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COPYROLYSIS OF AVGAMASYA ASPHALTITE AND GOYNUK OIL
SHALE FOR PITCH PRECURSORS: CHARACTERISATION AND
CARBON FIBRE PRODUCTION

SUMMARY

Formation of broad range of new advanced materials via integrated efforts in
synthesis and processing is among the most significant recent advances in materials
science and engineering. Materials with a wide spectrum of physical properties are
being developed to meet a variety of highly specialised needs. These materials offer
the potential for developing fibrous structures with unique combinations of
mechanical properties, such as high stiffness and strength, high temperature
performance, and optical and electrical properties.

Carbon fibres occupy a premier position among advanced materials especially for
composites in that they combine high stiffness and strength with high temperature
performance, high corrosion resistance and also offer relatively inexpensive routes
for large-scale production. Although a wide range of materials have been used to
produce carbon fibres since their introduction in the early sixties, current commercial
production is concerned on three major precursor materials; rayon, polyacrylonitrile

(PAN), and pitch.

In the present study, two Turkish fossil fuels, Goynuk oil shale (GOS) and
Avgamasya asphaltite (AA), have been chosen as raw materials to prepare pitch
precursors for isotropic carbon fibre production. In order to produce tar material,
ground GOS and AA have been mixed in some ratios. Tar materials have been
produced by pyrolysis and co-pyrolysis of GOS and AA in a stainless steel fixed bed
retort under the flow of nitrogen. Pitches have been prepared by four different
methods. In the first method, selected tars have air-blown. In the second method,
selected tars have heat-treated under the nitrogen atmosphere. In the third method, all
tars have vacuum-distilled. In the last method, one of the pitches obtained by vacuum
distillation has furthermore subjected to solvent extraction with hexane.

The structural characterisation of the tar materials and pitch precursors and the
chemical changes occurred due to different processing have studied by elemental
analysis, thermogravimetric analysis (TGA), dynamic differential scanning
calorimetry (DDSC), softening point measurement (SP), size exclusion
chromatography (SEC), mass spectrometry (MS), optical microscopy, scanning
electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), 1H and
13C nuclear magnetic resonance spectroscopy (NMR).

The co-pyrolysis of GOS and AA mixture in some ratios has not resulted in obvious
synergistic effect. However, the yield of all tars decreases as the percentage of the
GOS decreases in the raw mixtures.
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The H/C atomic ratios and therefore, the softening points of the pitches have been
varied with the severity of the air and nitrogen blowing. Air-blowing and nitrogen-
blowing have given pitches with higher softening points in the range of 110-160°C.
Mild oxidation effect has been observed by air-blowing. Vacuum-distillation has
resulted in lowest pitch yields, softening points, and higher H/C atomic ratios.

Depending on the data obtained from FTIR, 1H and 13C NMR anélysis, nitrogen-
blowing applied to 50%GOS-50%AA tar (S5A5) at 300°C for 60 minutes has
resulted in the pitch with the highest aromaticity.

A spinnable pitch with a moderate softening point has been produced by
vacuum-distillation followed by hexane extraction (S7A3-E1). The stabilisation of
the green fibres obtained by the spinning of this pitch has been done by using nitric
acid instead of air or oxygen. The stabilised fibres have been carbonised in a tubular
furnace with slow heating steps up to 1000°C. The SEM images of the carbonised
fibres have shown some surface distortions due to insufficient stabilisation and/or
pitch composition.

In order to observe the effectiveness of supercritical fluid extraction (SFE), the
selected pitches have been subjected to 30 minute dynamic SFE with CO2 and with
CO02 modified by hexane at different temperatures and pressures. The SFE with CO2
modified by hexane at 150°C and 400 atm has removed higher amounts of light
fractions of the pitches. The elemental analysis of the residues of the pitches showed
that SFE has resulted in lower H/C atomic ratios in the residues. The SFE of S-A2
pitch with CO2 modified by toluene at 150°C and 400 atm has not been successful
since the S-A2 pitch has totally dissolved during the extraction. This should be
attributed to the aliphatic nature of S-A2 pitch.

SFE of the selected pitches has shown that SFE can be used alternatively as a clean
and effective extraction technique compared to ordinary solvent extraction technique.
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ZIFT ELDES] ICIN AVGAMASYA ASFALTITI VE GOYNUK BITUMLU
SISTININ KOPIROLIZI: ZIFT KARAKTERIZASYONU VE KARBON
FIBER URETIMI

OZET

Son yillarda malzeme bilimcilerin ve miihendislerin 6nem verdigi konularin basinda
ileri teknoloji malzemelerinin {iretimi ve iretim proseslerinin gelistirilmesi
gelmektedir. Ileri teknoloji malzemelerinin fiziksel 6zellikleri kullanim alanlarina
gore gelistirilmektedir. Bu malzemeler yiiksek derecede sicaklik ve mukavemet gibi
mekanik ozellikler, yliksek sicakliklara dayaniklilik, yiiksek optik ve elektriksel
Ozellikler gostermektedirler.

Karbon fiberler yiiksek sicaklik uygulamalarina uygun olmalari, ¢ok iyi bir sertlik ve
mukavemete sahip ve korozyona direngli olmalar1 nedeniyle ileri teknoloji
malzemeleri arasinda dnemli bir yer almaktadir. Karbon fiberler ticari olarak rayon,
polyacrylonitrile (PAN) ve ziftten liretilmektedirler.

Bu ¢aligmada, Tiirk kat1 yakitlannin hammadde olarak kullamlmasiyla zift esash
izotropik karbon fiber (GPCF) {iretimi ve bu iiretim i¢in gerekli olan ziftin eldesi ve
karakterizasyonu hedef alimmugtir. Kati fosil yakit olarak Bolu'nun Goyniik
yOresinden ¢ikartilan bitiimli sist (GOS) ve Siirt'in Avgamasya ydresinden ¢ikartilan
asfaltit (AA) kullamlmigtir. Bu ¢alismada Goynilkk bittimlid sisti (GOS) ve
Avgamasya asfaltiti (AA) ¢gitiiliip elendikten sonra belirli oranlarda karigtirilmis ve
azot atmosferi altinda sabit yatakli bir reaktérde piroliz islemi uygulanarak katran
tretilmistir. Zift ise hava iifleme, azot iifleme, vakum destilasyonu, ve vakum
destilastonu ile elde edilen ziftlerden birinin hekzan ile ekstraksiyonu sonucu
Uretilmistir.

Uretilen katran ve ziftlerin yapisal karakterizasyonu ve farkl: iglemler sonucu olusan
kimyasal degisiklikleri elementel analiz, termogravimetrik analiz (TGA), dinamik
diferansiyel taramali kalorimetri (DDSC), yumusama noktasi O&l¢timii (SP),
molekiiler dagilim olgtimii (SEC), kiitle spektrometrisi (MS), optik mikroskop,
taramali elektron mikroskopu (SEM), Fourier transform infrared spektroskopisi
(FTIR), 'H ve *C niikleer manyetik rezonans spektroskopisi (NMR) ile ol¢tilmiistiir.

GOS ve AA’nin belirli oranlarda karistiriimasindan sonra uygulanan birlikte pirolizi
az miktarda sinercitik etkiye neden olmustur. Bunun yamsira karigim igerisindeki
GOS miktar1 azaldikga tiretilen katran miktarinda da bir azalma oldugu gériilmiistiir.

Ziftlerin H/C atomik oranlar1 ve dolayisiyla yumusama noktalar, uygulanan hava ve
azot Ufleme yOntemlerinin sicaklik ve zaman parametrelerindeki degisiklige bagl
olarak farklilik géstermistir. Hava ve azot lifleme y6ntemleriyle yumusama noktalan
110-160°C olan ziftler iiretilmistir. Hava tiifleme yontemi ile ziftlerde hafif
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oksidasyon etkisi gériilmiigtiir. Vakum destilasyon yontemi ile verimi ve yumusama
noktasi en diigitk ve H/C atomik oram en yiiksek olan ziftler {iretilmigtir.

FTIR, 'H ve 1*C NMR sonuglarindan gore %50 GOS-%50 AA kangsimindan iiretilen
katrana 300°C’da 60 dakika siireyle uygulanan azot {ifleme yontemiyle aromatisitesi
en yiiksek olan zift liretildigi anlagiimigtir.

Uretilen ziftlerden S7A3-E1, fiber gekme deneylerinde kullamlmugtir. Bu zift gekme
iinitesinde yumugama noktasinin yaklagik 20°C iizerinde basariyla g¢ekilerek yesil
fiber haline getirilmigtir. Elde edilen yesil fiberler nitrik asit ile stabil hale getirilmis
ve daha sonra 1000°C’da karbonize edilmigtir. Karbonize edilen fiberlerin taramali
elektron mikroskobu ile (SEM) incelenmesiyle fiberlerin yiizeylerinde bazi yariklar
ve piiriizler goriilmiistiir. Bunlar, ziftlerin yapisindan ya da yeterli derecede stabilize
edilememis olmasindan dolay: kaynaklanmaktadir.

Stiperkritik siv1 ekstraksiyonu (SFE), segilen ziftlere CO, ve hekzan ile modifiye
edilmis CO; kullamilarak farkli sicaklik ve basinglarda uygulanmigtir. 150°C ve 400
atm’de hekzan ile modifiye edilmis CO, kullanilarak uygulanan SFE, fazla miktarda
disiik fraksiyonlan ziftlerden uzaklagtirmigtir. Dolayisiyla elde edilen ziftlerdeki
H/C atomik oranlarinin bir miktar daha diismesi saglanmigtir. S-A2 ziftinin 150°C ve
400 atm’de toluen ile modifiye edilmis CO, kullamlarak gerceklestirilen
ekstraksiyonu sonucunda S-A2 ziftinin alifatik yapisindan dolay: tiim zift
¢Oziinmiistiir.

Stiperkritik sivi ekstraksiyonunun, yaygin olarak kullamlan klasik ekstraksiyon
yontemlerine gére daha temiz ve etkili bir yéntem oldugu sonucuna varilmigtir.
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1. INTRODUCTION

Today, carbon fibres, advanced composite carbon fibres, fine ceramics, and other
high-function materials, collectively known as "advanced or new materials”, have
begun to attract attention as the third generation of new industrial materials,
following in the wake of conventional metals and plastics. Therefore, research and

development on a host of new materials is being promoted throughout the world.

The Basic New Material Research Council in its report defines new materials as
follows: "New materials are high value-added materials exhibiting epoch-making
properties and producing a level of social value never before experienced, which are
made from metallic, inorganic, organic, or a combination of such raw material and
are the product of high-level manufacturing/processing technology, or commercial

application technology" [1].

Carbon materials are characterised by high specific stiffness, specific strength, high
conductivity, low density, etc., which result from the fundamental properties of the
carbon atom and which confer on them many advantages over other materials.
Carbon materials also retain their good mechanical properties at high temperatures
(2000°C), under non-oxidative conditions. All these specific properties convert these
materials in versatile products with many different uses ranging from the aluminium

industry to high technology applications [2-4].

Carbon fibres are primarinly used in composites. Composites are structures containing
two or more components. Fibre reinforced composites have two components, the
fibre and the binder. The advantage of many composites is that they offer a
combination of properties that cannot be found in any single material. And the
advantage of carbon fibres within a matrix of another substance is that their
performance and properties can be even more impressive than those of other types of
fibres, such as glass, nylon, rayon, and kevlar. The superior properties of carbon fibre

to steel and other metals meant that the aerospace industry was an obvious market for



composite materials. The use of lighter materials in aircraft construction allows for

fuel savings or a greater payload [1].

The carbon fibre industry was impacted by significant cutbacks in the military and
aerospace industries due to the global economic recession from 1990-1993. The
producers of aerospace materials experienced a significant decline in the market for
their products because of this unexpected reduction in commercial aircraft orders and
military aerospace programs. World-wide carbon fibre capacity in 1993 was 11.3
million kg while the demand was 6.2 million kg. Producers consolidatéd operations,
closed plants, temporarily shut down facilities, and laid off workers to balance

inventories [1].

After 1993, the recovery of the commercial aircraft market and the increased use of
the composite materials in sporting goods, and industrial equipment sectors helped
the industry make a transition from defence to higher-volume, lower-cost
applications. This transition led the industry to emphasise the development of cost-
effective materials and manufacturing processes. For example, processes that
produced low-cost carbon fibres in bundles with an increasing number of filaments

were finding applications in high-volume markets [1].

During 1997, the market for composite materials continued to grow. The Society of
the Plastics Industry’s Composite Institute estimated that U.S.. shipments for
composites of all types totalled 1.550.000 metric tons, an increase of about 6% above
1996 levels and 8% above 1995 levels, for the sixth consecutive year increases. In
1996 and 1997 the carbon fibre industry operated at close to capacity. The 1997
gains were most pronounced in the consumer products and transportation sectors,
which was reflective of the increased use of composites in sporting goods, and of the
upturn in the commercial aircraft market. End-use demand for carbon fibres has

shifted significantly in the last few years [1].

More than 30 years have passed since commercially usable carbon fibre appeared.
Carbon fibres are now widely used to fabricate reinforcing structural materials,
composites, which have extensive use in the aerospace industry [S]. Carbon fibres
are produced from precursors such as rayon, polymers (e.g., polyacrylonitrile),

carbonaceous gases (e.g., acetylene) or pitch (isotropic or mesophase) [6].



Continuous carbon fibres have been produced by polymers and pitch precursors
while discontinuous fibres have been produced by vapour-grown carbonaceous
gases. Rayon and isotropic pitch precursors are used to produce low modulus
(< 60 GPa) carbon fibres. High modulus carbon fibres are made from PAN or
mesophase pitch precursors. In both cases, an oriented precursor fibre is spun,
stabilised by slightly oxidising to thermoset the fibres and carbonising to

temperatures in excess of 800°C to produce a carbon fibre [7].

The conversion of these precursors to pitch is generally accomplished through the
use of heat-treatment and distillation procedures. The final properties of the pitch are
to an extent related to the precursor of choice and to the degree of thermal
processing. However, even more extreme variations in pitch properties can be
achieved by using chemical conversion procedures with such reagents as O,, S, and
certain Lewis acids. Treatment of pitches, thermal or air-blowing, prior to their use in
the preparation of carbon materials, considerably improve such properties as carbon
yield and density. However, these treatments significantly increase the final price of
the pitch. The direct application of specific treatments to parent tar would obviate
this problem [8,9].

Its low cost makes pitch fibre attractive in non-structural applications, where high
strength and stiffness are not required, such as filters, static dissipation, thermal
insulation and brake and clutch frictional materials. However, -ac.tual markets
continuously require improvement of the quality of the products and a reduction of
costs. This can be achievable only from a good knowledge of the physical and
chemical properties of pitches relevant to carbon materials and the chemistry
involved during their processing [2]. Recently, pitch fibres have been used in cost-
driven structural applications, such as carbon fibre reinforced concrete. Also, pitch
fibres are potentially attractive as low cost replacement for asbestos in some
insulation and roofing material applications. Presently, because of their superior
stiffness, mesophase fibres are used in aerospace structural applications, and future
reductions in cost should allow them to be used in automotive structures. However,
the extremely high thermal conductivity of newer varieties of mesophase fibres
makes them uniquely attractive for dissipating heat in high speed machinery, aircraft

structures and even electronic packages [10].



Isotropic pitches derived from coal and petroleum are used for the commercial
production of general purpose carbon fibres. Although the pitches have different
origins and processing histories, they have all been subjected to thermal cracking or
catalytic cracking at high temperatures (>850°C). They each have high aromatic, and
low aliphatic carbon contents and give high yields on carbonisation. These properties
allow the production of carbon fibres with high density and comparatively high
strength and stiffness [11].

Recently, activated carbon fibres have found many application areas as their novel
properties make them more attractive than conventional forms of activated carbons
(powder or large size carbons) for certain applications. Being fibrous in form, they
can be incorporated more easily into fabrics, filters, and other articles which would
require special designs to include powder or granular products. The isotropic nature
of pitch-based fibres makes it possible to create high specific surface areas in the
region of 700-2000 m?/g; because diffusion limitations are minimal, the fibres

exhibit very high rates of adsorption and desorption [12,13].

New materials technology is growing up in Turkey as well as all over the world. The
developments are made to improve the properties of these materials and also to find
alternative precursors which can give the desirable properties in the materials. The
high cost of the present carbon fibre precursors, tended researchers to find alternative
and cheaper sources. The scientists have begun to search available substitute sources
as precursors for the production of carbon fibre in their countries. In this context,
hydrocarbon sources of Turkey are investigated as possible carbon fibre precursors.
Among many hydrocarbon sources, oil shales and asphaltites seem to be candidate
precursors for realisation of this research for the production of carbon related

materials.

Such research will definitely improve the economics of oil shale and asphaltite
utilisation through broadening the spectrum of products that can be derived from this
resource, and producing added-value materials that are either unavailable or more
difficult to produce from other sources. The history of oil shale development shows
that most attempts to commercialise oil shale technology have relied upon the
marketing of by-products. Qil shale comprises the second largest solid fuel reserves

in Turkey. G6yniik oil shale reserves, approximately 697 million tons, are located



near the city of Bolu [14]. The total estimated asphaltite reserves of Turkey are
around 50 million tons and Avgamasya asphaltite comprises the largest reserve with
14 million tons. Avgamasya asphaltite is a representative deposit of the asphaltic
substances of Southeastern Turkey, which range from asphaltite to asphaltic
pyrobitumen according to their degrees of alteration. It is geochemically classified as
a solid aromatic-asphaltic oil containing mineral matter, derived from nearby oil

deposits by alteration during burial [15].

Previously, Istanbul Technical University Chemical Engineering Carbon Group has
conducted a research using Goyniik oil shale and Avgamasya asphaltite, and the
results seem to be promising for pitch precursor and therefore, carbon fibre
production. However, both sources have some properties which have advantageous

and disadvantageous, individually, for pitch preparation.

The aim of this work is to assess the potential for producing new precursors for
carbon materials from Turkish oil shale and asphaltite. The present study consists the
production of pitch precursors and general carbon fibres and the determination of the
chemical characteristics of the pitch precursors. In order to optimise the
disadvantages and upgrade the characteristics of GSyniik oil shale and Avgamasya
asphaltite these two hydrocarbon sources have been copyrolysed and the synergistic
effect of copyrolysis has been investigated. This study has also initiated the

possibility of the needle coke production from these sources.



2. GENERAL INFORMATION ABOUT CARBON AND CARBON
RELATED MATERIALS

2.1 Carbon

Carbon has an atomic weight of 12.011 and is the sixth element in the periodic table.
Three isotopes are known to be exist, these being C12 13, and C14, the first two of

which are stable. C12 accounts for around 99% of the naturally occurring carbon and
is used as the reference definition of atomic mass. It is defined as having the
"Relative Atomic Mass" of 12. C13 has a magnetic moment (spin = 1/2) which
results in its being used as a probe in nuclear magnetic resonance (NMR) studies.
The radioactive isotope C14 is generated in the earth's upper atmosphere by the

interaction of neutrons with nitrogen:

N14+n - Cl4+H1 2.1

C14 has a very long half-life of 5730 years is used extensively in the dating of

archeological artefacts and as a "label” in the study of organic reaction mechanisms.

The properties of carbon based materials depend upon its electronic configuration.

Despite the electronic ground state of carbon being 1s2, 2s2, 2p2, energetic
advantage is gained from involving all four outer orbital electrons in bonding
between other atoms or carbon atoms themselves. Carbon displays "catenation"
(bonding to itself) to such a degree that the number of resulting chains, rings, and

networks are almost limitless [7].



2.2  Bonding in Carbon Materials

Bonding in carbon compounds is dominated by two principal regimes as described

below:

1- a-bond - diamond or aliphatic type. This results in chains of carbon atoms such as

polyolefines, or three-dimensional structures which are rigid and isotropic.

2- a-bond and B-bond - graphite or aromatic type. This results in predominantly

layered structures with a h igh degree of anisotropy.

