in the presence of
other solutes)
15.1 mgS/g=
Carbon aerogel Hexadecane [115]
86.8 ngBT/g
Activated carbon n-Decane 152 mgpeT/g [194]
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Figure 5.61: Adsorption kinetics of DBT on ACNFs-KOH-HNO3 at room
temperature. The dashed line shows the fitted pseudo-second order model

Table 5.21: Kinetic parameters for the adsorption of DBT on ACNFs-KOH-HNOs

Pseudo-1%t order Pseudo-2"9 order
Temperature e~ 5 2
(°C) Experimental | % ki R qe ke R
22 16.73 16.36 | 5.82 | 0.5282 | 16.69 | 0.588 | 0.9999
Units: ge: mgost/gce; ki (min™); kz: [ge/(Mgpsr*min)]

Based on the results exhibited in Table 5.22, it is obvious that the adsorption
rates reported here for DBT are much faster than the adsorption rates found in the
literature, considering the solvent used in this research (n-dodecane) compared to
shorter-chain hydrocarbons. This result, as in the case of DMDBT, is based on the
nano-structured morphology of the ACNFs which comprises a very large external

surface area (the external surface of the fibers) and a significant number of macro- and
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mesopores which render the mass transport of solutes on the carbon surface

remarkably fast.

Table 5.22: Kinetics of DBT adsorption: comparison with literature values

Adsorbent dose

Initial .
Adsorbent Solvent [(adsorber!t concentration ke . Shaking Ref.
mass)/(solution [g/(mg*min)] speed
of DBT
mass or volume)]
. 0.588
Activated .
(95% of This
carbon Dodecane 10g/L 335 ppm o 105 rpm
. equilibrium work
nanofibers ]
after 1.5 min)
274
Activated [g/(mg*h)]=
Decane 0.29/20¢ 7.3 mgoet/L N/A [194]
carbon 0.046
[9/mg*min)]
Activated ]
50 ppm in the
carbon Hexane/ (not stated
) presence of 0.394 150 [219]
doped with toluene clearly) )
benzothiophene
metals
Activated
(90% of
carbon Petroleum L
. 0.75 g/20 mL 500 ppm equilibrium in N/A [220]
doped with ether
>10 h)
metals
. Commercial
Activated ] 0.06 (total S-
diesel + 50 g/1000 cm?® 593 mgoet/kg 250 [221]
carbon . compounds)
acids
Carbon 200 ppmS=
] n-Hexane 5g/L 0.27-2.02 N/A [180]
microsphere 1150 ppm DBT
Activated (not stated
n-Octane 40 mg/10 mL 0.0180 N/A [222]
carbon clearly)
. 51 ppm (in the
Activated Hexane/ 95% removal
0.5 9/20 mL presence of . N/A [181]
carbon toluene after 5 min
other solutes)
Activated
carbons
. n-Octane 0.5 g/100 mL 300 mg/L 0.001062 N/A [223]
doped with

metals
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Figure 5.62: Replication of the measurements for the adsorption of DBT on ACNFs-
KOH-HNO3 at room temperature; a) equilibrium adsorption and b) adsorption
Kinetics. “Sample 2” is the second batch of ACNFs used for validation (red dots),
while “sample 1” is the initial batch (blue dots)

The experiments for the adsorption of DBT on ACNFs-KOH-HNO3 were
validated by replicating some of them using the second sample of carbon nanofibers,
according to the procedure described in Section 4.4 and in similar manned as in Section
5.4.4 for DMDBT. The validation results are presented in the two graphs of Figure
5.62 for the equilibria and for the kinetics of adsorption. The reproducibility was
satisfactory, as the replication results were lying within a 6% margin compared to the

results obtained for the initial sample of ACNFs-KOH-HNO:s.
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5.4.6 Section summary

In this section, the CNFs and the ACNFs were tested for the adsorptive
desulfurization of a model fuel (n-dodecane). Focusing on the adsorption of DMDBT,
a chemical compound which can hardly be removed through the traditional
hydrodesulfurization process, it was found that ACNFs-KOH-HNO3 exhibit a very
high adsorption capacity, accompanied by remarkably fast adsorption kinetics, which
are comparatively the fastest kinetics reported in the literature for this process. The
process is exothermic and the dominant mechanism is physisorption of DMDBT
through z-n interactions with the carbon surface and through acid-base interactions
with the acidic O-functional groups. Furthermore, ACNFs-KOH-HNO3 exhibit a high
adsorption capacity for DBT, and comparatively the fastest adsorption Kinetics that
have been reported for the removal of DBT from fossil fuels using carbon-based
adsorbents. These results point out the suitability of ACNFs for adsorptive

desulfurization, as an alternative method to the current industrial practice.
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Chapter 6: Conclusions and Recommendations