The majority of carbonaceous materials contain examples of both bonding regimes

with an immense range of complexity [16].

2.3  Crystal Structures of Carbon

Carbon exists in two regularly ordered crystalline forms, diamond and graphite. At
ambient temperatures and pressures, graphite is the most thermodynamically stable

allotrope:

C (diamond) — C ( graphite) AH=- 2.1 kJ/mol 2.2)

Diamond is made up of a regular three dimensional network of a-bonds providing a
very rigid, stable structure (Figure 2.1) making it the hardest material known.
Bonding electrons within the diamond lattice are fixed between atoms such that

electrical conductivity is very low, tending towards insulation. Diamond, because of

its higher density ( 3.51g.cm-3 compared with 2,25 g.cm=3 ), is the most stable
allotrope at high pressures (>600 GPa at 20 °C) [7,16]. '

In graphite, there is both a- and n-bonding holding the atoms in hexagonal two
dimensional networks. These hexagons form aromatic layers called graphenes. These
layers are stacked together in a hexagonal compact ABA form in the c-direction as
shown in Figure 2.2 [16,17].



Figure 2.1.  Structure of diamond [16].

Figure 2.2.  Graphite structure [16].

In the graphene layer, each carbon atom exchanges three covalent bonds with its

neighbours (C-C distance 1.4211 °A). In the c-direction, the distance between two

carbon layers, ¢/2, is much higher (3.354 °A), due to loose Van der Waals
bonds [17]. The most probable value of c¢ appears to be 6.707 °A at room
temperature. The lattice constant "a" does not seem to be very much affected by
lattice imperfections; the accuracy of the determination can, however, be influenced

by line broadening due to disorder effects. The most probable value for this constant



is 2.4614 °A at room temperature, corresponding to a C-C bond length of 1.4211 °A
[18].

A small amount of material is stacked according to ABC ABC. This material is
known as the rhombohedral form and accounts for less than 10% of the graphite.
Graphite is a very soft material with good lubricating properties, since the energy
required to slide the layers over one another is very low. The properties of graphite
tend to be very anisotropic as a result of its crystal structure. This anisotropic
behaviour can be illustrated using the electrical conductivity of graphite. The
conjugating n-bonding within the layered configuration results in the delocalization
of electrons throughout the structure. A means of electrical conductivity similar to
the conduction band in metals is thus provided. In direct contrast, there is no electron

movement across the layers, conduction in that direction is minimum [7].

2.4 Order and Disorder in Carbon Materials

Several types of defects, like in-plane rotation, stacking faults, vacancies, non-
planarity of the aromatic sheets may disturb the crystalline ordering resulting in an
imperfect turbostratic structure (Figure 2.3).

M@
Figure 2.3.  Disordered turbostratic carbon [17].

The structure of carbon materials can be schematically described as consisting of

carbon layers with locally well-ordered domains, i.e. crystallites, and other domains



with less-order. Crystallites are characterised by the interlayer distance ¢/2 which is

generally much larger than in graphite, the stacking height, L, and the lamellae size,
L,, (Figure 2.4). The mutual arrangement of the crystallites is also an important

factor since it controls the overall reordering of the carbon structure during- heat

treatment up to 2800 °C [17].

Figure 2.4. . Schematic structure of graphitizable carbon (a), and non-
graphitizable carbon (b) [17].

2.4.1 More-ordered structures

The principal parts of the more-ordered structures are essentially graphitic. Small
volumes often have an almost perfect graphite lattice but, as the volume increases,
the presence of defects, distortions, and heteroatoms destroys the regularity giving
material, which is very disordered. It can be demonstrated that very little energy is
needed to slide the graphitic layers over one another. Similarly, twisting leads so that
they are no longer aligned is another possibility. The twisting leads to structures,
which have roughly parallel and equidistant layers, but with random orientation. This
arises from an irregular disposition of carbon atoms within a layered type of over-
structure. The diamond-like parts of most carbon materials tend to have even shorter
range than the graphitic regions, although a large proportion of the disordered parts is
aliphatic in nature. A whole host of defects and irregularities are again present in any

long-range structures [7,19].



2.4.2 Less-ordered structures

For the most part, carbon materials may be regarded as analogous to metal alloys in
that they are made up of constituents, which can be separately identified within the

overall structure. The principal phases may be described as:

1-  ordered or graphitic, in which case there is a high degree of anisotropy;
2-  disordered material, which, under most characterisation techniques, exhibits an

isotropic structure.

The processes whereby disordered material is converted into an ordered state and
vice versa are one of the primary concerns in the fabrication and properties of
products made by the carbon industry in general and carbon-carbon composites in
particular. Those processes, whether by heat treatment, ageing or some other method

of energy input, are again analogous to metals production [7,19].

Generally speaking, a carbon material is obtained after pyrolysis or charring of an
organic substance at a temperature close to 900°C (carbonisation). The resulting
carbon has a non-graphitic structure. The size of the ordered domains is usually of
short range (< 20nm), but it may develop upon treatment up to 2800 °C. The solid
state transformation of non-graphitic carbon into graphite by thermal activation is
called graphitisation. This process, illustrated in Figure 2.5, illustrates the range of
irregular structures. Depending on the ability of a carbon to develop a graphitic
structure, one distinguishes between graphitizable and non-graphitizable carbons.
The mutual arrangements of the ordered domains in the carbon are a key factor to its
graphitizability. A random arrangement of the crystallites is not favourable for the
crystallite growth shown in Figure 2.4 (a). In the case of a preoriented structure,
Figure 2.4 (b), a significant development above 2000 °C is observed.

The interlayer, c/2, decreases and reaches values close to that in graphite. Also the

stacking height of the crystallites, L, and the average diameter of the lamellae, L,

increase significantly. Typical values of crystallite parameters for a graphitizable
petroleum coke as determined by X-ray diffraction are listed in Table 2.1 [17]. In the
case of non-graphitizable carbon, polyacrylonitrile-based (PAN)carbon fibre, only a
slight increase in the crystallinity of the carbon is observed even after heat treatment

at 2800 °C (Table 2.1). An intermediate case is observed for mesophase pitch-based
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carbon fibre heated at 2800 °C for which the interlayer spacing decreases and
becomes close to that of graphite, but the size of the ordered domains still remains
the same [17].

Figure 2.5. Marsh - Griffiths model of carbonisation/graphitisation process [16].

Table 2.1. Crystallographic parameters of typical carbon forms [17].

Carbons Heat treatment Interlayer Stacking height, Crystallite
temperature spacing, ¢/2 L. (nm) - diameter, L,

O (nm) (nm)

1100 0.344 3 5
Petroleum coke 2000 0.343 30 20

2800 0.337 >50 >500
PAN-based 1100 0.360 2 3
carbon fibre 2800 0.350 5 7
Mesophase 1100 0.342 12 10
pitch-based 2800 0.336 26 10
carbon fibre

2.43 Range of order

The ordered carbons within carbons may be considered as crystallites of graphite.
The range of order can be estimated by measuring the size and distribution of the
crystallites. A consideration of the orientation of the crystallites is often necessary in
the calculation, since the actual range of order may be several orders of magnitude
higher than the size of the individual crystallites.
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The type and range of ordering considered within the structures will depend very
much on the analysis technique employed. When assessing the properties,
performance and applications of carbon materials, the degree of isotropy and
anisotropy present is of great significance. Although the macroscopic properties of
many carbons are isotropic, their structure on a microscopic level exhibits a high
degree of anisotropy. This observation can be exemplified by considering the optical
microstructure of a carbon when compared with an electron microscope image.
Optical microscopes are limited to a resolving power of around lum. Some
structures may thus be discerned as isotropic using optical microscopy, whereas they
may be shown to be highly anisotropic at the nanometer level observed in the

electron microscope [7].
2.5 Carbon Forms

2.5.1 Graphitic and non-graphitic carbons

Graphitic carbons are all varieties of substances consisting of the element carbon in

the allotropic form of graphite irrespective of the presence of structural defects.

Non-graphitic carbons are all varieties of substances consisting mainly of the element
carbon with two-dimensional long range order of the carbon atoms in planar
hexagonal networks, but without any measurable crystallographic order in the third
direction (c-direction) apart from more or less parallel stacking. Many non-
graphitizing carbons can be converted into graphitic carbons by heat treatment to
above 2500 K [16].

2.5.2  Graphitizable and non-graphitizable carbons

The broad division of carbons into two types - graphitizing or non-graphitizing, soft

or hard, coke or char - has long being recognised.

Graphitizing carbons may be defined as these, which begin to develop
three-dimensional atomic order on heating to temperatures near 1700 °C [20]. Most
graphitizing carbons pass through a fluid stage during carbonisation. This allows

large aromatic molecules to align with each other so forming the mesophase
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precursor of the graphitic structure, which is essential to the development of the cake
[16].

Substances which form graphitizing carbons in this way include vitrinites of
medium-volatile coking coal, high-temperature coal-tar pitch, petroleum bitumen,
polymers such as poly(vinyl chloride), and polynuclear aromatic compounds such as
naphthacene and dibenzanthrone. The carbons normally obtained by heating these
substances are coke-like in appearance and exhibit complex pattern of optical

anisotropy under the microscope [20].

Non-graphitizing carbons are those which can not be transformed into graphitic
carbon solely by heat treatment up to 3300 K under atmospheric or lower pressure.
Non-graphitizing carbons are produced from wood, nutshells, and non-fusing coals.
Essentially, the macromolecular (polymeric) structure of these materials remains
during heat treatment only losing small molecules by degradation and developing
even more cross-linking so that fusion can not take place. The loss of small

molecules and the retention of the complex macromolecular structure lead to high

microporosity, with surface areas in the order of 1000 m2.g-1 [16].

These two types of non-graphitic carbons are basically different in structure. The
most striking difference appears in a comparison of the apparent stack height
(average number of layers per stack) is greater for a graphitizing than for a non-
graphitizing carbon with a comparable structure of the layers. This difference is
observed well below the range of temperatures in which graphitisation can occur. To
explain the effect, it is assumed a crystallite growth by migration of whole layers or
groups of layers, and there is a higher probability of these migration entities to be
fixed on the basal plane of already existing crystallites than to be attached to the edge

atoms of layer planes, thus increasing the stack size more rapidly the layer size [18].

Studies on the carbonisation of model compounds (acenapthylene, bifluorenyl) have
revealed the importance of size and shape of the reactive intermediates produced in
the first stages of carbonisation. It was found that the steric conditions of fitting
aromatic molecules together to build up perfect graphitic layers without holes seem
to determine to a large extend whether a perfect graphite structure will be formed at

higher temperature. The important first steps of layer growth by a sterically favoured
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coalescence of aromatic molecules occur in the temperature range 300-500 °C. It is
in this temperature range that a migration of particles is taking place, and it appears
rather unlikely that a second migration process of particles exists in the temperature
range between 1000-2000 °C as previously assumed model. It seems to be more
likely that in the latter temperature range the increase in perfection as indicated by
the increase of the apparent crystallite dimensions is due to the migration of

imperfections (dislocations, vacancies, and interstitials) [18].

2.6  Isotropic Carbons

Isotropic, non-graphitizable carbons originate from materials which are already
macromolecular in nature, e.g. the cellulose or lignin components of wood, nuts, and
nutshells, or the specific cross-linked (C-O-C bondings) of low rank coals such as
peats, lignites, brown coals, and non-caking bituminous coals. Figure 2.6 shows the
two dimensional drawing of carbon lamellae to illustrate structure in isotropic

carbon.

To prepare an isotropic carbon, the precursor material must be polymeric, either
being heavily cross-linked initially or developing cross-linkages in the early stages of

carbonisation [21].

Figure 2.6.  Isotropic carbon Anisotropic carbon [21].

When thermosetting polymers are heated in an inert atmosphere, reactions take place
such that one or two possibilities generally occur; the polymer chains may degrade

into small molecules with the products being evolved as gases leaving little or no
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carbon behind, or the carbon-carbon chains remain intact, while heteroatoms are
driven off and the carbon chains coalesce with neighbours. The material does not
pass through a plastic or liquid state. The final carbon is isotropic if the precursor
material is isotropic and can be anisotropic if the precursor is anisotropic. In either

case the carbon is non-graphitizable, even when heated to 3000 °C.

The mechanical properties of isotropic carbons are directly related to their structure,
which consists of a three-dimensional random network of stacks of graphene layers
appearing rather like tangled ribbons, with three types of bonding therein. Between
closely spaced parallel ribbons only weal Van der Waal's type forces exist, which can
be neglected. Within the ribbons the C-C bond is the stiffest component of the
system. In a random configuration of ribbons, the response to an applied stress is
related primarily to the ease with which segments can rotate with respect to their
environment, which is resisted by carbon bonding between the ribbons. Considering
its non-crystalline structure, the Young's modulus and hardness of isotropic carbon
are very high. This is due in the main to the presence of cross-links between the
ribbon-like bundles of graphene layers, which prevent the layers from shearing past
one another. Isotropic carbon, because of its high hardness, relatively high strength
and chemical inertness to body fluids, has been employed as a structural material in
biomedical implants such as artificial heart valves. The material is somewhat limited
when load bearing is required, because of its extreme brittleness. Mechanical failure
is almost completely controlled by brittle fracture. The failure occurs with negligible
plastic deformation, without prior warning and involves low-energy absorption.

Isotropic carbon is much stronger than most other carbon or graphites [7].

2.7 Introduction to Carbon Fibres

Carbon fibre is a material of industrially great importance in virtue of its unique
properties, such as high strength, low thermal expansion, and high corrosion [22].
Carbon fibres refer to fibres, which are at least 92% carbon in composition. They can
be short or continuous; their structure can be crystalline, amorphous, or partly
crystalline. The crystalline form has the crystal structure of graphite, which consists
of sp® hybridised carbon atoms arranged two-dimensionally in a honeycomb

structure in the x-y plane [23].
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The high modulus of a carbon fibre stems from the fact that the carbon layers, though
not necessarily flat, tend to be parallel to the fibre axis. This crystallographic
preferred orientation is known as a fibre texture. As a result, a carbon fibre has a
higher modulus parallel to the fibre axis than perpendicular to the fibre axis.

Similarly, the electrical and thermal expansion is lower along the fibre axis [23].

The greater the degree of alignment of the carbon layers parallel to the fibre axis, i.c.,
the stronger the fibre texture, the greater the c-axis crystallite size (L), the density,

the carbon content, and the fibre's tensile modulus, electrical conductivity, and
thermal conductivity parallel to the fibre axis; the smaller the fibre's coefficient of

thermal expansion and internal shear strength.

Table 2.2. Properties of various fibres [23].
... | Modulus . . .
. Density Tensile of Ductility Melting | Specific | Specific
Material (g/em’) strength elasticity | (%) temp. |modulus | strength
(GPa) (Gpa) g (°C) | (10°m) | (10*m)
E-glass 2.6 34 72.4 4.7 | <1725 29 14.0
S-glass 2.5 4.5 86.9 52| <1725 3.6 18.0
Si0, 2.2 59 72.4 8.1 1728 34 274
AlO; 4.0 2.1 380 0.6 2015 9.9 5.3
Carbon
1.5 1.9 530 0.4 3700 36.3 13.0
(HM)

(%agm 15 57| 280 20| 3700| 188] 19.0
Boron 2.4 34 380 0.9 2030 164 12.0
SiC 4.1 23 480 0.4 2700 12.0 9.9
Kevlar 14 4.5 120 3.8 500 8.8 25.7

Table 2.2 compares the mechanical properties, melting temperature, and density of
carbon fibres with other types of fibres. There are numerous grades of carbon fibres;
Table 2.2 only shows the two high-performance grades, which are labelled "high
strength” and "high modulus”. Among the fibres (not counting the whiskers), high-
strength carbon fibres exhibit the highest strength while high modulus carbon fibres
exhibit the highest modulus of elasticity. Moreover, the density of carbon fibres is
quite low, making the specific modulus (modulus/density ratio) of high-modulus
carbon fibres exceptionally high. The polymer fibres, such as polyethylene and
Kevlar fibres, have densities even lower than carbon fibres, but their melting

temperatures are low. The ceramic fibres, such as glass, SiO,, Al,0s, and SiC fibres,
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have densities higher than carbon fibres; most of them (except glass fibres) suffer
from high prices or are not readily available in a continuous fibre form. The main
drawback of the mechanical properties of carbon fibres is in the low ductility, which

is lower than those of glass, SiOz’, and Kevlar fibres. The ductility of high-modulus

carbon fibres is even lower than that of high-strength carbon fibre [23].

2.7.1 History of carbon fibres

Carbon fibres have been made inadvertently from natural cellulosic fibres such as
cotton or linen for thousands of years. However, it was Thomas Edison who, in 1878,
purposely took cotton fibres and later, bamboo, and converted them into carbon in
his quest for incandescent lamp filaments. Interest in carbon fibres was renewed in
the late 1950s when synthetic rayons in textile forms were carbonised to produce

carbon fibres for high-temperature missile applications. All these fibres had low
elastic moduli (< 50 GPa, or 7 x 100 psi) [24].

Initial interest was in the aerospace field, where the advantages of low weight and
high strength/stiffness are most obvious. Substantial broadening of the application
base has taken place since then to include recreational sports equipment as well as

industrial and commercial products [25].

The story with high performance carbon fibres started in the sixtiés, when Union
Carbide Company (UCC) was able to demonstrate, that high modulus can be
achieved by hot working of the isotropic carbon ﬁbre, that means by hot stretching of
the fibres at graphitisation temperatures. The hot stretched carbon fibre types
commercially available from UCC were called THORNELL 25, 50, and 70

indicating the modulus number in million psi [26].

The technical and commercial breakthrough for high performance carbon fibres
started in the later sixties after introduction of PAN process, which turned out to be
more economical due to the less expensive precursor polymer and to the simpler
fabrication process. The carbon yield for PAN is 50% whereas rayon carbonisation

provides less than 30% carbon residue only [27].

The carbon fibre industry presently uses three different materials: rayon, PAN and
pitch fibres, either isotropic or liquid crystalline (mesophase) [28].
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2.7.2  Processing of carbon fibres

Carbon fibres are fabricated from pitch fibres, polymer fibres (e.g.,
polyacrylonitrile), or carbonaceous gases (e.g., acetylene). Those made from pitch
and polymer fibres are in short and continuous forms whereas those made from
carbonaceous gases are in the short form only. Fibres made from pitch and
carbonaceous gases are more graphitizable then those made from polymers, so they
can attain higher thermal conductivity and lower electrical resistivity. The raw
materials cost is much lower for making fibres from pitch or carbonaceous gases than

from polymers [23].

The fabrication of carbon fibres from pitch or polymers involves pyrolysis of the
pitch or polymer. In contrast, the fabrication of carbon fibres from carbonaceous

gases involves catalytic growth of carbon [22].

2.7.2.1 Rayon based carbon fibres

Rayon precursors, which are derived from cellulosic materials, were one of the
earliest precursors used to make carbon fibres. Their advantages were that they were
characterised and readily available; their most significant disadvantage was a
relatively high weight loss, or low conversion yield to carbon fibre (30 wt%) [11].
An enormous amount of shrinkage is caused by the mass loss from the structure at

the different stages of pyrolysis.

This shrinkage can not be translated completely in a bulk shrinkage of the fibre. The
consequence is formation of an extremely porous carbon residue with low density
(16 g/cm3) [29].

A quantitative illustration of the mass loss during carbonisation is given in Figure
2.7(a) for rayon [30]. Figure 2.7(b) shows the carbon yields of some aromatic
polymers like poly(p-phenylene), phenolics, poly(p-phenyleneacethene) and others,
compared with rayon, PAN, and pitch [29].

Figure 2.8 shows the basic elements required for producing carbon filaments from
rayon. The first low — temperature treatment takes place at around 300 °C and

converts the structure to a form which is stable to higher processing temperatures.
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The process involves polymerisation and the formation of cross-links of the fibre
mass, 5060 % is lost to decomposition products such as H,0, CO, and CO, during
oxidation. The carbonisation step, resulting in further weight loss, is usually carried
out at 1500 °C. The yield after carbonisation is 20-25% of the original polymer
weight. At this stage fibres have an essentially isotropic structure. The mechanical
properties of carbonised rayon are poor as a direct result of the poor alignment of the
graphane layers. Stretching of the fibres during heat treatment to graphitisation
temperatures increases both strength and modulus, but is an expensive process.
Because of the poor mechanical properties, low carbon yield and expense of
graphitisation, rayon based carbon fibres have generally not proved competitive in

the market place . Table 2.3 lists typical rayon based carbon fibre properties [7].
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Figure 2.7. Weight loss of rayon during carbonisation (a); carbon yield after
carbonisation for some aromatic polymers (b) [29,30].
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Table 2.3. Typical properties of rayon-based carbon fibres [7].

Tensile strength 1.0 Gpa
Axial Tensile modulus 41.0 Gpa
Elongation to break 2.5%
Electrical resistivity 20.0Q
Density 1.6 g.cm™
Bulk Fibre diameter 8.5 um
Carbon assay 99.0%

2.7.2.2 Pan based carbon fibres

PAN based carbon fibres are carbon fibres obtained from polyacrylonitrile (PAN)
precursor fibres by stabilisation treatment, carbonisation, and possibly final heat
treatment at even higher temperature. They provide a carbon fibre conversion yield
that is 50 to 55%. These precursors can be thermally rearranged before thermal
decomposition, which allows them to be oxidised and stabilised before the carbon

fibre conversion process, while maintaining the same filamentary configuration [25].

The process to manufacture PAN carbon fibres is as follows. The first step in the
process is to polymerise the precursor material, which starts with the free radical
polymerisation of acrylonitrile and suitable comonomers to form PAN.
Polymerisation is followed by spinning the precursor polymer into a multifilament
strand. The fibres are next thermally stabilised via an oxidation process, which
employs temperatures approaching 400 °C. This involves crosslinking of the polymer
chains to make the fibre interactable so that it will not melt when subjected to

increasingly higher temperatures. The next step of the process is carbonisation,
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which takes place in an inert atmosphere at temperatures between 1000 °C and
2000 °C. To achieve very high modulus, a graphitisation step at 2000 °C to 3000 °C
is used. The carbon or graphite fibres have achieved their final strength, modulus,

and density at this stage of the process [31].

2.7.2.3 Vapour grown carbon fibres

Primitive technology had being used for the preparation of vapour grown fibres as
the 1889 patent of Hughes and Chambers, which describes the growth of “hair-like
carbon filaments”, utilised a feedstock of hydrogen and methane pyrolysed in an iron
crucible. The fibres were thought to be suitable for electric light bulb filaments, but

lack of modern process controls made them uncompetitive [32].

In 1972, Koyama grow good yields of vapour grown carbon fibres (VGCF) by
thermal decomposition of benzene at about 1200 °C [33].

Vapour grown carbon fibres are a promising new technology for the production of
strong, stiff, discontinuous carbon fibres, which will be useful in applications where

cost is an important consideration.

The basic process for producing vapour grown carbon fibres was developed by Gary
Tibbetts at the General Motors NAO Research Labs. In this process, an
organometallic compound containing iron is injected into a hydrocarbon vapour at
temperatures above 1000 °C. The fibres were lengthen and thicken as they move
through the reactor with the gas stream and collected as they exist. However, the
process was non-productive; the iron catalyst did not grow filaments profusely

enough to be a practical continuous reactor [34].

One of the most important problems in the growth of carbon fibres from catalyst
particles is the role of sulphur in the process. As early as 1954, Kauffman and
Griffiths were able to increase the fibre fraction of the product grown on silica
reactor tube walls tenfold by adding 0.4% by volume H,S to coke oven gas. During
this epoch there was no recognition of the fact that the fibres were growing from
small iron particles inadvertently present in the reactor [35]. On the contrary, Katsuki
et.al. showed that while iron was indeed a catalyst material, hydrogen sulphide, or

sulphur in general, could have an even more crucial role [36]. This group showed
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more recently that sulphur addition to the iron catalyst particles alone made fibre
growth much more profuse. More recently, Tibbets, et.al observed that 1% addition
of hydrogen sulphide to the feedstock of continuous reactor, where abundant fibre

nucleation is especially important, is vital to obtaining high yield fibre growth [37].

2.7.2.4 Pitch based carbon fibres

The pitch based carbon fibre was developed by Otani and co-workers in 1963 [38]
and now it is recognised as an important industrial material. The pitches used as
starting materials for the preparation of carbon fibres are by-products of the coke-
making and petrochemical industries. For this reason, these materials have the
advantage of being cheap precursors of carbon fibres [39]. Pitch can be defined as a

solid, fusible product of the pyrolysis of organic materials [40].

Natural pitch is a high molecular weight by-product of the destructive distillation of
petroleum, coal, or natural asphalt [10]. Pitches are composed of a wide variety of
different generic classes of compounds ranging from low molecular weight paraffinic
material at one extreme to very highly aromatic species at the other [41]. In most
types of pitches polycyclic aromatic hydrocarbons (PAH) comprise the dominant
class of compounds. Partially hydrogenated PAH occur in petroleum pitches in larger
amounts but in high temperature coal-tar pitch the concentrations are low [42]. Pitch
can be considered to be composed of four general classes of chemical compounds:
saturates, naphthene aromatics, polar aromatics, and asphaltenes. Saturates are the
fraction of the pitch which consists of low molecular weight aliphatic compounds.
Low molecular weight aromatics and saturated ring structures make up the naphthene
aromatic portion of pitch. Polar aromatics, on the other hand, have a higher
molecular weight and tend to be more heterocyclic in nature. Asphaltene is the
highest molecular weight fraction in a pitch, and it also has the highest degree of
aromaticity. Because it tends to consist of large, alkylated, plate-like molecules of
condensed aromatic rings, the asphaltene fraction is the most thermally stable portion
of the pitch [43].

The complex composition of pitches is the key to their low softening ranges and
useful rheological properties, since many of the components can individually have

very high melting points. Pitches exhibit both eutectic and glass-like properties. The
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glass transitions of pitches can be determined using differential scanning calorimetry
(DSC) or thermomechanical analysis (TMA) techniques [44]. Pitches soften over a
broad temperature range and isotropic pitches generally exhibit Newtonian flow

behaviour with the viscosity changing with temperature [45].

The thermal stability, softening point, and potential carbon yield of a given pitch
depend on the relative proportions of the four classes of chemical compounds that it
contains. As one would expect, as the asphaltene fraction of a pitch increases, the
thermal stability and softening point tend to increase. In addition to increasing the
thermal stability and softening of the pitch, a high asphaltene content often results in
a high carbon yield when the pitch is converted to fibre. Coal tar pitches are, in
general, more aromatic than petroleum pitches. The coal tar pitch has higher benzene
and quinoline insoluble content but a lower average molecular weight. Since it is
more aromatic and contains a higher benzene and quinoline insoluble content, one
might expect coal tar pitch to have a high carbon yield, making it an obvious choice
as a precursor for carbon fibres [41]. And also coal tar pitch as a feedstock for the
production of carbon fibres provides a relatively cheap raw material available in

sufficient quantities, with the prospect of a high carbon yield [42-46].

Carbon fibres based on petroleum pitch have a unique property profile, which
includes: very high axial modulus (up to 896 GPa); strongly negative values of axial
thermal expansion coefficient; high axial thermal (and electrical) cdnductivity, and

adequate tensile properties [47].

Pitch based carbon fibres having a broad range of microstructure and mechanical
properties are available commercially. The fibres have high potential to be used as

reinforcement in carbon/carbon composites.

Pitch based carbon fibres have been recognised as a strategic material for the near
future because of their excellent tensile properties. Tensile properties, such as
Young’s modulus and tensile strength of carbon fibres, strongly depend on the

degree of preferred orientation in the graphitic layers along the fibre axis [48].

There are two types of pitch based carbon fibres: general purpose carbon fibres
(GPCF) and high performance carbon fibres (HPCF) [49]. The first are obtained

from conventional isotropic pitches, while the second are prepared from mesophase
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pitches. The HPCF are quite expensive compared with the GPCF and their
applications are mainly limited to aerospace and sporting goods industries. On the
other hand, the GPCF have many potential applications due to their much lower price
[50].

Isotropic pitch based carbon fibres (GPCF)

GPCF and HPCF are compared in Table 2.4 according to their physical properties
and application areas. In this comparison, all carbon fibres described above belong to

the low modulus grade [38].

Table 2.4. Comparison of the two carbon fibres [38].

Type GPCF HPCF
Strength (kg/mm®) 90-85 300-300
Modulus (10°kg/mm?) 42-3.8 50-20
Present use Insulation, gasket, Reinforcing elements (sporting
fillers in plastics. goods, aerospace).
Future use expected Substitution for Automobile and others.
asbestos and electrodes.

Their low cost makes isotropic pitch based carbon fibres an attractive candidate for
non-structural applications where high strength and stiffness are not a priority. These
applications include: filtration, static dissipation, thermal insulation, and substrate
fibres for ceramic fibres, and an asbestos substitute in some insulation and roofing
materials. Isotropic carbon fibres have ever been used to reinforce concrete, and
recently, they have been utilised to create a new form of activated carbon, which

exhibits an extremely high degree of selectivity [51].

There are several reasons why fibres prepared from an isotropic pitch precursor
should be less expensive to produce than other continuous carbon fibres. Since, in
principle, any spinnable pitch of high coking value can be used as a precursor for
isotropic carbon fibres [38], the raw pitch precursor can be relatively inexpensive. In
addition, several processes have been developed to lower the cost of converting the
raw pitch precursor to a spinnable pitch with a high softening point [52-54]. These
processes purify and devolatilise the pitch, reducing filament breaks during spinning
and increasing process conversion. Besides purifying the pitch, the preparation

process can be designed to produce an isotropic pitch with a high reactivity. This
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allows the melt-spun fibre to be stabilised rapidly prior to final heat treatment,

further lowering the final fibre cost.
Mesophase pitch based carbon fibres (HPCF)

High performance pitch based carbon fibres are manufactured by carbonising pitch
precursor fibres, which are obtained by melt-spinning a mesophase pitch [55-57]. A
mesophase pitch of high stabilisation reactivity with a highly oriented structure, low
viscosity, high purity, and higher coking value has been required as an appropriate
precursor for pitch based carbon fibres with high performance and as a binder pitch

of advanced C/C composites [58,59].

The discovery in 1965, by Brooks and Taylor of a mesophase state in pitch, has had a
major impact on the technology of carbon and graphite. This phenomenon explained

for the first time how isotropic pitches transform to anisotropic carbons [60,61].

The term “mesophase” is used for the substance of which the spheres and the mosaic
— before solidification — are formed [62].

The mesophase pitch as a precursor for the high performance pitch based carbon
fibre has been prepared from coal tar and petroleum residues through several steps
such as hydrotreatment, extensive removal of volatile non-mesogen and extraction of
non-fusible non-mesogen [63-68]. When such materials are heat treated at
temperatures of about 350-500 °C, mesophase in the form of anisotropic spherules
precipitates from the isotropic phase [69,70] and the general pattern of behaviour has
been found to be as shown in Figure 2.9 [38]. The substance melts on heating and
becomes an isotropic pitch or liquid. As the temperature rises over above 350 °C,
optically anisotropic spheres appear in the isotropic matrix. This optically anisotropic

phase is called a carbonaceous mesophase.

As the heat treatment progresses, the spherules grow through coalescence (Fig.2.10)
[71] and finally transform into irregular regions of coalesced mesophase. Since
mesophase is usually obtained through the heat treatment of isotropic pitches, it is
important to consider the changes which transpire during pitch pyrolysis. These

include both physical and chemical phenomena [72]. The major relevant “physical”
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Temp (°C) State of Compounds H/C atomic ratio

(room) Organic
v 1.2
200 Isotropic P itCh 0.55
v
350 Condensation
Amortisation
350 0.65
Carbonaceous
mesophase
(liquid crystal)
450 0.42
Cokes
about 500 <0.4

Figure 2.9. Change in non-volatile organic compounds brought about by heating
[381.

change, which occurs during heat treatment of pitches at the meso_phase stage, is

volatilisation of low boiling condensable components and evolution of gases. The

volatiles consist largely of low molecular weight components, which distill out of the

pitch before they can react. The degree of volatilisation can be altered by the use of

pressure [73].

The main chemical process associated with the heat treatment of pitches involves
thermally induced polymerisation [74]. The thermal conversion of pitch to
mesophase involves both chemical polymerisation and dealkylation reactions [75-
77]. Hence, the development in the pitch of long range molecular order, which leads
to the physical transformation to liquid crystal, has been attributed both to increasing
molecular weight and chemical bonding (side chains on aromatic rings). Such
chemical reactions remove mesophase inhibitors and disordering species, and lead to

the formation of large planar molecules [78].
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Figure 2.10. The process of mesophase formation [71].

It is known that mesophase formation during the heat treatment of pitches can be
related to the increase in the concentration of high molecular weight species
generated from low molecular weight molecules by condensation or By distillation of
low molecular weight fractions [79]. Chwastiak, et.al referred that Fitzér and others
have suggested [80] the chemical basis for mesophase formation is the condensation
of small aromatic molecules into larger ones which concentrate into an anisotropic
phase, but this does not rule out the presence of some small molecules in the

anisotropic phase and some large molecules in the isotropic phase [80].

Because of the apparent insolubility of mesophase spheres in the isotropic pitch,
extraction techniques were used initially as a general method for determining
mesophase contents of pitches. The decrease in solubility of pitch in excellent pitch
solvents such as quinoline and pyridine was used to monitor mesophase development

and to determine reaction kinetics [81].
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Mesophase pitch, as a precursor for making the high performance carbon fibre, needs
to be spinnable at low temperature, highly oriented and reactive for oxidation to

promote thermosetting [82].

High performance carbon fibres were mainly developed for aerospace appfiééﬁoné
because of their high stiffness and low weight. High performance carbon fibres are
widely used in polymer-matrix composites for aircraft which are lightweight for the
purpose of saving fuel. The aircraft Voyager has 90% of its structure made of such
composites and achieved a non-stop, unfueled, round the world flight in 1986. High
performance carbon fibres are also used in carbon-matrix composites for high
temperature aerospace applications, such as in the space shuttle, as the carbon matrix

is more temperature resistant than a polymer matrix [23].

Another promising route for the application of high performance carbon fibres is in
the engine itself. One of the results of a large government supported programme in
the Federal Republic of Germany is the connecting rod. Medical applications for
high performance carbon fibres should be mentioned. Carbon fibre is the material
which possesses the best biocompatible properties of all known materials, it is
compatible with blood, soft tissue as well as with bones. Two applications are of
most interest today, the replacement of ligament, and carbon fibre reinforced bone
plates [27].

2.7.3  Spinning of pitch precursors

Spinning is a fibre formation step in which the melt of pitch is spun into fibres by
melt spinning, centrifugal spinning or melt blowing. The latter two processes can
only produce non-continuous fibres and have low running costs compared with
conventional melt spinning, and are most suitable to produce isotropic pitch-based
carbon fibres. In these fibre forming processes, the pitch is melted to a carefully
controlled viscosity and then forced through a number of fine capillaries to produce
the fibres as the pitch re-solidifies. The diameter of the fibre is controlled by drawing
the fibre by centrifugal force or a stream of air to blow the fibre onto a moving belt
as it forms into a random mat. Extreme care must be taken to control temperature and

other parameters.
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Figure 2.11. Schematic drawing of melt spinning [83].

Mesophase pitch can be formed into fibres through melt spinning. The mesophase
pitch melt, having a suitable viscosity at the spinning temperature, is extruded
through a mulitiple hole spinnerette. Under the combined effect of gravity and pulling
of the roller, the extrudates draw down as they cool and eventually solidify to form

the fibres. A schematic diagram of the process is shown in Figure 2.11.

When the filament draws down, its axial velocity increases unmtil it glassifies,
reaching a final diameter where the velocity is at its maximum which is in turn
determined by the roller speed. There is an increasing velocity gradient in the
filament on leaving the spinnerette, reaching a maximum just above the glassification
point. Thus, a maximum tensile stress results where the filament diameter is at its
minimum (i.e. from the glassification point downward). For a continuous process,
this maximum stress must not exceed the ultimate tensile strength of the "as-spun"

filament or else it would break and disrupt the spinning process.

The viscosity of the pitch is extremely important for the spinning of a continuous,
thin filament. The viscosity of both mesophase and isotropic pitch is more
temperature sensitive than that of organic polymers, and therefore, it is vitally
important to carefully control the temperatures of both spinnerette and the

surrounding environment.
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When molten mesophase pitch is forced through the spinnerette, the planar
polyaromatic molecules are lined up in the flow direction. The alignment is further
improved during the fibre drawdown. Hence, the polyaromatic molecules are aligned
more or less parallel to the fibre axis in the "as-spun” fibres, reducing the energy
input required for graphitisation, and producing fibres with exceptional stiffness. The
spinning conditions have a strong impact on the degree of preferred orientation of
"as-spun" fibres, which is higher when the spinning viscosity is low at a high spinnig
temperature. A pitch fibre with larger diameter and lower viscosity during spinning
provides a higher degree of preferred orientation because a pitch fibre with a thinner
diameter is cooled more rapidly during the elongation process in spinning, and
inherits a lower degree of preferred orientation due to disordered states at higher
temperature. The molecular structure of mesophase pitch also influences the
transverse shape, texture and the degree of preferred orientation of the spun pitch
fibres [83].

2.74  Ocxidative stabilisation of pitch based carbon fibres

For fabrication of pitch-based carbon fibres the pitch precursor must be spinnable
and the spun pitch-fibres must be stable in shape or structural configuration during
subsequent carbonisation and graphitisation [54,84].

The stabilisation process, occasionally called the infusibilisation or thermosetting
step, is the most time consuming step in the production of pitch based carbon fibre
[84,85].

The stabilisation step can have a significant impact on the micro structure as well as
the mechanical strength of the finished fibre. The chemical and structural
mechanisms involved in oxidation during stabilisation are complex. The fibre
morphology is largely dependent on the extent of oxygen up-take, precursor

composition, and morphology, temperature, environment, and stress [84,86].

The oxidative stabilisation of an as-spun fibre is usually performed, very slowly to
prevent spun fibre melting [22] , at a temperature a few tens of degrees below the

softening point of the pitch precursor.

31



The oxidation atmosphere may be ambient air, ozone, oxygen, or pressurised oxygen,
with or without additives intended to enhance oxidation [84]. Use of inert
environments in early stages of stabilisation has been suggested to yield a more
homogeneous stabilised fibre structure. Experimentally, NH; gas is known to
accelerate stabilisation, but oxygen must be present [86]. The addition of sulphur to
isotropic pitch has been reported to shorten the stabilisation time during the
production of low strength fibres [54].

Oxidative stabilisation involves two competing reactions, “oxygen uptake” and
“fibre burn-off” [87]. Adding oxygen to an organic molecule raises the boiling or
melting point or, alternatively, oxygen may promote cross-linking between

molecules [88].

Any proposed mechanisms to explain the oxidative stabilisation must support the
experimental evidence. Such factors would include a rapid initial weight gain during
the early stages of oxidation, accompanied by a loss of methylene hydrogens, and an
introduction of oxygen as carbonyl, hydroxyl, and carboxyl. Figure 2.12 accounts for
only the rapid weight gain regime. Oxygen uptake reactions are believed to occur
first at aliphatic side chains to produce a variety of compounds listed above by
oxygen insertion and dehydrogenation, and further aromatisation and cross-linking
may take piace. The rupture of carbon-carbon bonds allows for the insertion of
oxygen between separate pitch molecules and for, ultimately, thé formation of
oxygen-containing cross-links. Satisfactory mechanisms for oxidative stabilisation
must also include a process to account for weight loss which is associated with
longer time periods or higher temperatures of oxidation. Weight loss is a result of
concerted decarboxylation-type degradations that remove carbon content from the
pitch in the form of carbon dioxide and carbon monoxide without rearrangement or

randomisation of the lattice [89-93].