The aim of this PhD dissertation research was to successfully produce activated
carbon nanofibers (ACNFs) from a blend of a renewable with a waste resource (lignin
with recycled PET) that can potentially be used for the adsorptive desulfurization of
fossil fuels. First, using a well-established nano-manufacturing method, the
electrospinning technique, electrospun nanofibers of varying average diameters were
prepared from different lignin/r-PET mass ratios. Then, they were carbonized and
activated with different methods for their transformation into ACNFs of very high
porosity. Finally, these ACNFs exhibited a very high adsorption capacity for the
removal of 4,6-dimethyldibenzothiophene (DMDBT) and dibenzothiophene (DBT)
from a model diesel fuel (n-dodecane), combined with remarkably fast kinetics. These
results provide a very promising perspective for the development of next-generation
adsorbents and for the upgrade of current industrial practice. They also serve as a road-
map for the manufacture of high added-value products from widely-available

Inexpensive resources.

6.1 Preparation and characterization of activated carbon nanofibers from a blend
of lignin with r-PET
The first step of this PhD dissertation research focused on the preparation of
electrospun nanofibers from a blend of lignin with r-PET (Section 5.1). The
electrospinning of lignin alone was not possible due to its relatively low molecular
weight; thus, the presence of r-PET was crucial for the formation of nanofibers.
Different nanofibrous morphologies of varying average fiber diameter were

systematically prepared under different experimental conditions (varying spinning
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distance, voltage, flow rate, solution concentration, lignin/r-PET mass ratio).
Following a Design-of-Experiments statistical methodology, the effect of each
experimental factor on the average fiber diameter was investigated, and it was found
that the solution concentration and the spinning distance are the most significant ones.
Particularly, it was found that the average fiber diameter decreases when low solution
concentration is used (<15%) either at the maximum (20 cm) or at the minimum
(~7cm) spinning distance. Low solution concentration translates into low solution
viscosity; therefore, the electrospinning jet can elongate more easily and form thinner
nanofibers. A more elaborate experimentation under these conditions enabled the
preparation of electrospun nanofibers of 50/50 lignin/r-PET with average fiber
diameter of 80 nm. This is a significant result as it proves the feasibility to manufacture
very thin lignin/r-PET nanofibers. This value is among the lowest reported in the
literature for lignin-based electrospun nanofibers, and it is also lower by two orders of
magnitude compared to lignin/PET fibers manufactured with other methods. In
addition, it is a very important result because such thin nanofibers have a very high
external surface area, a property which is crucial in applications such as adsorption,
filtration, catalysis and energy storage, in which the nano-dimension plays a key role.
Furthermore, although lignin has been combined with other polymers (PAN, PEO,
PVA) for the manufacture of nanofibers, this is the first time that it is combined with
PET, a very common commodity plastic. Hence, the way of upgrading the value of
this major compound of municipal waste through the manufacture of a high added-
value product is demonstrated.

Examination of the electrospun nanofibers with ATR-FTIR indicated that the
two polymers are blended through weak intermolecular interactions. This observation

was corroborated by DSC, through which the miscibility of the lignin with r-PET was
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proven by monitoring the differences in their Tg, Tec and T at different mass ratios.
Furthermore, EDS revealed that the electrospun nanofibers consist of ~54.67%-
57.36% C per unit mass depending on the lignin/r-PET mass ratio (90/10-50/50
respectively), while it detected the presence of impurities (ash) derived from the
starting lignin.

After the successful preparation and the characterization of electrospun
nanofibers, the next step was their carbonization, in order to prepare CNFs of desired
morphologies (Section 5.2). Here, it was discovered that the production of CNFs with
a well-formed filamentous structure is only possible under certain conditions regarding
the lignin/r-PET mass ratio and the average diameter of the precursor electrospun
nanofibers. The impact of the nano-dimension on the carbonization process has
scarcely been reported in the relevant literature and it is usually overlooked. In this
PhD dissertation research it was diligently investigated, by fabricating electrospun
fibrous mats of different average fiber diameters ranging from 80 nm to 781 nm from
50/50 lignin/r-PET, and by monitoring their decomposition profiles via
thermogravimetry. It was discovered that precursor fibers with average diameter larger
than 387 nm show an almost stable decomposition rate (0.24-0.26%/°C) between 180-
260°C, the region of lignin decomposition, and yield well-formed carbon fibers. In
contrast, minimizing the average diameter of the precursor nanofibrous mats to 80 nm
results in the maximum thermal degradation rate (0.40%/°C) and the maximum weight
loss between 180-260°C, and in the fusion of nanofibers. The reason is that the heat
and mass transfer limitations are not determinant of the process at such low nano-
dimensions, as many more macromolecules are located on the surface of the fibers.
Therefore, lignin decomposes faster, and as a consequence the mobility of PET