Stabilisation of the mesophase pitch, usually by treatment with molecular oxygen,
means conversion into a more or less cross-linked polymer with a partial layer
structure. The effect of cross-linking can be seen directly in an increase of the glass
transition temperature and directly in an increase of the coke yield [94]. Oxidation
processing can deliver as much as 20% increase in carbonisation yield. Oxygen

absorption and cross-linking reactions, which tend to retain marginally volatile
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carbon-bearing species within the pyrolysis residue; and carbon burn-off reactions,
which have been found by chemical analyses to occur during both oxidation

exposure increases [95].

Weight gain (%)

Figure 2.12. Weight changes during stabilisation step [84].

During stabilisation, the solubility characteristics of the fibre change: the proportions

of quinoline insoluble (QI) and pyridine insoluble (PI) constituents increase while
those of benzene soluble (BS) constituents decrease [85,96]. ‘

2.7.5 Carbonisation of fibres

Carbonisation of oxidised pitch fibre is a very important process as well as
stabilisation of pitch fibre [97]. Stabilised pitch fibres are infusible but they have
poor mechanical properties, e.g., they are fragile and not easy to handle. Therefore,
in order to remove the remaining heteroatoms and improve the mechanical
properties, carbonisation of the stabilised fibres is necessary. Carbonisation

represents the process of elimination of non-carbon atoms, which is completed at
around 1500°C.

A number of physical and chemical transformations occur during the carbonisation
of pitch between 300°C and 500°C, such as weight loss, evolution of gaseous

reaction products, molecular weight increase, and change in physical properties [98].

33



During carbonisation under an inert atmosphere, the oxygen acquired during
stabilisation reacts to produce gaseous species, such as H,O, CO;, and CO, while to a
lesser extent Hy, and CH; are also evolved. These reactions promote further

aromatisation and cross-linking of constituent aromatic molecules, leading to the

formation of small turbostratic carbon or graphitic crystallites. Increasing the final
heat treatment temperature results in an increase in crystallite size and perfection,
and in the degree of preferred orientation of layer planes along the fibre axis,

resulting in an improvement in mechanical and other properties [99].
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3. RELEVANT ANALYTICAL METHODS FOR CHARACTERISATION

OF PITCHES

3.1  Determination of the Glass Transition Temperature and Thermal

Behaviour of Pitches

Glass transition temperature, Ty, is one of the important parameters for pitch
characterisation studies. Different analysis techniques have been used to measure T,
of pitches. Among these techniques DSC (differential scanning calorimetry) has been
found to be unsuitable for the determination of Ty for pitches. A new technique
which is modified from DSC, called dynamic differential scanning calorimetry
(DDSC), is used to examine the applicability of this technique to measure Ty of
pitches.

Thermal analysis techniques are those in which a physical property of a substance
and/or of its reaction products is measured as a function of temperature while the
substance is subjected to a controlled temperature program. It can cover a range of
scientific experimentation in which properties are measured with respect to time and

temperature and also include isothermal experiments at different temperatures.

The main techniques employed in thermal analysis are TGA, which monitors gain or
loss of weight (mass change), and differential thermal analysis (DTA), which

monitors changes in specific heat capacity (rate of enthalpy change).

DSC is used to characterise the properties of pitches qualitatively and quantitatively
as a function of temperature. Below their glass transition pitches are rigid, because at
a molecular level adjacent polyaromatic molecules are frozen in a matrix with
insufficient thermal energy for molecular adjustments to occur. With increasing
temperature, the thermal energy results in an increasing degree of molecular motion,
including co-operative movements between the rigid disc-like molecules. This

overall process is accompanied by increasing volume (the s-called "free volume
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concept") and heat capacity, and decreasing resistance to eternally applied stresses
[100].

Polymeric materials usually do not degrade at a measurable rate until they are heated
to about 100°C above their softening temperatures. Polymers are often in the liquid
state at reaction temperature, and even below their melting temperatures there can be
considerable segmental motion. Because of the complex molecular structure of
polymers, physical changes take place much more sluggishly and over broader
temperature ranges than in the case for lower molecular weight substances. Glass
transitions and even melting transitions extend over broad temperature ranges and
exhibit fine structure. Furthermore, many of the changes that affect their properties
take place in the condensed phase without significant mass change so that other

thermal analysis techniques besides TGA are employed [100].

3.1.1 Thermogravimetric analysis (TGA)

Thermal analysis techniques are already widely used in materials science and
technology for both research and commercial applications, especially in polymer and
plastic field. Most of the basic techniques and methods used in thermal analysis can
be used for all materials, whether inorganic, organic or polymeric. However, there

are important differences in thermal behaviour between these different types.

Thermogravimetry may be defined as “a technique whereby the .weight of a
substance, in an environment heated or cooled at a controlled rate, is recorded as a
function of time or temperature”. Thus the two basic requirements are a method of
heating (or cooling) and a means of weighing. The basic instrumental requirements
for thermogravimetry are a precision balance, a furnace capable of being

programmed for a linear rise of temperature with time, and a recorder [101].

Thermogravimetry provides information in a wide variety of chemical investigations.

Some of the many applications of thermogravimetry are listed below [102]:

1. thermal decomposition of inorganic, organic, and polymeric substances,
2. distillation and evaporation of liquids,
3. pyrolysis of coal, petroleum, and wood,

4. determination of moisture, volatiles, and ash contents,
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5. thermal oxidative degradation of polymeric substances,
6. reaction kinetics studies,

7. thermal stability.

Thermogravimetry is also used to characterise the carbonisation behaviour of pitches

and pitch fractions [103].

The prediction of pitch behaviour in the thermal processes required for their
utilisation is a difficult task due to their complex composition and the innumerable
interactions among their components. An adequate characterisation will require the
joint application of various methodologies. Thermal analysis could be one of the

most relevant, because of its close relationship with the pyrolysis of pitches [104].

Combined thermogravimetry (TG)/derivative thermogravimetry (DTG)/ differential
thermal analysis (DTA) have shown their suitability in the interpretation of different
phenomena occurring during pyrolysis of different pitches and some of their
fractions [105,106].

3.1.2 Differential scanning calorimetry (DSC)

The main aim of using the differential scanning calorimetry (DSC) technique is to
examine the applicability of a new method derived from it, called dynamic
differential scanning calorimetry (DDSC), to pitches.

Differential scanning calorimetry is an important technique for the thermal analytical
investigation of many materials, and is used a great deal in the study of polymeric
materials. It measures the difference in energy input between a substance and a
reference material as they are subjected to a controlled temperature program.
Practically all physical and chemical processes involve changes in enthalpy or
specific heat, and the applicability of DSC to condensed-phase systems is almost
universal. Its measurement process is quantitative and the change of enthalpy is

usually a linear function of the reaction co-ordinate.

DSC technique measures the temperature difference between temperature sensors-
one in a specimen and the other in a reference material- as they are subjected to the

same programmed temperature change.
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DSC measures all enthalpic events, e.g., chemical reactions, physical transitions,
release of strains, so that the interpretation of the reaction of interest maybe obscured
by side reactions. Mass gain or loss during reaction or transition changes the heat

capacity, and produces errors in baseline subtraction.

Dynamic differential scanning calorimetry (DDSC) is a term used to describe a series
of techniques whereby a sample is subjected to a repetition of program steps. From
analysis of the heat flow response, the specific heat capacity can be determined
independently of continuous, long-term enthalpy effects. The DDSC method allows
the separation of overlapping events in a material such as simultaneous melting and
crystallisation or to isolate the specific heat change of a glass transition form non-
repeatable processes, such as reactions, moisture loss, decomposition and

crystallisation.

The repeat temperature program can be one of two types, an iso-scan or a heat-cool
program. In the repeat program the number of repetitions that are to be performed
can be specified. The iso-scan repeat program is used when heating through a
crystalline melting transition or when cooling through the re-crystallisation of a
crystalline material. The heat-cool type program is used to extract the glass transition
event from other events that maybe obscuring the T, such as re-crystallisation on

heating or enthalpy effects caused by prior thermal and mechanical history [100].

Since pitch materials generally have a very complex composition with molecular
mass ranging from a few hundred to several thousand units, it is thought of interest to
determine their thermal behaviour and the characteristics related to their glassy

transformation [107].

When a polymeric material undergoes heating, the transition from the glassy to
rubbery state is referred to as the glassy transition of that material. The transition
occurs over a range of a few degrees of temperature. The mid-point or the point of
inflection of the transition (depending on the technique employed) is called the glass
transition temperature, T, [108].

It is easy to visualise that the liquid is a condensed gas, i.e., neighbouring molecules
touch, but still move randomly, similar to the gas. They can not fly apart because of

the attractive forces (bonds). When the temperature is lowered, the translational
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motion decreases, the liquid becomes macroscopically more viscous. Finally, the
large scale motion becomes practically impossible. The molecules cannot change
their position anymore and the substance is a solid in this case an amorphous glass.
The structure is still the same as that of a liquid, but the changes in position and
orientation of the molecules have stopped. Such a liquid-to-solid transformation

occurs at the glass transition temperature, T, [109].
Occurrence of the glass transition phenomenon:

The variation of enthalpy versus decreasing temperature for a pure liquid exhibits an
abrupt variation at the freezing temperature (enthalpy of crystallisation). For many
materials such as polymers, or pitches, the enthalpic diagram is somewhat more
complex. Provided that the results are interpreted carefully, these diagrams are
extremely useful for the description of the molecular configuration of these systems.
For glassy materials (Figure 3.1a), no crystallisation occurs. The enthalpy of the
frozen liquid goes on decreasing without any discontinuity. The mobility of
molecules decreases progressively, and the frozen liquid is transformed into a

vitreous material.

Figure 3.1. Domain of glass transition (a); Enthalpy versus temperature; (b), heat
capacity versus temperature [110]

In the plot of heat capacity (Cp) versus temperature (Figure 3.1b), the glass transition
temperature T, is defined at the inflection point. The temperature interval of the glass
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transition (AT,) can be characterised by the temperature interval defined by the
intercept between the tangent to the inflection point, on the one hand, and the liquid
and glass Cp lines, on the other. It should be noted that T, corresponds to the
temperature when the mobility of the molecules or segments rearrangement is close
to the cooling rate. Therefore, the T, value is affected by the cooling rate, and cannot
be considered as an absolute parameter. The glass transition interval, ATy, is not
significantly affected by heating rate. The molecular relaxation occurring during the
interval AT, is both time and temperature dependent [111]. Once cooled to 2

temperature below T, the glass is out of equilibrium [110].

Although pitch materials are organic glasses at low temperatures, few attempts have
been made to characterise them in terms of their glass transition temperature, T [44].
In general, pitches are very complex in composition, with molecular mass ranging
from a few hundred to several thousand units, and are glassy in solid state. Thus,
isotropic pitches do not show a defined melting point on heating but pass through a
glassy transition region into a relatively low viscosity liquid. The basic constituent

compounds belong mainly to planar polycyclic aromatic hydrocarbons [112].

At the present time, however, compositional changes occurring during thermal
evolution of pitch, and their influence on pitch rheology and glass transition are
incompletely understood. Glass transition temperatures, Tg, of pitches, and their
pyrolysis products, have been reported in references 44, 110, 113-116. It was found
that T, increases with an increasing average molecular weight [114], and the range of
the glass transition temperature, AT, increases with the broadening of the molecular

size distribution [110].

3.2  Rheological Characteristics of Pitches

The measurement of rheological properties of pitch based precursors for carbon
materials is important in terms of providing a fundamental understanding of these
materials [117] and they are of major significance in the processing of advanced

carbon materials [118].

Lewis [69] indicated that the isotropic phase always has a lower viscosity than the
mesophase. Mesophase pitches possess high temperature elastic effects, whereas
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optically isotropic pitches were thought to behave as a Newtonian fluid [119]. But
recent work [120,121] has shown that heat- treated isotropic pitches can also show
this effect. When a pitch is heat treated, it begins to release the light fraction
component from its structure by evaporation and condensation reactions, thereby
increasing its average molecular weight (MW) and achieving a more narrow MW
distribution. As this occurs, rheologically, the elasticity of the system increases
[122]. Collet and Rand [123] have shown Newtonian behaviour of pitches up to
temperatures of 250 °C and non-Newtonian behaviour only at further increased
temperatures. This was also confirmed by Balduhn, and Fitzer [124].

Shear viscosity for a homogeneous, incompressible, isotropic, and Newtonian fluid is

defined as the ratio of the shear stress to the shear rate. Therefore:

T =17, (3.1

where; 1, is the shear stress; ¥, is the shear rate; and viscosity, 7, is dependent of the
shear rate. A Newtonian fluid is inelastic and has a zero response time. Therefore,
assuming a negligible response time for the measuring apparatus, equation (3.1)
applies at any time during the experiment. Hence, shear viscosity, 1, is sufficient for

total rheological characterisation of a Newtonian fluid.

Since molten mesophase pitch is anisotropic, shear viscosity does not suffice for its
total rheological characterisation. In analogy with equation (3.1), a constitutive

equation for an inelastic, anisotropic fluid is:
Tik =NYjl (3-2)

where; T and "y; are stress and strain rate tensors, respectively [125].
3.2.1 Softening point

The softening point , T, of an amorphous material is usually understood to mean the
temperature at which the material changes from a non-crystalline solid into a fluid.
All the standard methods adopted to measure the softening point temperature, e.g.,
the ball and ring method [126], cube and air method, and Kraemer-Sarnow method

[127], determine the macroscopic fluidity and/or deformability of the material from a
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mechanical point of view. The softening temperature does not have a thermodynamic
basis, and its determination is usually empirical. Thus, the T, obtained will depend on

the particular standard method employed for its measurement.

T; is different from the melting temperature, Ty, of a crystalline material, and from
the glass transition temperature, Tg, of an amorphous state material, both of which
have a definite molecular interpretation and thermodynamic basis. The ordered
molecular structure becomes disordered when a crystalline material is transformed
into a liquid. At T,, molecular segments of a material in the amorphous state attain

some mobility, whereas below T, the molecular segments are “frozen” [128].

Ts and T, can be used to follow the changes in pitches during processing and/or heat
treatment. For instance, pitches of increasing softening point can be prepared by
atmospheric distillation and heat treatment in a closed system. In both cases, the
amount of insoluble content increases with the softening point, indicating that the
average molecular mass of the pitch tends to increase either by removal of light
molecules by distillation or by polymerisation and condensation reactions during
heat treatment. Similarly, the glass transition temperatures of the pitches becomes
higher.
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Figure 3.2.  Glass transition temperatures for pitches of similar softening points
but prepared in different conditions: ( ), atmospheric distillation of a
coal-tar; (A), atmospheric distillation and heat treatment at 380°C;
(0), atmospheric distillation and heat treatment at 410°C [115].

The T, values for pitches prepared under different conditions are shown as a function

of their softening point measured by the Kraemer Sarnow (KS) method in Figure 3.2.
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The relationship between KS and T, depends on the operating conditions for pitch
preparation. Since T, and KS are isoviscous temperatures, it can be deduced that the
decrease in viscosity is much more pronounced for pitch samples prepared by mere

distillation than by heat treatment [115].

3.3  Structural Analysis

3.3.1 Size exclusion chromatography (SEC)

Chromatography is widely used in the separation, fractionation, and characterisation
of complex mixtures of organic molecules. Size exclusion chromatography (SEC), as
known gel permeation chromatography (GPC), is a technique in which molecules are
separated on the basis of their ability to penetrate a porous gel. Large molecules
cannot penetrate the gel and are confined to the mobile phase resulting in them
travelling through the column at the same speed as the mobile phase. Smaller
molecules enter the stationary solvent trapped in the gel pores and their elution is
retarded by the gel to an extent which is dependent on their molecular size and the
distribution of pore sizes in the gel. This method provides a separation mainly on the

basis of molecular size which corresponds to separation on the basis of molar mass.

SEC has been extensively used for the separation, fractionation, and characterisation
of coal and petroleum derivatives [129]. Greinke has reported the kinetics of
petroleum pitch polymerisation by SEC [75]. In general, investigations have shown
[130] that the determination of molar mass distributions by SEC needs considerable
care in the selection of the mobile and stationary phases. THF is a good solvent for
most structures found in coal derivatives and it is compatible with most of the gels
used as stationary phases in SEC. However, separation can still occur partially on the
basis of functionality as well as on molecular size [129]. Divinylbenzene and
polystyrene gels have been found useful for the SEC separations of hydrocarbon
fuels [131,132]. Polar solvents are the most satisfactory since irreversible adsorption

is minimised [133].

Pitch is a complex material comprised of thousands of components, mainly
polyaromatic hydrocarbons and their heterocyclic analogs. Even though pitch has a

complex molecular composition, it becomes homogeneously; that is, its properties
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tend to change with increasing molecular weight [134]. Due to the complexity of
pitch, very few analytical techniques provide much information about composition.
However, SEC provides a “fingerprint” of pitch with respect to its molecular

composition [135].

SEC separates molecules based on size, but with appropriate calibration procedures
can be used to provide molecular weight distribution data for pitch materials [136].
For pitches, interpretation of SEC is not easy. Some of the difficulties are: the entire
pitch cannot be characterised because of incomplete solubility in common solvents;
SEC detection options that may result in more molecular weight information are
limited due to low average molecular weight; pitch components exhibit some non-
ideal elution behaviour resulting in molecules not being eluted have varying
refractive indices which result in different detector responses for the same number of
molecules. Due to varying refractive indices and non-ideal elution behaviour,
absolute ratios of “small” vs. “large” molecules cannot be obtained [135]. The other
drawback of SEC, however, is that it is still difficult to apply on a large scale to

produce sufficient amounts of fractions for further experiments [137].

Despite its limitations, SEC provides discrete information on the composition, which
can be related to processes and properties, unlike most analytical determinations of
molecular weight that give only an average value [135]. Besides SEC, vapour phase
osmometry (VPO), which is another classical technique, and Matrix Assisted Laser
Desorption Ionisation Mass Spectrometry (MALDI) which is a new téchnique, are

being used to determine the molecular weight of carbonaceous pitches [138].

SEC allows the determination of molecular mass (MM) distributions, and hence
weight average molecular weight ( My), so that the heterogeneity index ( My, / My)

can be calculated where M, is the number-average molecular weight.

In the SEC of a wide variety of polymers it has been found [139,140] that the
retention volume (Vy) is related to the logarithm of MM:

LogMM= A-BVy (3.9)

where A and B are constants. Calibration plots are most reliably constructed from the

retention volumes of narrow MM distribution fractions of the same material with
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known MM, determined by an independent method. If the standards are sufficiently

close to being monodisperse (i.e. My/ My< 1.1) then:

Mpeak= Myz= M, (3.10)

where M.« is the molecular mass corresponding to the peak of the size exclusion

chromatography [141].
3.3.2 Infrared spectroscopy

The infrared region of the electromagnetic spectrum extends from the red end of the
visible spectrum to out of the microwave region. The region includes radiation at
wavelengths between 0.7 and 500 pm or, in wave numbers, between 14,000 and
20 cm™. The spectral range of greatest use is the mid-infrared region, which covers
the frequency range from 200 to 4000 cm” (50 to 2.5 pm). Infrared
spectrophotometry involves the twisting, bending, rotating, and vibrational motions
of atoms in a molecule (Figure 3.3). Upon interaction with infrared radiation,
portions of the incident radiation are absorbed at particular wavelengths. The
multiplicity of vibrations occurring simultaneously produces a higher complex
absorption spectrum, which is uniquely characteristic of the functional groups

comprising the molecule and of the overall configuration of the atoms as well.

Atoms or atomic groups in molecules are in continuous motion with respect to each
other. The possible vibrational modes in a polyatomic molecule can be visualised
from a mechanical model of the system, shown in Figure 3.3. Atomic masses are
represented by balls, their weight being proportional to the corresponding atomic
weight, and arranged in accordance with the actual space geometry of the molecule.
Mechanical springs, with forces that are proportional to the bonding forces of the
chemical links, connect and help the balls in positions of balance. The infrared
spectrum of a compound is essentially the superposition of absorption bands of
specific functional groups, yet subtle interactions with the surrounding atoms of the
molecule impose the stamp of individuality on the spectrum of each compound. For
quantitative analysis, one of the best features of an infrared spectrum is that the
absorption or the lack of absorption in specific frequency regions can be correlated

with specific stretching and bending motions. Thus, by interpretation of the
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spectrum, it is possible to state that certain functional groups are present in the

material and that certain others are absent [129].

"
%,

C=0 stretching
1730 cm™ (5.77um)

!

Figure 3.3.  Vibrations and characteristic frequencies of acetaldehyde [142].

O o OW

Fourier transform infrared spectroscopy, which provides information about
functional groups in a substance, is one of the most versatile analysis techniques
available for the study of complex mixtures such as coals, pitches, and related
materials. It must be taken into account that all carbonaceous solids essentially give
the same bands in their IR spectra, differing in intensity. Hence, a study of band
intensity is necessary when using this technique for the characterisation of these
solids. Band intensity can be quantified by measuring absorption coefficients, the
determination of which is the principal problem in quantitative infrared spectroscopy.
However, in all instances these coefficients have been calculated by approximation,
based on assumption that each functional group has a characteristic intensity which
does not vary greatly from one molecule to another when they have a similar

environment [143].

In spite of this, for coal tar pitches and for comparative studies the determination of
absorptivities is not necessary; good results can be obtained taking into account the

absorbance values for the different bands. It must be considered that the constituents
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of pitches can be grouped into relatively few classes of compounds. Moreover, a
study of the volatile fraction of several pitches has shown that, qualitatively, their
composition is the same [144]. On the other hand, another infrared study on coal tar

pitch and its fractions shows that the volatile fraction of coal tar pitches may also be

composed of members of the families of compounds identified by GC-MS in the

volatiles with a higher number of aromatic rings [144-146].

3.3.3  Nuclear magnetic resonance spectroscopy (*H and *C NMR)

Nuclear magnetic resonance spectroscopy arises from interaction of the magnetic
component moments possessed by atomic nuclei of isotopes with 2 nonzero spin
quantum number 1. Discrete nuclear magnetic moment orientation levels have an
energy separation, and hence, a resonance frequency, proportional to the magnetic
field By applied. Assemblies as such nuclear moments can give rise to measurable
macroscopic changes. According to the size of By and the particular nuclear species,
resonance frequencies are usually in the ratio-frequency range 10-300 MHz or so.
Thus the quanta are small, so that little disturbance is caused to the system.
Development of BC NMR occurred much later than that of '"H NMR because, in a
given magnetic field, '*C NMR has sensitivity about 6000 times less than that of 'H

NMR for unenriched samples.

The value of high resolution 'H NMR in providing chemically useful information
about individual hydrocarbons, especially cyclic compounds, has been established
for many years. Full analyses are often difficult but spectra can generally be solved
with the help of high magnetic fields, double resonance experiments, and so on.
Remarkably interesting results have been achieved from such superficially
unpromising samples as complex mixtures of hydrocarbons extracted from coal and
coal products. Over the last decade, >°C NMR has established itself as a complement
to '"H NMR and is becoming almost as widely used for organic compounds. Current
instrumentation makes the combination of '"H NMR and *C NMR spectroscopy one
of the most valuable non-destructive techniques for studying the composition and
structure of solutions of hydrocarbons extracted from coal. In the solid state, early
experiments showed that broad-line '"H NMR could be applied to whole coals to
measure the moisture content. Very recently, preliminary high resolution *C NMR
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experiments on solid coal samples with new pulse and magic angle techniques have

already given very valuable direct indications of aromatic content in coals [147].

3.3.3.1 'HNMR spectroscopy

Proton magnetic resonance ("H NMR) spectroscopy is particularly important field of
NMR spectroscopy. 'H NMR spectroscopy has proven a powerful tool for

investigating composition of both coal-and-petroleum derived heavy residues [148].

Organic compounds contain, practically without exception, hydrogen atoms.
Hydrogen is the most frequent nucleus of molecules, and it occurs in the most
varying chemical environments. The large natural abundance of the 'H isotope
(99.8%) and consequently its high sensitivity in nuclear resonance also facilitate the

measurements [149].

Three of the more important parameters were proposed by Brown and Ladner [148]:
(1) f; the ratio of aromatic carbon (Cy;) to total carbon (C), (2) the degree of
substitution of the aromatic rings (c)defined as that fraction of aromatic-edge
carbons carrying substituents, and (3) the H/C atomic ratio of the hypothetical
unsubstituted aromatic rings (Harn/Car) where Hy,, is the number of hydrogens for
the hypothetic ensubstituted aromatic system. The latter parameter indicates the size
of the condensed aromatic ring structures. The elemental hydrogen, carbon, and
oxygen contents of the tars, together with reasonable derived from the proton spectra,
are necessary for application of the derived equations. In their original work, Brown
and Ladner divided the proton spectra into three regions representing the fractions of
aromatic, a-aliphatic, and “other” aliphatic hydrogens, respectively (Table 3.1). They
assumed that 60% of the total oxygen atoms occurred as phenolic hydroxyl groups
and that this hydrogen was included with the aromatic protons [150]. The Brown-
Ladner method makes use of the quantitative determination of the fractions of the
total hydrogen present on aromatic rings and as phenolic OH on benzylic carbons

and on other non-aromatic carbons. The Brown-Ladner equations are:

f, = [(C/H) - (|'o/X) - (Hp 7Y)] / (C/H) (3.11)

6 = [(H o/X) + (O/H)] / [(H'/X) +HO/H) + H'4] (3.12)
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Here, H'o= Ho/H, the ratio of alpha type hydrogen to total hydrogen; HB‘= Hp/H, the
ratio of beta type hydrogen to total hydrogen; and H',= H,/H is the ratio of aromatic
to total hydrogen. The parameters X and Y refer to the H/C atomic ratios for the
benzylic carbon structures and for the other non-aromatic carbon structures,
respectively. For the materials derived from coal, X and Y are generally taken to be 2

on the assumption that the aliphatic structures are predominantly methyl groups.

H.=HysH (3.13)

Hp +H, = HyH) + (Hy/ H) (3.14)

which represent the normalised integrated intensities of the a-alkyl and other alkyt
hydrogen, respectively [150].

Table 3.1. 'H NMR signals and assignment of protons [147].

Range of band & (ppm) Symbol Assignment of protons

55-9.0 Ha Aromatic and phenolic

47-55 - Olefinic

33-45 H,, or Hr Methylene groups o to two rings
(e.g., of fluorene)

20-33 H, Hydrogen on carbon atoms o to ring

1.6-2.0 Hx Naphthenic methylene and methine
(other than a. to ring)

1.0-1.6 Hp Methylene B or more remote from ring;
methyl groups B to ring

05-1.0 H, Methyl v or further from ring.

3.3.3.2 BC NMR spectroscopy

The structural analysis of average (hypothetical molecules) representing mixtures has
become more popular as a technique in NMR has been developed. The ability to
obtain quantitative °C NMR measurements by suppression of Nuclear Overhauser
Enhancement (NOE) and the use of paramagnetic relaxation agents to reduce
relaxation times has made '>C NMR a routine analytical tool for analysis of coal
derived products. The most important feature of both proton and carbon NMR is the
ability to calculate aromatic/aliphatic ratios. Brown and Ladner [148] developed

formula for calculating the total aromaticity of samples using NMR and elemental
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analysis; although it required certain assumptions and it gave good comparative

results.

Table 3.2. '“CNMR spectral assignments [152].

A,: 150-170 ppm

A;: 130-150 ppm

A;: 100-130 ppm

Aj: 9-60 ppm

A4, close to 14.1 ppm peak

Aj; close to 23 ppm peak

Aj; close to 32 ppm peak

Ao 7 close to 29.7 peak

Ajgs close to 19.5 peak

Aromatic carbon atoms substituted by - OH, ether,
-CO and C atoms in carbonyls.

Ring junction carbons, substitutes aromatic ring
carbons and half of the unsubstituted carbons.

The other half of unsubstituted (or protonated)
aromatic ring carbons.

Paraffinic, including cycloparaffinic and carbons of
methyl and alkyl substitution on aromatic rings.

Terminal methyl carbon - CH;

First methylene carbon in long alkyl groups
-CH,-CH;
Second methylene carbon in long alkyl groups
- CH,- CH,-CH;
Third or further methylene carbon in long alkyl
groups -(- CH;),- CH;- CH;,-CHj
Internal methyl carbon -CH-CH,

CH,

The ability to calculate aromaticities directly from quantitative '*C NMR enabled

more accurate data to be accumulated. Quantifiable >C has been developed by many

workers. The main difficulties involved are different carbon environments, some of

which are very long, and secondly when performing proton decoupled spectra,

heteronuclear coupling between carbon and hydrogen can enhance some peaks

leading to some shifts not being proportional to the amount of that particular carbon

environment. This phenomenon is called “Nuclear Overhauser Enhancement”. There

are many ways of overcoming the differences in nuclei relaxation times. One would

be to use very long relaxation but this would create very long acquisition times due

to the need to collect a high number of counts for Fourier Transformed spectra.
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Another more practical way is to introduce paramagnetic species reduce the
relaxation times by introducing an alternative relaxation process to the H-dipolar
mechanism. One such relaxation agent is chromium acetylacetonate. NOE effects

can be suppressed using techniques of heteronuclear gated decoupling [151].

3.34  Mass spectroscopy (MS)

A mass spectrum is a record of the damage done when high energy electrons impinge
upon a molecule in the gas phase. The impact of the electron produces highly
energetic positively charged ions (molecular ions) which then break up into smaller
ions (fragment ions). The fragmentation is governed by the even electron rule which
states that odd electron species can fragment by loss of radicals or molecules but
even electron species fragment by loss of molecules only. The molecular ions and
ragment ions are separated according to their mass/charge (m/z) ratio in a variable
magnetic field to focus the particles in sequence of m/z on a detector. The vast
majority of the gaseous ions are slightly charged, thus the mass-charge ratio of those

ions is equal to the mass of the ions.

The mass spectrometer is designed to perform three basic functions: to vaporise
compounds of widely varying volatility; to produce ions from the resulting gas-phase
molecules; and to separate ions according to their m/z ratios, and subsequently detect
and record them. There are many methods commonly used to produce ions from

thermally volatile materials such as electron impact (EI) [142].

3.3.5 Optical microscopy

For many years, the optical microscope has proved extremely useful in studies of the
optical texture, using polarised light, i.e., in the anisotropic structural components in

carbons and cokes.

The size of these anisotropic structural components, when viewed in polished
section, varies from less than lum to over 300 um. The size and shape of these
components constitute the optical texture. The mechanism of formation of these
anisotropic components, large and small, from the fluid phase of carbonisation is via

the nematic liquid crystal and mesophase.
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When a polished section of an anisotropic carbon is viewed in plane polarised light,
with the polariser and the analyser crossed, then patterns of extinction contours are to
be seen. Using a rotating stage it is possible to map out how the stacking of the

structural planes, i.e., the lamelliform structure, varies within the material.

A related technique, which employs a retarder plate in the optical system, has been
increasingly used. This technique allows an assessment of the orientation of the
lamelliform structures at the surface because different orientations have different
colours, e.g. yellow, blue, and various purples. It has been found that a purple
coloration originates at a surface of isotropic carbon or when basal planes are parallel
to the polished surface, this coloration being unchanged by rotation of the specimen
stage of the microscope. Yellow and blue colours are seen when a prismatic edge is
presented at the surface. A rotation of the microscope specimen stage by 90° will

change a yellow colour into a blue colour (through an intermediate purple [153].

3.3.6 Scanning electron microscopy (SEM)

Examination of carbons by electron microscopy presents excellent opportunities for
the structural study, and to discover the problems in specimen preparation and

interpretation of the images produced.

Scanning electron microscopy (SEM) is established as a means of surface
topography, mainly because of the large depth of focus available and the high
magnifications currently possible (up to X 200.000).

SEM uses the scattering of electrons from the surface of the sample to reveal the
topography of material. It also utilises the scattering power of different materials to

distinguish them.

SEM is an excellent method for monitoring the morphological changes occurring

during carbonisation, graphitisation, gasification, etc. [154].

3.4  Supercritical Fluid Extraction

Soxhlet extraction is one of the oldest and most commonly used extraction

techniques. It has several disadvantages such as being time consuming, non-
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selective, toxic, and consuming large amounts of solvents. Supercritical fluid
extraction (SFE) is becoming an increasingly important tool in analytical science
[155]. SFE is a separation technique that uses the large changes in solvent strength a

compressed fluid can exhibit near its critical point [156].

SFE has several advantages over classical extraction techniques owing to the three
basic characteristics of supercritical fluids (density, temperature, and composition)
the proper adjustment of which enables the extraction power to be finely turned
[155]. These advantages include more rapid extraction rate, the possibility of more
efficient extractions, increased selectivity, and possible analyte fractionation during
extraction [157]. Besides these advantages SFE uses compounds such as carbon
dioxide (CO;) and/or water without consumption of any harmful or restricted
compounds. CO; has added some advantages in that it is non-flammable, non-toxic,
has no associated disposal problems and is extremely low cost. SFE has been
investigated as an approach to extracting selected components from bulk samples as

a process engineering tool [158].

SFE is influenced by three inter-related factors; solubility, diffusion, and matrix
effects. Firstly, solute must be sufficiently soluble in the supercritical fluid for a
successful extraction. This factor is particularly important during the initial stages
where extraction occurs at a higher rate. Secondly, the solute must be transferred
rapidly by “diffusion” from the interior of the matrix in which it is contained. The
diffusion process may be normal diffusion of the solute or it may involve diffusion of
the fluid into the matrix and perhaps subsequent replacement of the solute by solvent
molecules on surface sites. The final factor is that of the matrix. Matrix effects mean
that, although in many cases SFE will extract all of a particular compound in a
sample, in some cases not all of the compound is extractable; the rest is locked into

the structure of the matrix or too strongly bound to its surface {159].
Supercritical Fluids:

Over the last 10-15 years, essential studies have been conducted in a wide variety of
areas using supercritical fluids (SF) which offer a convenient way to achieve
solvating properties without actually changing structure. By proper control of

pressure and temperature, we can access a significant range of physicochemical
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properties (density, diffusivity, dielectric constant, etc.) without ever passing through
a phase boundary, changing from gas to liquid form. Therefore, SF can be considered

as a continuously adjustable solvent [160].

A pure supercritical fluid is a substance above its critical temperature and pressure.
At the critical temperature it does not condense or evaporate to form a liquid or a gas,
but is a fluid with properties changing continuously from gas-like to liquid-like as the
pressure increases. Figure 3.4 shows the phase diagram of a single substance [160].

At the critical point, Cp, the densities of the two phases become identical and the
distinction between the gas and liquid is lost and the material becomes a supercritical
fluid. The critical point is characterised by its two co-ordinates on the diagram, the

critical temperature, Tc, and critical pressure, Pc [160].

Pressure

Supercritical
Fluid

» Temperature

Tc

Figure 3.4. Schematic phase diagram of a single substance [160].

SFs have lower viscosities and higher solute diffusivities that liquid solvent, which
improves mass transfer, and reduces the extraction time needed. The most widely
used SF is carbon dioxide, as it meets most of these criteria and has critical

temperature and pressure of 31 °C and 73 atm, respectively [158].

One of the primary advantages of supercritical fluid extraction is that the fluid

density can be varied continuously from liquid-like to gas like densities by either
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varying the temperature or pressure [156,161]. At 80 atm and 30 °C, the solubility of -

naphthalene is about 2.4wt%. At 80 atm and 40 °C, the solubility decreases by an
order of magnitude to less than 0.3wt%. Alternatively, if the temperature is held

constant at about 35 °C, a comparable solubility decrease occurs as the pressure is

decreased from 90 to 72 atm [162].

This effect of solvent density on solubility can be used to separate mixtures of
homologous compounds with a range of molecular weights. As the density is

decreased, the compounds precipitate in the order of decreasing molecular weight.

SFE has been used successfully on an industrial scale in several separation processes.
The success of these processes clearly demonstrates the capability of supercritical
fluids to fractionate high molecular weight mixtures. To successfully fractionate
petroleum pitch by this technique, all the desirable constituents must be dissolved in
supercritical fluid solvent [156]. The above process=s and the other data for the
solubility of heavy hydrocarbons in supercritical fluid solvents indicate that aromatic
solvents with relatively high critical temperatures are required to dissolve the pitch.
Hutchenson et.al [156] and Bolanos et.al [163] have chosen toluene (Tc= 319 °C) as

the solvent in their research.
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4. EXPERIMENTAL o

4.1  Samples

The sample of G6yniik oil shale was collected from excavated open-cast seams in
Goyniik, which is situated near Bolu. Goyniik is the largest reserve in Turkey with an

estimated 697 million tonnes.

The asphaltite samples used in this study were originated from a mine located in

Avgamasya vein near Sirnak in the Siirt province.

Before the experiments, the bulk samples were crushed, ground, and screened to size
distribution of -150pum + 300pum particle size and then, stored in sealed containers to

retard oxidation.

The proximate and ultimate analyses of G6yniik oil shale (GOS) and Avgamasya
asphaltite (AA) are given in Table 4.1 and 4.2, respectively.

Table 4.1. Proximate and ultimate analyses of G&yniik oil shale (db)..

Ultimate analyses Proximate analyses
Component (wt%) | Component (wt%)
C 55.96 | Moisture 10.13
H 6.73 | Ash 1548
N 1.20 | Volatile matter 61.52
S 1.50 | Fixed carbon 12.87
db: dry basis.

Table 4.2. Proximate and ultimate analyses of Avgamasya asphaltite.

Ultimate analyses Proximate analyses
Component (wt%) | Component (Wt%)
C 42.14 Moisture 1.12
H 3.50 Ash 47.42
N 0.76 Volatile matter 39.50
S 6.76 Fixed carbon 11.96
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4.2  Preparation of Tar

In order to produce tar material, GSyniik oil shale and Avgamasya asphaltite were
mixed in some ratios. Table 4.3 gives the notation of all tar materials produced from

various GOS and AA mixtures.

Table 4.3. Notation for produced tar materials.

Notation Tar material (wt%)
S 100% GOS
S7A3 70% GOS + 30% AA
S5A5 50% GOS + 50% AA
S3A7 30% GOS + 70% AA
A 100% AA

Tar materials were produced by pyrolysis and co-pyrolysis of Goyniik oil shale and
Avgamasya ésphaltite in a stainless steel fixed bed retort under the flow of nitrogen.

Figure 4.1 gives a schematic representation of the pyrolysis unit.

The pyrolysis temperature was controlled using a temperature controller connected to
a thermocouple inside the retort and the liquid traps were cooled by dry ice. An
amount of 150g of sample was used in all experimental runs. The retort was heated at

5 °C/min to 550 °C. 30 minutes of holding soak time was used for each experiment.

I:l Nitroggp Cylindar

Jj Nitrogen Flow matera

D Electrical Heater

b:e‘l‘mps

D Tempereture Contraller
Retort

. Tharmocouple

Figure 4.1. Schematic representation of pyrolysis umit.
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4.3. Pitch Preparation

To get desirable carbon materials, one may modify the molecular structure and

molecular aggregation state of pitch by various methods [164].

Pitches were prepared by four different methods. In the first method, selected tars
were air-blown. In the second method, selected tars were heat-treated under the
nitrogen atmosphere. In the third method, all tars were vacuum-distilled. In the last
method, one of the pitches obtained by vacuum distillation was furthermore
subjected to solvent extraction. Figure 4.2 shows the flow chart of the preparation of
pitches from Gdyniik oil shale and Avgamasya asphaltite.