macromolecules becomes less restricted and the nanofibers merge with each other.
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Furthermore, these observations were extended to higher lignin/r-PET mass ratios up
to 90/10. Here it was discovered that there is a synergy between the average fiber
diameter and the lignin/r-PET mass ratio. Particularly, when the mass ratio is roughly
between 50/50-67/33, there is a considerable degree of melting during the
carbonization of precursor nanofibrous mats with low average diameters (lower than
200 nm), due to the differences in the thermal properties between these two polymers.
For this range of mass ratios, the fusion of fibers is minimized when the average fiber
diameter of the mats is increased above 300-400 nm. In contrast, when the lignin/mass
ratio approaches the value of 90/10, then the precursor nanofibers tend to retain their
filamentous morphology even when the average fiber diameter is low, therefore, it is
feasible to produce lignin-based carbon nanofibrous mats with average diameter close
to 100 nm. At such lignin/r-PET mass ratios, the amount of lignin is so high that it
prevents the r-PET chains from crystallizing, and thus, the melting can be avoided.
These results were confirmed through DSC and XRD. This is the first time that the
synergy between the mass ratio and the average fiber diameter has been described as
a crucial factor, when carbon nanofibers are prepared from a blend of two polymers.
Therefore, these results can serve as a road-map for the manufacture of CNFs with a
desired morphology. Controlling the degree of fusion among the CNFs can enhance
their mechanical properties and electrical conductivity, although excessive fusion
compromises their BET surface area. Moreover, lignin-derived CNFs with average
diameter as low as 100 nm have scarcely been reported.
A more detailed characterization of the structure and properties of the produced
CNFs was conducted through N2 physisorption, Raman spectroscopy, XRD and EDS
(Section 5.3). CNFs prepared from 90/10 (average fiber diameter ~100-150 nm) and

50/50 lignin/r-PET (average fiber diameter ~400 nm) were compared, while the role
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of carbonization temperature was also investigated. The porosity measurements
showed that increasing the carbonization temperature to 1000°C enhances the BET
surface area of CNFs and also it is desirable to have a high r-PET content. R-PET acts
as a template for the promotion of microporosity through its decomposition during
carbonization. Hence, CNFs derived from 50/50 mass ratio are mostly microporous
and they exhibit the highest BET surface area of 353 m?/g. Generally, the CNFs have
a disordered carbon structure as it was revealed using XRD, Raman spectroscopy and
TEM. However, CNFs derived from 90/10 lignin/r-PET mass ratio have more ordered
structure than those produced from 50/50. Increasing the carbonization temperature
has a positive impact in the development of a higher degree or graphitic order.

In addition, the CNFs were activated using either physical activation through
heating with CO. or chemical activation through treatment with KOH. Physical
activation raises their BET surface area to 686 m?/g creating a mostly mesoporous
structure. In contrast, starting from CNFs derived from 50/50 lignin/r-PET with ~400
nm average fiber diameter, the chemical activation transforms them into ACNFs with
BET surface area of 1413 m?/g, which is a value comparable to that of commercial
activated carbon (sample “ACNFs-KOH”). Furthermore, these ACNFs were treated
with HNOs. Although their BET surface area dropped slightly to 1267 m?/g, their
carbon structure was functionalized with acidic oxygen-functional groups as it was
confirmed through Boehm titration and through EDS (sample “ACNFs-KOH-HNO3”).
Moreover, after the treatment with KOH and then with HNOs, the activated carbon
nanofibers become a very lightweight material with a bulk density of 0.075 g/mL,
which is less than half compared to that of commercial activated carbon.

These values of porosity, as well as their nanostructure which translates into a

very high specific surface area, render ACNFs potential candidates not only for
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adsorption applications, but also for any process in which the high surface area plays
an important role in eliminating mass transfer limitations, such as for catalysis and for

energy storage.