I Raw material J
[ Crushing
[ crii':mg |
[ Sieving l

L Mixing J

)

Pyrolysis / Co-pyrolysis
Tar |

Air-blowin
[ Ao |
| N,-blowing l l
]
I Vacuum distillation I ¢

L Solvent extraction J

D PITCH

Figure 4.2.  Flow chart of pitch preparation.
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4.3.1. Production of pitch by air-blowing

Air-blowing reaction is an effective method to elevate the softening point of pitches
and to give pitches in isotropic molecular aggregation state. In the air-blowing
reaction, heat (or temperature), air (or oxygen), and distillation (or low pressure) are

important factors to determine chemical and physical properties of the pitch [164].

The oxidation treatment was conducted by heating the tars in a stainless steel reactor,
which has an inner diameter of 3.5 cm and a length of 30 cm. 50g of tar samples
were subjected to air-blowing at 250 °C, and 270 °C, respectively, in a vertical
electric furnace for 60, 90, and 240 minutes. A thermocouple was directly immersed
into the liquid pitch for exact measurement of pitch temperature. Stirring was

maintained at 260 rpm for all the experiments.

The rate of heating was carried out at 5 °C/min until the desired temperature was
achieved and then was maintained at the various soak time. The blown air was
introduced into the bed of pitch at room temperature at calibrated flow rate of

1 I/min.

Figure 4.3 shows the schematic representation of air-blowing unit used for the

preparation of air-blown pitches.

4.3.2 Production of pitch by N; — blowing

In this study, selected tars were blown under a nitrogen flow of 1l/min in the
stainless steel reactor, which was also used for air-blowing reactions. The N-
blowing experiments were carried out at 250 and 300°C, respectively, at varying
time. Stirring was maintained at 260 rpm for all the experiments. Figure 4.3 shows a

schematic set up of the N,-blowing (air-blowing) system used.

The N;-blowing experiments were conducted for 60, 120, 240, and 480 minutes. The
rate of heating was carried out at 5°C/min until the desired temperature was achieved

and then was maintained at the various soak time given above.
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J Stirrer

Z__N
Temperature Controller ’ Air In
Flow Meter
Thermometer
Air Out  +— t:<\______,/
Air

Electrical Furnace

Figure 4.3. Schematic set up of air-blowing / N;-blowing unit.

4.3.3 Production of pitch by vacuum distillation

All tars were vacuum-distilled under 3 torr and at 300°C for 60 minutes in order to
obtain the pitch precursors. Figure 4.4 gives a schematic representation of the
vacuum distillation unit. Yields were calculated by using the initial weight of the tar

and the weight of the pitch remaining in the flask after distillation.

4.3.4 Production of pitch by solvent extraction

Diefendorf and Riggs used solvent extraction of petroleum pitch at ambient
temperature to remove the lower molecular species and to concentrate the higher

molecular species (“heavies”) in the insoluble fraction [165].

S7A3-V1 pitch, which was prepared by vacuum distillation, was selected to be
extracted with hexane as the pitch yield of S7A3-V1 pitch was the highest (20.5%)
among the other vacuum-distilled pitches. 30g of S7A3-V1 pitch was heated with 11.
hexane at its boiling point (69°C) and at atmospheric pressure in 2 1. flask for 7
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hours. The yield of the solvent-free extract was 14.5% on original basis. The solvent
was removed from the extract by rotary evaporation, and then the extract was further
placed in a vacuum oven to ensure complete removal of traces of the solvent. Table

4.4 gives the notation of all the pitches produced by various methods.

Notation

2

1) and 2) Thermometers

3) Condenser

4) Vacuum gauge

5) Flask of the parent pitch

6) Temperature controller

7) Distillate receiver

8) and 9) Dry C0, cooled traps
10) Valve

11) Vacuum pump

4

@10

LA

I L

Figure 4.4. Schematic representation of vacuum distillation unit.

4.4  Sample Analysis and Characterisation

The structural characterisation of the parent tars, and pitches and the chemical
changes occurred due to different processing were studied by elemental analysis,
thermogravimetric analysis (TGA), dynamic differential scanning calorimetry
(DDSC), softening point (SP) measurement, size exclusion chromatography (SEC),
supercritical fluid extraction (SFE), mass spectrometry (MS), optical microscopy,
scanning electron microscopy (SEM), Fourier transform infrared spectroscopy
(FTIR), 'H and '*C NMR.

4.4.1 Elemental analysis

The parent tar and pitches were analysed for carbon, hydrogen, nitrogen, and sulphur
with a Carlo-Erba Model 1106 elemental analyser using a standard ASTM

procedure.
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Table 4.4, Notation for the derived pitches.

S-Al Air-blowing residual product of S at 250°C for 60 minutes

S-A2 Air-blowing residual product of S at 270°C for 90 minutes

S7A3-Al | Air-blowing residual product of S7A3 at 270°C for 60 minutes
S7A3-A2 | Air-blowing residual product of S7A3 at 270°C for 90 minutes
S5A5-A1 | Air-blowing residual product of S5A5 at 250°C for 60 minutes
S5A5-A2 | Air-blowing residual product of S5AS at 250°C for 90 minutes
S5A5-A3 | Air-blowing residual product of S5A5 at 250°C for 240 minutes
S5A5-A4 | Air-blowing residual product of S5A5 at 270°C for 90 minutes
S3A7-Al | Air-blowing residual product of S3A7 at 270°C for 90 minutes

A-Al Air-blowing residual product of A at 250°C for 60 minutes

S5A5-N1 | N-blowing residual product of SSAS at 250°C for 60 minutes
S5A5-N2 | Np-blowing residual product of SSAS5 at 250°C for 120 minutes
S5A5-N3 | Nz-blowing residual product of SSAS at 250°C for 240 minutes
S5A5-N4 | N>-blowing residual product of S5A5 at 250°C for 480 minutes
S5A5-N5 | N;-blowing residual product of S5AS at 300°C for 60 minutes

S-V1 Vacuum distillation residual product of S at 300°C for 60 minutes
S7A3-V1 | Vacuum distillation residual product of S7A3 at 300°C for 60 minutes
S5A5-V1 | Vacuum distillation residual product of S5A5 at 300°C for 60 minutes
S3A7-V1 | Vacuum distillation residual product of S3A7 at 300°C for 60 minutes
S7A3-E1 | Solvent extraction residual product of S7TA3-V1

4.4.2 Thermogravimetric analysis

The thermal analysis technique of thermogravimetry (TG) is one where the change in
sample mass is recorded as a function of temperature. The resulting mass-change
versus temperature curve provides information concerning the thermal stability and

composition of the initial sample and the resultant product.

In order to get knowledge of the chemical composition of the selected pitches,
pitches were characterised by thermogravimetric analysis. TGA measurements were
conducted in a Perkin-Elmer thermoanalyser. The pyrolysis experiments were carried
out under nitrogen at flow rate of 200 ml/min using heating rate of 2°C/min over the
20-1000°C temperature interval. The system used allowed continuous measurement
of sample weight as a function of temperature, and electronic differentiation of the

weight signal gave the rate of weight loss.
Coking yield and the H/C ratio

The coking yield is the %weight of carbon char remaining after the pyrolysis of a
sample of carbon containing material [166].
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The coking yield was calculated from the data which was obtained by TGA. The

following formula gave the coke yield:
Coke yield (%) = (Residual weight at 1000°C / Starting pitch weight) * 100 4.1) B
The H/C ratio of pitches was measured by the elemental analysis.

4.4.3 Glass transition temperature measurement by DDSC

The glass transition temperatures of the selected pitches were measured with

Dynamic Differential Scanning Calorimetry (DDSC).

A UNIX operated Perkin - Elmer DSC 7 Differential Scanning Calorimeter used in
this study was equipped with the DSC operating in the dynamic mode, called the
Dynamic Differential Scanning Calorimetry (DDSC).

The DSC 7 is a computer controlled scanning enthalpic instrument using the power
compensating "null balance" DSC principle. This consists of twin microcalorimeters
kept in a stable environment. Each calorimeter contains a temperature sensor, a
heater and a holder for the sample and reference materials. The energy absorbed or
evolved by the sample is compensated by adding or subtracting an equivalent amount
of electrical energy to a heater located in the sample holder. Thus, the sample and
reference calorimeters are each maintained at approximately the same programmed
temperature by electrical power. The difference in power supplied to the two
platinum resistance heaters measures the rate of energy change in the sample. The
platinum resistance heaters and platinum resistance thermometers are used in the
DSC 7 to accomplish the temperature and energy measurements in the design. The
continuous and automatic adjustment of heater power (energy per unit time)
necessary to keep the sample holder temperature identical to that of the reference
holder provides a varying electrical signal equivalent to the varying thermal
behaviour of the sample. The measurement is made directly in differential power

units (milliwatts), providing true electrical energy measurement of peak areas.

2-10 mg of the samples were encapsulated in standard crimped aluminium pans and
placed in the sample holder in the DSC 7. An empty closed aluminium reference pan

of the same type as the sample pan was placed in the reference holder. During the
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experiment the sample area was purged with nitrogen gas. Prior to DDSC experiment
on a pitch sample, a baseline experiment was carried out, where a DDSC run is
carried out with a closed empty pan in both the sample holder and reference holder.
This needs to be carried out using the same conditions and for the same temperature
range as will be used on the sample. This baseline curve is used to take account of
the heat flow curve that is achieved when there is no sample present. This baseline
can then be added to the run procedure during a DDSC experiment on a sample to

give a true heat flow curve.

Since the primary purpose of using the DDSC mode was for the determination of Ty,
the heat-cool repeat program was used. The repeat program was to heat a rate of
10°C/min to increase the temperature by 5°C, then to decrease the temperature at a
rate of 10°C/min by a step of 5°C. This procedure was carried out for each baseline

and each pitch sample.

4.4.4 Softening point measurement

The standard methods such as the ball-and-ring method, cube-and-air method,
Kraemer Samow method, and Mettler softening point and hot stage microscopy are
used to determine the softening point temperatures. But the temperatures measured

by these methods vary somewhat from each other.

In this study, the softening point of pitches was determined by a simple technique.
~1g pitch sample was put on a copper disc, which has 5 cm diameter and 1 cm
height. The disc was placed on a hot plate. In order to measure the temperature
during heating, a thermocouple was inserted to the hole on the disc, and the
thermocouple was connected to a temperature controller. In order to prevent
oxidation, a glass funnel was placed above the disc, and the funnel was connected to
a N cylinder. The heating of the pitch samples was carried out under the nitrogen
flow at a flow rate of 200ml.min'. The softening temperature was reported as the
temperature at which the pitch samples began to soften. Figure 4.5 shows the

schematic simple apparatus.
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Figure 4.5. The apparatus used for the measurement of the softening point.

4.4.5 Size exclusion chromatography

All size exclusion chromatography (SEC) analysis was performed on a Polymer Labs
Mixed E Bed Column (polyvinylbenzene co-polymer packing) with an attached
guard column, with 1-methly-2-pyrrolidinone (NMP) pumped at 0.5ml.min" (Merck
Hitachi L6000A Pump). UV absorption at 298 nm (Severn Analytical SA6504
Programmable UV-Absorption Detector) and Refractive index detection (ERMA
ERC-7520 Type RI Detector) provided the detection of the samples. The system was
operated at 80°C to facilitate pumping of the viscous solvent, to increase the sample
solubility and to remove any column-solute interactions which may destroy the size
exclusion separation mechanism. The pump pressure was maintained at 108 bar. The
signals from the detector were sent to a PC with data capture unit and a custom mode

data capture program. The SEC system is shown in Figure 4.6.

2g of each selected pitch was dissolved in 200ml of tetrahydrofuran (THF). In order
to create a matrix, 50g of silica sand, which was washed with hexane and then dried
at 110°C, was added to that pitch-THF solution. The flask was left in ultrasonic bath
to let the dissolved pitch material to be adsorbed on the silica sand. After adsorbing,
the THF was evaporated using rotary evaporator above its boiling point (65°C).
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2 g of matrix material was extracted for 3 hours using 150 ml of hexane. The extract

was dissolved in the eluent (NMP). The residue was extracted with NMP in

ultrasonic bath for 2 hours.

Both extracts and residues were injected into the column (Rheodyne 7125 valve,

20ul sample loops) with care being taken not to overload the column.

The calibration curve of the SEC at 80°C based on polystyrene is given in Figure 4.7.

SEC columns
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THF
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Figure 4.6 Diagram of size exclusion chromatography (SEC) equipment.
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Figure 4.7 Calibration curve of SEC in NMP using polystyrene standards, 80°C.
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4.4.6 Mass spectroscopy

Fast Atom Bombardment — Mass Spectrometer (FAB-MS) was used to see the
average molecular weights of the selected pitch samples and their SFE extracts and
residues using a VG Autospec (Fisons) Mass Spectrometer. The impact of a primary
beam of fast ions [Caesium (Cs") ions pellet was used] on a target matrix (substrate
and solvent) causes desorption of molecular or quasimolecular ions characteristic of
the substrate. The process is called FAB for atom bombardment. Molecular masses
up to 2000 are fairly routine; above this value, the efficiency of the process drops off
but is still useful up to about 30-30,000 [167].

4.4.7 Infrared spectroscopy

Fourier transform infrared spectroscopy was used to provide information about
functional groups in the pitch precursors. Infrared spectra of tars and pitch precursors
were obtained with a NICOLET AVATAR 360 FTIR spectrophotometer. The solid
pitch samples were prepared for FTIR analysis by the traditional procedure. For this
type of materials, standard potassium bromide pellets were prepared. The pitch : KBr
ratio was 1:100. The mixture was pressed into a disc using a hydraulic press. The
paste-like pitch precursors were transferred to the NaCl windows and the NaCl
windows were squeezed together to adjust the thickness of the sample. Sample
thickness should be adjusted so that the strongest bands display between 60 and 80%
absorption. After adjusting the sample thickness these two transmitting windows
were mounted in the spectrometer in a suitable holder. Plates need to have high
polish, but must be flat to avoid distortion of the spectrum.

44.8 'Hand “C NMR spectroscopy

S-A2, S5A5-A4, S5A5-N5, STA3-V1, and S7A3-E1 pitches have been examined by
'H and *C NMR spectrometry. From the resulting spectra, a series of structural
parameters has been derived, which allow the pitch precursors to be characterised
and compared. The 'H and *C NMR spectra were recorded on a Bruker ARX250,
250 MHz instrument. Samples were dissolved in deuterochloroform to give
approximately 25wt% solutions; these were run in Smm o.d. tubes. To obtain

quantitative '*C NMR data, a paramagnetic relaxation agent, chromium
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acetonylacetonate, Cr(acac);, was added to the deuterochloroform solution to give

0.1 M solution. The proton decoupler was gated.

Thirty degree pulses (6.5 ps for °C and 9 ps for 'H) were used. The delay between
individual pulses was 5 seconds. 62 MHz observation frequency was used. The scans

were 8192 and 128 for 1>C and 'H, respectively.

4.4.9  The carbonisation of pitches and observation of optical texture of cokes

S5A5-A4, S5A5-N3, S5A5-V1, S7A3-V1, and S7A3-El pitches were selected as
samples of typical types of pitches in order to determine the optical structures of

cokes.

The pitches were carbonised in a Carbolite horizontal electrical tube furnace. All
carbonisation runs were carried out in nitrogen atmosphere. Specimens were heated
with the heating rate of 2°C/min from room temperature to 1000°C and were
maintained for 2 hours at the final temperature. The heated materials were allowed to
cool to room temperature before examination. All carbons formed were mounted in
epoxy resin, polished and examined optically. Microscopic observation was done

with a NIKON OPTIPHOT microscope using cross- polarised light (1A plate).

4.5  Melt Spinning

The isotropic pitch S7A3-E1 was spun through a single hole spinneret with a nozzle
diameter of 100p and a length of 200u. The pitch was spun at 155°C, under the flow
of nitrogen. The spinning speed was low, around 60m/min. Ambient air quenched the
fibre as it is extruded from the nozzle and the quenched fibre was wound on the fibre

wind-up device. Figure 4.8 shows the apparatus for melt spinning used in this study.

4.6 Stabilisation

The green fibre S7TA3-E1 was prepared by melt-spinning. The bundles of the green
pitch fibres were chopped ~50mm and were stabilised by nitric acid. Three different
strengths of acid were used; concentrated nitric acid, a mixture of 2 parts

concentrated nitric acid to 1 part water, and a mixture of 1 part concentrated acid to 9
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parts of water. The green fibres were stabilised in concentrated nitric acid for 1
minute, in 2 parts nitric acid to 1 part water for 10 minutes, and for 30 minutes, and
in 1 part nitric acid to 9 parts water for 5 minutes. To ensure that all the fibres came
into contact with the acid the fibres were dipped carefully into the solution without

breaking.

After stabilisation the fibres were filtered and then washed with distilled water. With
all concentrations of acid used the flask became hot indicating an exothermic

reaction. The reaction with the concentrated acid was more vigorous.

Figure 4.8.  The picture of the melt-spinning unit.

4.7 Carbonisation

The stabilised pitch fibres were heated to 100°C at a rate of 2°C/min and then heated
to 110°C with 0.1°C/min and was exposured to 110°C for one hour. After waiting for
one hour the fibres were heated to 120°C at a rate of 0.1°C/min and held at that
temperature for an hour. They were heated from 120°C to 130°C with 0.1°C/min and
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from 130°C to 150°C with 0.5°C/min, from 150°C to 200°C with 1°C/min and
finally, from 200°C to 300°C with 1°C/min. And each case, the fibres were

exposured at the related temperature for one hour to a current of air.

The above process has been designated as the pre-treatment. When this pre-treatment
was completed, the filaments were then continuously heated at the rate of 10°C/min
under the nitrogen up to the final carbonisation temperature 1000°C and held at that

temperature for one hour.

4.8  Scanning Electron Microscopy

The fibre diameter and structure were examined using CAMSCAN Series 4 SEM. A
bundle of fibres (approximately 8 mm) was mounted on an aluminium stud with
conductive carbon cement. Once set, they were gold coated to prevent build-up of

electrostatic charge and to improve resolution under the SEM.

4.9  Supercritical Fluid Extraction of Pitch Materials

Supercritical fluid extraction was performed with an ISCO Model 260D syringe

pump (Figure 4.9) delivering pressurised CO; to an extraction cell. The cell was

S
Gilass Wool
Saple— —— Washed Sand
or Hydromatrix
l«——— Washed Sand_
Giass Wool=—sl or Hydromatrix
fas=a]

Figure 4.9.  Schematic diagram of a packed extracting cell.
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made of stainless steel tube (Figure 4.10) and kept in an oven. A restrictor (20 cm
length, 50pum i.d. x 375um o.d. fused silica capillary) was fitted to the extraction cell
in order to maintain the pressure in the extraction cell. The end of the restrictor was
immersed in collection solvent. The flow rate of the fluid (CO,) was measured by the

pump automatically.

An air-blown pitch (S-A2), a nitrogen-blown pitch (S5A5-N5), and vacuum-distilled
and hexane-extracted pitch (S7A3-E1) were extracted using CO; and CO; modified

with hexane at different temperatures and pressures.

For each extraction process, 1g of pitch precursor supported on 2g of pelletised
diatomaceous earth hydromatrix directly in the 5ml extraction cell. Modifier was
spiked onto the sample matrix mixer in the extraction cell. Extractions were
performed at various temperatures (100, 150°C) and pressures (200, 400 atm).
Extractions were carried out dynamically for 30 minutes. In order to investigate the
efficiency of SFE, S-A2 pitch, which contains more amounts of light molecules, was
extracted at 150 °C, 400 atm with CO, modified by hexane for 15 minutes. The
extracts were trapped in vials containing 5-10ml of DCM (dichloromethane). DCM

was chosen as a collecting solvent as it is suitable for trapping the analytes of interest

(@

Flow Meter

/ Syring Pump
Restrictor

Extraction Cell

Valve CO, Cylinder

Figure 4.10. Diagram of supercritical fluid extraction equipment.
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After the extraction had been carried out for the desired period, the pump was
switched off and the pressure lowered in the system. When the system had cooled,
the extraction cell was then taken out of the system. The residue was scraped out of
the cell, carefully dried in an oven and weighed. The amount of the extracted
materials were determined by evaporating DCM under a N, stream on a hot plate and
weighing the extract obtained to determine the recovery. The remaining material was
washed with toluene and then filtered in order to separate the residue and the matrix
material. These pitches were also compared to a high softening point pitch,
Aerocarb75.
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< RESULTS AND DISCUSSION

54 General Properties of the Co-Pyrolysis Products

Some properties of the tars, which were produced by the co-pyrolysis of Géyniik oil
shale (GOS) and Avgamasya asphaltite (AA), are compiled in Table 5.1. The
asphaltite tar has lower C, H, and N content compared to the GOS tar, on the other
hand, the sulphur and oxygen contents are higher for the AA. The carbon content of
the tar decreased as the percentage of the GOS decreased in the raw mixture. As seen
from Table 5.1, tar produced from GOS by pyrolysis was highly aliphatic in
character (H/C=2.03). The lowest H/C atomic ratio was obtained for S5AS tar

suggesting that this tar is less aliphatic than the others are.

Table 5.1. Elemental analysis of the tars.

Sample [ C(wt%) | H(Wt%) | N (Wi%) | S Wi%) |0 (wi%) | TC
S 70.50 11.90 0.96 1.70 14.94 2.03
S7A3 64.71 9.60 0.67 230 272 1.78
S5AS 62.90 8.28 1.06 2.80 2496 | 158
S3A7 61.13 9.46 1.13 330 24.98 1.85
b 69.76 9.38 0.30 4.60 15.96 1.61

* by difference

The yield and the synergistic effect of the co-pyrolysis are given in Table 5.2. As
seen from the table, there is a slight difference between the experimental yield and
calculated yield, which means the synergistic effect in the yield was not very
significant. The only noticeable indication is that as the percentage of the GOS

decreases in the raw mixture, the yield decreases.
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Table 5.2.  Yield and synergistic effect of the co-pyrolysis.

Sample Yield Calculated yield
(wt%) (wt%)
S 26.88 -
S7A3 24.34 22.58
SS5A5 20.00 19.73
S3A7 17.50 16.86
A 12.57 -

5.2 General Properties of the Air-Blown Pitches

In order to optimise pitch utilisation several procedures (i.e., extensive removal of
volatile fractions, and controlled condensation)have been developed to modify pitch
properties to achieve the preceding requirements (e.g., high aromaticity, high
softening point, spinnable) [168]. Thermal treatment (nitrogen-blowing) and air-

blowing are the methods more extensively used [169].

The pitch precursors used for general-purpose carbon fibre are prepared by an
air-blowing reaction on an industrial scale. The air-blowing reaction mechanism is
complicated because of the contact with oxygen, the simultaneous effects of heat
treatment, and distillation that is caused by a pressure drop in the system due to air-
blowing [170]. In the air-blowing reaction, heat (or temperature), air. (or oxygen),
and distillation (or low pressure) are important factors to determine chemical and

physical properties of pitch [164].

Pitch oxidation by air-blowing promises to be very effective. The main purpose of
air-blowing is to produce pitches of high molecular weight, where the oxygen
promotes the formation of cross-links between large adjacent aromatic molecules
which suppresses the evaporation of the light fractions. Thus, the stacking of large
aromatic molecules to form the liquid crystalline mesophase is greatly retarded. The
amount of oxygen incorporated into the structure during air-blowing appears to be
minimal, since it promotes dehydrogenative condensation of polyaromatic
hydrocarbons (PAHs) with water being a product. Such treatments result in a
viscosity increase and, simultaneously, the lamellar orientation of the aromatic

molecules becomes more difficult to achieve [168,171,172].
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Air-blowing promotes the condensation of molecular components of pitch resulting
in an increase in the average molecular weight and consequently, an increase in pitch
carbon yield. Air-blowing reaction is an effective method to increase the softening

point of pitches and to give pitches in isotropic molecular aggregation state [169].

It must be noted that it is never easy to prepare such an isotropic pitch from coal tar
by conventional methods such as distillation or heat treatment in an inert atmosphere,
because mesophase spheres appear very easily by heating above a certain level of
temperature. Air-blowing has been successfully applied in preparing precursors for
isotropic carbon materials, and in raising the softening point of coal tar and
petroleum feedstocks [173]. Additionally, this process has been shown to be suitable
as it considerably increases the final price of the pitch. The direct application of
specific treatments like air-blowing to parent tar, instead of the commercial pitch,
would be simply the preparation procedure and consequently, would reduce the tailor

specific pitch properties regarding to further applications [169].

Table 5.3 summarises the air-blowing conditions and some general properties of the
resultant pitches. Air-blowing increased the softening point, contents of insoluble
fractions, and decreased the atomic ratio of H/C according to the severity of the
conditions. The yields of air-blown pitches decreased proportionally with the rise of
the softening point. The higher air-blowing temperature for S5A5 pitch rapidly
increased the softening point in shorter periods, giving a lower yield of the blown
pitch. For example, 4h air-blowing at 250°C resulted in softening point around 45°C,
giving a yield of 50.5%, while it took only 1.5h at 270°C to get a softening point of
130°C, giving a yield of 21.3%. However, air-blowing time had a significant
influence on pitch yields for S5A5 pitch. The yields of SSAS pitches decreased with

the air-blowing time, as shown in Figure 5.1.
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Figure 5.1.  Relationship between pitch yield and air-blowing time for S5AS
pitches produced at 250°C.

Coking capacity of S5AS5 pitches, as measured by the carbon yield (CY) obtained on
pyrolysis at 1000°C, increased with air-blowing time and also air-blowing

temperature.

Solubility tests in toluene show that the toluene-insoluble content of pitches

increased as the H/C atomic ratio decreased in S5A5 pitch, as shown in Figure 5.2.
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Figure 5.2.  The variation of toluene-insoluble content with H/C ratio for S5AS
pitches.
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Atomic H/C ratio decreased with air-blowing in all types of pitches with some
variations, suggesting a dehydrogenative condensation of pitch content. It is
generally known that the lower the H/C ratio, the greater the degree of ring
condensation, regardless of the rings are aromatic or naphthenic in character.
Air-blowing at higher temperatures accelerated the dehydrogenation. For example,
90 min air-blowing at 250°C resulted in H/C ratio of 1.48 while at 270°C gave a H/C
atomic ratio of 1.21 for S5AS pitch. Almugerhiy has obtained similar results for the
pitches produced by air-blowing of Goyniik oil shale. 45 min air-blowing at 295°C
resulted in H/C ratio of 1.43 while at 325°C resulted in H/C ratio of 1.28 [174].

The H/C ratio of the resultant pitches shows a relationship with the H/C ratio of the
tars produced by mixing GOS and AA (Figure 5.3). The S3A7 tar contains the
highest H/C ratio (1.85%) while S5AS tar contains the lowest ratio (1.58%), which
means the former tar is the most aliphatic one. This result is consistent with the
pitches produced at 270°C, 90 min since S3A7-A1 pitch showed the highest H/C
ratio (1.39%) and S5AS-A4 pitch showed the lowest H/C ratio (1.21%). The high
H/C ratio of S3A7-Al pitch is consistent with its highly paraffinic nature. The
difference in H/C ratios between the pitches exhibits that SSA5-A4 pitch is the most
aromatic pitch since the decrease in H/C ratio is thought to be caused by an increase
in aromaticity. This observation is in agreement with the evolution of

toluene-insolubles and with FTIR measurements in SSA5-A4 pitch.
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Figure 5.3.  The variation of H/C ratio with tars and pitches.

A slight increase in sulphur content in the pitches observed with the air-blowing time

and temperature. The increase in temperature resulted in insignificant increase in
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nitrogen content in SSAS pitches. The FTIR spectra of air-blown pitches (S-A2 and

S5A5-A4) show a slight increase in the oxygen content compared to the tar material.

The results obtained showed good agreement with the mechanism proposed by Barr
and Lewis [172]. As known from the literature, although oxygen substitution is a
likely first step, the principal role of oxygen is to bring a dehdrogenative

polymerisation like proposed by the chemical equation given below:
2ArH + % 0, - Ar-Ar +H,0 (5.1)

Oxygen groups by oxidation of alkyl side-chains and naphthenic  structures
decompose to give Ar-Ar [168]. In addition to providing a site for oxygen attack,
alkyl substituents can also activate the aromatic rings, thus facilitating the subsequent

oxygen-induced hydrogenation [172].

5.3  General Properties of the Nitrogen-Blown Pitches

As previously mentioned in section 5.1, several methods are described to modify
pitch composition in order to improve pitch properties as a precursor of high
performance carbon materials. Thermal treatment is one of these methods which is

more extensively used.

To distinguish the relation between the air-blowing and temperature, SéAS parent tar
was thermally treated under nitrogen at 250°C and 300°C at various periods. Table
5.4 summarises the nitrogen-blowing conditions and the main properties of the
nitrogen-blown pitches. Nitrogen-blowing resulted in a decrease in the pitch yield,
which was proportional with the raise of the softening point, as the treatment time
increased. The longer nitrogen-blowing time (480min) at 250°C increased the
softening point, giving a lower pitch yield of 15.2% which indicates a significant
distillation during the nitrogen-blowing. However, the higher nitrogen-blowing
temperature (300°C) rapidly increased the softening point in shorter periods (60min).
Nitrogen-blowing temperature seemed to have a significant effect on the softening
point rather than time . The nitrogen-blowing time had an obvious influence on the
pitch yield. The pitch yield decreased from 44.2% to 15.2% for S5A5 derived pitches
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at 250°C as the nitrogen-blowing time increased from 60 min to 480 min. The

variation of pitch yield with nitrogen-blowing time is shown in Figure 5.4.
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Figure 5.4. Relation between nitrogen-blowing time and pitch yield.
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Figure 5.5.  Relation between nitrogen-blowing time and toluene-insolubles.

Carbon yield of nitrogen-blown pitches increased in the same sense as the softening
point. Variations in toluene insolubles (Figure 5.5) and carbon yields (Figure 5.6)
showed that as treatment time increased, nitrogen-blowing produced only little
increase in both of these parameters. The increase in TI contents and carbon yields
became more important at 300°C for short nitrogen-blowing period (1h). It is to be
noted that for SSA5-N1 and S5A5-N5 pitches an increase in temperature from 250 to
300°C produced a rise in CY, TI, and SP as 57.5%, 43.1%, and 160°C, respectively.
Under the nitrogen atmosphere, the slight increases in CY and TI are mainly due to
volatile release during treatment. Insoluble fractions of air-blown pitches are much
greater than those of the nitrogen-blown pitches, which means that chemical

reactions caused by air-blowing transform a considerable amount of TS.
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Figure 5.6.  Relation between nitrogen-blowing time and carbon yield.

H/C atomic ratio of nitrogen-blown pitches exhibited a close relationship with TI
content. Figure 5.7 illustrates the evolution of the H/C atomic ratio with toluene
insolubles. A decrease in H/C ratio is thought to be caused by an increase in
aromaticity and dehydrogenation. Nitrogen-blowing produces volatilisation of light
fractions of the pitch and cracking of aliphatic and aromatic groups with a low

degree of condensation [50].

Nitrogen and sulphur contents were increased a little amount with the increase in
blowing time. There was a dramatic decrease in oxygen content in nitrogen-blown
pitches compared to the parent tar as happened in the air-blown pitches. The decrease
in oxygen content is supposed to be the distillation of light compounds having

oxygen functional groups.

]
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1.2 4] |
; ki
[ 0.8
| 0.6 -
0.5 4 {
0.2 i
779 8.47

0.83 BT

H/C ratio

=1

‘ THwW% ) ‘
‘ |

Figure 5.7.  The variation of toluene-insoluble content with H/C ratio for S5A5
derived pitches prepared at 250°C.
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5.4  General Properties of the Vacuum-Distilled Pitches

Properties of pitches, prepared by vacuum distillation, were compared with those of
air-blown and nitrogen-blown pitches. The summary of properties of

vacuum-distilled pitches is illustrated in Table5.5.

Comparison of vacuum-distilled pitches with their respective tars shows that the
carbon content of the distilled pitches increased considerably. However, significant
change in hydrogen, nitrogen, and sulphur contents was not observed. The carbon
content was the highest for the S-V1 pitch (85.5%). The only noticeable difference
for vacuum-distilled pitches is that the sulphur contents were higher than the oxygen
and nitrogen contents in all distilled pitches. The higher content of sulphur in the
vacuum-distilled pitches may be attributed to the distillation of the light non-sulphur

containing compounds.

The vacuum-distillation yield was low for all types of distilled pitches, indicating a
significant removal of volatiles during the distillation. Compared with air-blown and
nitrogen-blown pitches, vacuum-distilled pitches had the highest H/C ratio, the
lowest toluene-insoluble content, and therefore, the lowest softening point.

Figure 5.8 shows the variation of H/C ratios of the various pitches.

The results show that vacuum distillation did not result in qualified pitches as

air-blown and nitrogen-blown pitches.

.55

15
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1:48
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Figure 5.8.  The variation of H/C ratio with the various vacuum-distilled pitches.
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5.5 General Properties of the Vacuum-Distilled and Solvent Extracted
Pitches

In order to increase the aromaticity and therefore, the softening point, S7A3-V1 pitch
was extracted by hexane at its boiling point. Comparison the hexane-insoluble
fraction of S7A3-V1 pitch itself showed a significant reduction in hydrogen content
and a great increase in TI content. The hydrogen content decreased from 10.45% to
7.35% while the toluene-insoluble content increased from 3.5% to 37.9% as reported
in Table 5.6. This reduction in hydrogen content and the increase in TI content were
reflected in the significant decrease of H/C ratio. The softening point of the hexane
extracted S7A3-V1 pitch increased from 50 to 136°C with decreasing H/C ratio. This
indicates that the S7A3-E1 pitch is much more aromatic than S7A3-V1 pitch and this

result is consistent with FTIR results shown in section 5.7.3.

Table 5.6. The comparison of properties of. S7TA3-E1 and S7A3-V1 pitches.
Content S7A3-El S7A3-V1 Content S7A3-El S7A3-V1
C(wt%) 81.95 83.75 o/C 4.07 1.34
H(wt%) 7.35 10.45 CY(wt%) 37.80 12.40
N(wt%) 2.40 1.15 | Yield(wt%) 12.45 . 20.49
S(wt%) 3.85 3.15 TI(wt%) 37.85 3.51
*O(wt%) 445 1.50 SP (°C) 136.00 50.00

H/C 1.08 1.50

% by difference.
The H/C ratio is lower than that of the S7A3-V1 pitch suggesting that S7A3-V1 pitch
contains higher amounts of aliphatic components which were removed by the

extraction with hexane.

Coking capacity of the S7A3-E1 pitch increased significantly in the same sense as
the softening point. The increase in TI content and carbon yield indicates that

S7A3-E1 pitch contains fewer amounts of low molecular components.
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5.6  Thermal Analysis

5.6.1 Characterisation of Pitches by Thermogravimetric Analysis

In order to characterise the carbonisation behaviour of pitches, thermogravimetric
analysis (TGA) was performed. Figure 5.9 shows the TG curves obtained during
pyrolysis of some of the air-blown pitches. TG curves show that the weight loss of
S-A2, S7A3-A2 pitches, and S5A5-A1, SSAS5-A3 pitches occurred in two different
steps. These steps were in the temperature range of 150-500°C and 140-450°C for
each group of pitches, respectively. Above 500°C the weight loss was much smaller.
S5A5-A1 pitch exhibits a considerably larger weight loss (90%) than the rest of the
pitches over the whole temperature interval studied. This agrees with the fact that
this sample contains more volatile constituents than the other pitches which is in
good agreement with softening point and TI content. On the other hand, TG curves
for S-A2 and S7A3-A2 pitches were quite parallel to each other despite the different
parent tars. However, these two samples were undergone the same thermal
treatments (270°C, 1.5h). At higher air-blowing temperature, as in the case of S-A2
and S7A3-A2 pitches, the weight loss was lower than SSAS-A1 and S5A5-A3
pitches, which were treated at lower temperature, 250°C. However, the weight loss of
S5A5-A3 pitch was less than S5A5-A1 pitch as it was treated at 250°C for a longer
period than SS5A5-Al pitch. This result is related to the polymerisation and
condensation reactions which is the consequence of longer air-blowing periods. The
lower weight loss of S-A2 and S7A3-A2 pitches indicate that these pitches contain
less lighter components compared to the other two pitches. This is in agreement with

higher softening points than those of the others.

S5A5-A1 pitch, which was produced at mild air-blowing conditions, constitutes the
most outstanding case among all other pitches, as it undergoes a much larger total
weight loss. This result may be due to the insufficient time or temperature of
air-blowing. This is also confirmed by the lowest softening point which indicates the

presence of more volatile constituents in SSA5-A1 pitch.

Figure 5.10 shows the TG curves of pitches obtained at 250°C and 300°C, under
various nitrogen blowing times. SSA5-N1 pitch exhibits a considerably larger weight
loss (88%) than the other pitches. SSAS-N1 pitch undergoes weight loss in a simple
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step covering the 140-450°C interval; above 450°C significant weight loss was not
observed. The weight loss starts at a temperature of about 140°C and gradually
increases up to 250°C. From 250°C to 450°C, the weight loss is quite sharp.

In the case of S5A5-N4 pitch, the weight loss starts at a temperature of 150°C and
gradually increases up to 220°C. After 220°C, a major loss of weight was observed
due to the main devolatilisation which completes around 500°C. S5A5-N4 pitch
undergoes overall weight loss at around 79.5%. These results agree with the fact that
SSAS-NI pitch was produced at milder thermal treatment than the SSAS5-N4 pitch.
Although both pitches were treated at 250°C, the longer nitrogen-blowing time was
resulted in lower H/C ratio, higher softening point, and therefore, the lower weight

loss.

S5A5-NS5 pitch, which was prepared at 300°C, undergoes the least weight loss (42%).
The thermal decomposition of S5A5-N5 pitch starts at around 150°C. The weight
loss generates slower than that of S5A5-N4 pitch and completes by 550°C. Although
the parent material is the same, it is convenient to remark that the less weight loss for
S5A5-N5 pitch is in good agreement with the less severe thermal treatment applied
to SSAS5-N4 pitch.

The TG curves for the vacuum-distilled pitches (Figure 5.11) show that the weight
loss of all pitches occurs in a simple step. All the vacuum-distilled pitches have high
H/C ratios and low softening points. This is resulted in high weight losses. The
thermal decomposition of the pitches starts at around 200°C, and gradually increases
up to 300, 350, 360, and 400°C for S3A7-V1, S7A3-V1, S-V1, and S5A5-V1
pitches, respectively. The total weight loss is quite sharp (91%, 88%, 90%, and 84%)
and completes at around 440, 460, 480, and 500°C for S3A7-V1, S7TA3-V1, S-V1,
and S5A5-V1 pitches, respectively.. The lowest weight loss (62.2%) was observed
for vacuum-distilled and then hexane extracted pitch. The thermal decomposition of
S7A3-El pitch starts at earlier temperatures (150°C) than the others, gradually

increases up to 300°C and completes at around 550°C.

From the overall results, it is evident that the weight loss of a pitch decreases with

increasing aromaticity in the pitch as indicated in Table5.7.
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Table 5.7. The relation of weight loss with the H/C ratio of some pitches.

Pitch H/C Weight loss (%) Carbon yield
(-AW%) at 950°C (wt%)
S-Vi 1.49 90.0 10.0
SSAS-A3 1.32 85.0 15.0
S7A3-El 1.08 62.2 37.8
S5A5-N5 0.98 42.2 57.6

The coking capacity of the pitches as measured by the carbon yield (CY) obtained by
pyrolysis at 1000°C was increased with decreasing H/C ratio. It is also noted that the
carbon yield increased with increasing severity of air-blowing and nitrogen-blowing
(Figure 5.12). As previously reported the major influence of air-blowing on CY is
revealed by the noticeable difference between the values obtained at different air-
blowing time for the same parent material. In the case of nitrogen blowing, the major -

influence on CY 1is observed by the significant difference between the values

obtained at different nitrogen-blowing temperatures.