6.2 Adsorption of S-compounds using ACNFs

One of the goals of this PhD dissertation research was to demonstrate that
ACNFs have the potential to be used as efficient adsorbents, especially for the removal
of refractory S-compounds from commercial fuels. ACNFs, which were derived from
50/50 lignin/r-PET with ~400 nm average fiber diameter, were tested for the
adsorption of DMDBT and DBT from a model diesel fuel (n-dodecane) (Section 5.4).
The experiments focused more on the removal of DMDBT, as it is one of the refractory
S-compounds for which the traditional industrial practice of hydrodesulfurization is
not efficient. After investigation of the equilibrium adsorption at room temperature
and the fitting of three different isotherms (Langmuir, Freundlich and Langmuir-
Freundlich), it was found that ACNFs-KOH-HNOs have a very high adsorption
capacity of 120.3 mgompet/gc, While ACNFs-KOH perform also very well with an
adsorption capacity of 95.4 mgowmpst/gc. In contrast, CNFs without activation
exhibited very low adsorption capacity (15.73 mgompst/gc), as they possess much
lower porosity than the other adsorbents. ACNFs-KOH-HNO3z exhibit higher
adsorption capacity than ACNFs-KOH despite their relatively lower BET surface area,
due to the presence of O-functionalities which interact with the S-compounds through
acid-base interactions. Besides the very high adsorption capacity, ACNFs-KOH-
HNO3 show remarkably fast adsorption kinetics, as the system reaches 94% of the
equilibrium adsorption capacity after only 1 min and 98% after 10 min. These kinetics

for the adsorption of DMDBT are comparatively the fastest that have been reported
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when a carbon-based adsorbent is used, and they are justified by the nano-structured
morphology of ACNFs, which comprises a very large external surface area (the
external surface of the fibers) and includes a significant volume of meso- and macro-
porosity. These characteristics render the mass transport of solutes on the carbon
surface very fast. Besides the adsorption process, this very fast mass transfer is crucial
for energy storage applications, for which ACNFs would be a very promising
candidate, as well as for catalytic applications. In addition, investigation of the
adsorption at higher temperature (50°C) showed that the process is exothermic and its
AH® value (-8.423 kJ/mol) indicates that the dominant mechanism is physisorption.

ACNFs-KOH-HNOs3 were further tested for the adsorption of DBT from n-
dodecane at room temperature. In this case they also exhibited a high adsorption
capacity of 77.82 mgpst/gc, and again remarkably fast kinetics as the system reaches
95% of the equilibrium adsorption after only 1.5 min and 98% after 10 min. Such fast
kinetics would be desirable at an industrial level as they would allow the processing
of a large volume of fuels at a shorter time.

These results practically denote that ACNFs are capable of treating fuels with
a very high content of S-compounds (~150 ppm S) and of lowering it to less than 15
ppm as most regulations demand. Considering these results, it has been proven that
ACNFs are an excellent desulfurization adsorbent. In addition, they are a promising
candidate for a variety of other applications in the general field of adsorption, as well

as in catalysis and in energy storage.

6.3 Recommendations for further research

Established benchmark materials or long-standing processes can only be

replaced when the new ones can be translated into processes that are competitive
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enough to justify the cost and disruption of replacing existing industrial practice. In
this framework, there is still a lot to be done towards the direction of preparing a
material that is ready to be used industrially.

In the first part of this research, the electrospinning method was used for the
preparation of electrospun nanofibers using TFA as a solvent. Generally, the
electrospinning method offers a low production rate, while TFA is a rather expensive
solvent and it should be handled carefully due to its acidic nature. Therefore, there are
limitations in the commercial viability of the whole process, and a further assessment
of this issue should be carried out. Many electrospinning setups working in parallel
and a recycling of the solvent could be possible solutions.

In terms of the production of ACNFs, different activation methods could be
investigated, e.g. with other chemical agents such as ZnCly, or physical activation with
H-O. Different activation methods could give rise to different textural properties,
which would add to the versatility of the ACNFs. Moreover, doping with metals would
be a very interesting modification, which would provide the ACNFs with catalytic
properties and possibly even better performance in desulfurization. Finally, the
ACNFs produced here could probably be a promising material for the manufacture of
electrodes for energy storage devices. Their large surface area which minimizes mass
transfer limitations, would probably make a difference in such devices.

Regarding the adsorptive desulfurization, an important issue is always the
selectivity of S-compounds against other molecules such as aromatics. Generally, the
O-functional groups of the carbon surface improve their selectivity, but this should be
tested, and possibly improved with methods that have been proposed elsewhere, for
example through doping with transition metals. Besides batch adsorption, adsorption

at dynamic conditions should also be investigated for the determination of
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breakthrough curves, as this is closer to practical industrial applications. Here, it was
proven that ACNFs show excellent adsorption capacity for the adsorption of S-
compounds from a model diesel fuel. However, experimentation with commercial
diesel is necessary, as this is a complex mixture of hydrocarbons and other compounds.
Finally, the regeneration of the adsorbent is another important issue that needs further

investigation.
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