CY (wte)

>
<
4

SSAS-N1 [

Various pitches

S585-N4

S7A3-El ]

SS5AS-NS |

Figure 5.12. Variation of carbon yield of the various pitches.
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5.7 Structural Characterisation

5.71  Size Exclusion Chromatography

Size exclusion chromatography (SEC) has become the most widely used method for
determining the molecular weight distributions of polymers and coal-derived liquids
[175]. The operation of SEC involves the molecular size separation of a polymer
solution with the use of columns packed with rigid, crosslinked polystyrene gels. The
size separation depends on the extent to which the different molecular species
permeate the pores of the gel. The pores of the gel exclude molecules greater than a
certain critical size whilst smaller molecules can diffuse into the gel structure. Thus,
in SEC excluded molecules pass through the column more rapidly than the smaller
ones, which permeate the gel. Because of different dimensions are randomly
distributed throughout the gel structure, diffusion within the gel also varies with
molecular size and shape. Smaller molecules are hence eluted at rates which depend
on the degree to which they permeate the gel, and components of a mixture are

eluted in sequence of decreasing size (or MM) [131].

Pitches are not high polymers; however, related polymeric products such as asphalts
and asphaltenes have been successfully fractionated and analysed by SEC [176].

Some of the air-blown pitches, nitrogen-blown pitches, and vacuum distilled pitches
were analysed by SEC in order to compare the molecular weight distributions. Eluted
components were detected by monitoring a physical property such as UV absorption

and refractive index.

Figure 5.13(1) and (2) compares the SEC chromatograms of S5A5-A4 pitch,
NMP-soluble portion of the hexane-soluble (HS) components of the pitch (extract),
and NMP-soluble portion of the hexane-insoluble (HI) components of the pitch
(residue), obtained with UV and RI detections, respectively.

In Figure 5.13(1), the peaks between 500-700s correspond to eluting material at the
exclusion limit of the column. It is important to note that the signal for the excluded
material should not be interpreted as a sudden surge of sample with closely bunched
molecular masses, but as material that the column was unable to resolve. It is likely

that, if resolved, this material would appear as a long trailing distribution of larger

92



molecular mass (MM) material distributed over a long span of elution times [175].
The elution curves of excluded materials for the pitch, extract, and the residue differ
in the ratios, indicating different proportioning of their component species. For the
residue and the pitch, the peaks corresponding to excluded material were greater than
that of the extract, and also excluded material peak for the residue was as greater as
the retained (separated) material peak. This suggests that the excluded material to
contain greater concentrations of larger aromatic structures and also possibly greater
heteroatom content. There is a significant shift to higher masses for the residues

compared to extracts.

For S5A5-A4 pitch, when compared with polystyrene standards (Figure 4.7) the
lower MW peak maximum corresponds to 200, while the corresponding peaks for the
extract and residue are at 500 and 2000, respectively. The apparent molecular weight
distribution for the residue is between 200-8000 for UV detection, and 200-16000 for
RI detection. All; extract, residue, and original pitch showed the evidence of
excluded material above 20000 by UV detection. The maxima of the peaks shift to
shorter elution times, in other words to the higher masses in RI detection, which is
seen in Figure 5.13(2). This is thought to be due to material with low UV absorbance
and higher MW which is more prominent in the RI chromatogram. Additionally, it
should be noted that the specific response of the UV and RI detectors varies
markedly with MM.

Figure 5.14(1) and (2) display the SEC for the S5A5-N3 pitch, NMP-soluble portion
of the hexane-soluble (HS) components of the pitch (extract), and NMP-soluble
portion of the hexane-insoluble (HI) components of the pitch (residue), obtained with

UV and RI detections, respectively.

In Figure 5.14(1), the peaks between 500-700s correspond to excluded material. For
the residue, the ratio of area under the peak corresponding to excluded material was
greater than that by the retained (separated) material, suggesting the excluded
material to contain greater concentrations of larger aromatic structures, and different

proportioning of their component species.
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It may also be noted that the excluded material peak for the parent pitch is larger than
that of for the extract, supporting the observation that materials appearing at the

exclusion limit of the column contain aromatic ring systems.

b (1)

8- extract

0 500 1000 1500 2000

2500
Time/s
(2) [ extract
a b- residue
¢- pitch
(o]
T ‘/
T Y
. 1 : 1 . 1 . 1 J
0 500 1000 1500 2000 2500
Time/s

Figure 5.13. SEC chromatogram of S5A5-A4 pitch, extract, and residue : (1) ;UV

detection, (2) ; RI detection.
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Figure 5.14. SEC chromatogram of S5A5-N3 pitch, extract, and residue : (1) ;UV
detection, (2) ; RI detection.

There is a significant move to shorter elution times for the residues compared to
extracts observed for both UV and RI detections. The apparent molecular weight
distribution for the residue was between 200-8000 for UV detection, and 200-20000
for RI detection. The peaks apparently shift to the higher masses when RI detection

was employed.
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For S5A5-A4 pitch, since the H/C atomic ratio is lower and the softening point and
the TI content are greater than those of S5AS5-N3 pitch, the elution curves of
S5A5-A4 pitch, and its residue became broader and taller. The position of the
maxima of the residue and the pitch shifted to lower elution times. This could be due _
to larger molecular sizes, or more highly substituted or unsymmetrical molecules as
the molecular size and shape are the parameters in the separation by SEC. Another
reason should be the presence of components that are either not soluble in, or not
eluted by NMP. However, the FTIR results confirmed that S5A5-A4 pitch is more
aromatic than S5A5-N3 pitch as the aromaticity index are 0.24 and 0.13 for
S5A5-A4 and S5A5-N3 pitches, respectively.

Figure 5.15(1) and (2) presents the size exclusion chromatograms of S5A5-V1 pitch,
NMP-soluble portion of the hexane-soluble (HS) components of the pitch (extract),
and NMP-soluble portion of the hexane-insoluble (HI) components of the pitch

(residue), obtained with UV and RI detections, respectively.

The extract gave an insignificant indication of the presence of excluded material.
between 550-650s. Signal from the retained (separated) material was intense between
750-1500s. The peak corresponding to excluded material become clearer when RI

detection was employed.

The residue contains two fractions; the first fraction is excluded material with
molecular weight distribution around 20000. The second fraction has a molecular
weight distribution between 100-16000. The elution curves of the excluded material
differ in the ratios of the residue, extract, and the pitch. The peak for the excluded
material of the residue is larger than that of for the extract and also for original pitch.
This should be due to different proportioning of their component species. The shift to
shorter elution times observed between 450 and 650s when RI detection was

employed. This should be due to low UV absorbance material in the fractions.

Figure 5.16 (1) and (2) illustrates the SEC of S7A3-V1 pitch, NMP-soluble portion
of the hexane-soluble (HS) components of the pitch (extract), and NMP-soluble
portion of the hexane-insoluble (HI) components of the pitch (residue), obtained with
UV and RI detections, respectively.
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Figure 5,15, SEC chromatogram of S5A5-v] pitch, extract, and residue - (H;uv
detection, (2);RI detection,
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Figure 5.16. SEC chromatogram of S7A3-V1 pitch, extract, and residue : (1) ;UV
detection, (2) ; RI detection.

For the residue, the ratios of areas under the peaks corresponding to excluded
material to those of the retained material were similar, suggesting the excluded
material not to contain greater concentrations of aromatic or larger molecules than
the retained material. The extract, and the pitch eluted at longer times than the

residue did, indicating molecular size reductions.
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When compared with the SEC of S5A5-V1, S7A3-V1 contains more amounts of
higher molecular weight components than S5A5-V1 as the eluting peaks shifted to
early elution times. The excluded material peak for the residue of S7A3-V1 pitch
showed a considerable shifting to the lower elution times end. This could be due to
larger molecular sizes or more highly substituted or unsymmetrical molecules or
higher content of heteroatoms. The higher heteroatom and TI content of S7A3-V1
than S5A5-V1 pitch confirms this hypothesis.

As seen from all the size exclusion chromatograms, the proportions of retained and
excluded material vary with the sample. The peaks apparently shift to the higher

masses if RI detection was employed.

The results have shown that the size exclusion chromatography in NMP is suitable
for characterising pitch materials, whereas the use of tetrahydrofuran (THF) as
mobile phase in SEC has been found to lead to partial loss of sample. The problem
has been resolved by using NMP as mobile phase in SEC, showing significant
fractions of sample eluting at the exclusion limit of an identical SEC column [175].
A significant shift to higher masses for the residue compared with the extracts is
found. The findings indicate that all the pitch materials contain molecules, which
elute at or near the exclusion limit of the SEC column, when sufficiently powerful

solvent is used.

5.7.2  Mass Spectroscopy

Clearly, to detect as large as a distribution of molecular ions as possible, it is
necessary to minimise fragmentation of the sample molecules during vaporisation
and ionisation. The fast atom bombardment mass spectrometry (FAB-MS) has been
generally used for polar molecules rather than neutral ones; however, the method has
been used for polynuclear hydrocarbons and has given molecular ions possibly
because the molecular ions formed from large fused aromatic system are particularly

stable.

Figures from 5.17 to 5.20 show the mass spectra of S5A5-A4, S5AS5-N3, SSAS5-V1
and S7A3-V1 pitches and their hexane soluble fractions.
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It is noted that since vertical scales were normalised with respect to the highest
detected intensity in each graph, intensities shown in one mass spectrum are not

directly comparable with those of another diagrams.

The mass spectra for S5A5-A4, and S5A5-N3 pitches (Figure 5.17a and Figure
5.18a) show a relatively wide ion distribution profile from 133 to 1000 Da, although
the relative abundance of the ions higher than 800 Da are very small. The molecular
ion distribution of the hexane soluble fraction of S5A5-N3 pitch (Figure 5.18b) was
similar to that of the original SSAS5-N3 pitch which means S5A5-N3 pitch is highly
soluble in hexane. This suggests that SSA5-N3 pitch has mainly aliphatic structures.
However, compared to hexane soluble fraction of SSAS5-N3 pitch, the mass spectrum
for the hexane soluble fraction of S5AS5-A4 pitch (Figure 5.17b) illustrates a
narrower ion distribution profile from137 to 700 Da. But the relative abundance of
the ions is mainly less than 500 Da. This narrow ion distribution of the hexane
soluble fraction of S5A5-A4 pitch is probably due to less solubility of the pitch in
hexane. The solubility of this pitch in hexane suggests that S5A5-A4 pitch contains
more aromatic structures than aliphatic compounds. All these findings are confirmed
by the FTIR results, as the aromaticity index are 0.13 and 0.24 for S5A5-N3, and
S5AS5-A4 pitches, respectively.

The mass spectra of S7A3-V1 pitch (Figure 5.20a) shows a wider ion distribution
from 133 to 800 Da while the ion distribution for SSA5-V1 pitch wés between 133-
700 Da (Figure 5.19a). However, the mass spectra for the hexane soluble fraction of
S7A3-V1 pitch (Figure 5.20b) and S5A5-V1 pitch (Figure 5.19b) were similar and
contained high molecular ions up to 600 Da which means these two pitches are also

highly soluble in hexane. Hence, they have also aliphatic structures.

The complexity of the mass spectra of the pitches and their hexane soluble fractions
indicates that the presence of a wide range of individual molecules. In all of the fast
atom bombardment mass spectra, the complexity of m/z values is so great that no
meaningful statements can be made as to the type of molecules being detected, apart
from the obvious features such as molecular profile of the pitches and their fractions.
Whilst mass spectrometer may be a very powerful technique it is evident that, in

order to gain specific structural information, the method should be coupled with a
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suitable fractionation scheme such as extrography. Only in this way can sufficiently

simple molecular ion spectra be obtained.

5.7.3 Infrared Spectroscopy B

Pitch precursors are very complex materials containing between a hundred and a
thousand compounds with different functions and molecular structures and a broad
molecular weight distribution. For this reason, the study of their composition, which

is the key for a more rational use of these materials, is very difficult [177].

Fourier transform infrared spectroscopy, which provides information about
functional groups in a particular substance, is one of the most versatile analytical
techniques available for the study of complex mixtures like coals and related
materials [178].

It must be taken into account that all carbonaceous solids essentially give the same
bands in their IR spectra, which differ from each other by their intensities. Typically,
infrared spectroscopy is sensitive to the presence of specific functional groups in
organic materials. Thus, IR spectroscopy is widely used in the characterisation of
these materials. The examination of IR spectra intensity provides a sort of

semiquantitative functional analysis of the complex materials [179].

FTIR spectra of a series of whole Goyniik oil shale-Avgamasya aspﬁgltite tar, air-
blown pitches, nitrogen-blown pitches, vacuum distilled pitches, and vacuum
distilled and then solvent extracted pitch are quite similar showing only differences

in their relative intensities.

Figure 5.21 shows the infrared spectra of 100%GOS tar, 50%GOS-50%AA tar, and
70%GOS-30%AA tar. The characteristic absorption bands corresponding to aromatic
structures are at 3050, 1600, 870, 813, and 750 cm’™, and aliphatic structures are at
2960, 2918, 2850, and 1377 cm™. The bands in the region 1600-1470 cm™ are
assigned to the stretching of C=C groups, and the bands in the region 900-750 cm’’
are assigned to the out-of-plane bending of aromatic C-H groups, bands at 3050 cm™
to the stretching of aromatic groups. The bands at 2968 cm™, and in the 1450-1377
cm’ region are due to the stretching and bending modes of saturated aliphatic
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hydrocarbons [169,180]. The assignments of the bands in the infrared spectra are

given in Table 5.8.

Table 5.8. Functional groups and corresponding band frequencies in the infrared

spectra of the green fibre [179].

Functional groups IR vibrational frequency
(cm™)
-CHj3; (mostly methyl substituents on aromatic ring v-CH 2968,2866
8-CH 14441377
-CH, (mostly methylene linking aromatic rings) v-CH 2918, ~2850°
5-CH 1478
Unsaturated aliphatic hydrocarbons v=CH 3050
vC=C 1600
Aromatic rings v=C-H 3078-3035
Aromatic rings containing 4 adjacent hydrogens y=C-H 750
Aromatic rings containing 2 adjacent hydrogens y=C-H 810
Aromatic rings containing isolated hydrogens y=C-H 870
-C=0 Y 1697
-OH (free) v ~3450
-OH (hydrogen bonded) v ~3550
*Overlapping bands.

S5AS5 tar exhibited a very weak band at 3050 cm™, and the intensity of this band was
weaker for S7A3 and S tars. The aliphatic C-H bands (2855-2960 cm™) and
methylene/naphthenic C-H bending bands (1450 cm™) of S7A3 and S tars were

similar to each other. The band at 1377 cm™ of the S5AS5 tar was also more intense

compared to the other two samples, indicating presence of more methyl substituents
on the aromatic ring systems. GOS has aliphatic nature (H/C=1.44) while AA has
aromatic nature (H/C=0.99). The synergistic effect of the copyrolysis of GOS and

AA was reflected to the aromaticity of the tars through S, S7A3, and SSAS tars.

S5A5 tar showed the highest aromatic nature followed by S7A3 tar and S tar as
deduced from the absorption at 3050 cm” and 700-900 cm™. These findings are
consistent with H/C ratio where SSAS tar has the lowest H/C ratio.

Figure 5.22 shows the FTIR spectra of the parent and air-blown pitches. In general,
the major air blowing products are carbonyl C=0 (1697 cm™), phenoxyl (1280 cm™),
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and hydroxyl functional groups formed at aliphatic side chain. Both S5A5-A4 and
S-A2 pitches showed a slight increase in the peak intensity at about 1700 cm™ related

to the formation of carbonyl groups. The absorbances around 1700 cm™ are ascribed

to carboxylic ketone, acid, or aldehyde functionality. Akrami [181] has found similar

results for the pitches produced by the air-blowing of Avgamasya asphaltite at 330°C
for 240 and 360 minutes. The S5AS5-A4 pitch displayed an intense signal compared
to others near 750 cm™, which indicates that substituted aromatic rings are present.
This intense signal in the absorption of the out-of-plane deformation vibration of
aromatic group C-H indicates the generation of ortho-para-positioned two substituted
aromatic components. This means that the reaction with air blowing is marked by
cross-linked bonding. The aliphatic C-H stretching (2955-2855 cm™) as well as the
methylene/naphthenic C-H bending band (1450 cm™) was relatively more intense in
S5A5-A4 pitch than those of the S-A2 pitch. However, the aromatic C-H stretching
band at 3050 cm” and the aromatic C=C stretching band at 1600 cm™ have been
increased in both S5A5-A4 and S-A2 pitches, indicating the occurrence of
aromatisation. To compare the two pitches, the increases in aromatic C-H and C=C
stretching bands are clearer in S5A5-A4 pitch than the S-A2 pitch. The slight
decrease in the peak intensity of 2923 cm™ due to the methylene hydrogen bonding
indicates the quantitative consumption of aliphatic material which could be attributed

to dehydrogenative aromatisation during air-blowing.

Table 5.9. The relation between softening point and the parameters calculated
from the FTIR spectra of the pitches produced by different processes.

Pitches SP H/C R1 Rz R3 R4 Rs Is IAr
&9)
S5A5 <25 [1.58 {0.07 [0.63 [0.05 |0.08 |037 |0.70 |0.06
S5A5-V1 |50 147 [0.12 084 |[0.09 |0.17 |044 |0.73 |0.11
S5A5-A4 (130 |121 [031 [0.88 |0.18 [034 |0.68 |0.88 |0.24
S5A5-N3 | 50 1.39 [0.15 |0.84 |[0.10 [0.18 |045 |[0.76 |0.13
S5A5-N5 [160 [0.98 [0.67 [092 [0.92 056 |1.00 |0.88 |0.40
S7A3 <25 (1.78 ]0.12 |0.59 [0.04 {0.07 {033 |0.35 |O0.11
S7A3-V1 |50 1.50 |0.19 1090 |0.12 [0.24 [0.57 |0.86 |O0.16
S7A3-E1l | 136 |1.08 (035 [0.79 [0.20 |036 |[0.75 |0.86 |0.26
S 50 1.55 [0.05 058 [0.04 |006 |024 |0.78 |0.05
S-A2 110 (132 |027 |090 [0.14 |0.27 1061 [0.93 |0.21

R, aromatic C-H(3050 cm™)/CH;(2925 cm™); R,, CH;(2855 cm’')/CH,(2925 cm™); Rs, aromatic
C=C(1600 cm™")/[CH,(2925 cm™")+CH;(2855 cm™)]; R,, aromatic C=C(1600 cm™")/CH,(2925 cm™) ;
Rs, aromatic C=C(1600 cm')/aliphatic C-H(1450 cm™); Is, substitution number, (870 cm™)/(750 cm’
1; Iny, hydrogen aromaticity index, C-H(3050 cm™)/[ aromatic C-H(3050 cm™")+ CH,(2925 cm™)].
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From Table 5.9 the highest aromatic hydrogen concentrations (absorbencies at 3050
cm) among the air-blown pitches can be observed for S5A5-A4 pitch. The
hydrogen aromaticity (Ia;) of S5A5-A4 and S-A2 pitches were similar and 0.24, and
0.21, respectively. There is a significant increase in hydrogen aromaticity for both
pitches compared to parent tar. The increase in aromaticity index is an indicative of
an increase in the degree of polymerisation of the sample [88]. This clearly illustrates
that the aromaticity of air-blown pitches increases with increasing softening point.
Between two air-blown pitches, SSA5-A4 is the most aromatic product. This is also

confirmed by the low H/C atomic ratio calculated from elemental analysis results.

The infrared spectra of nitrogen-blown pitches are presented in Figure 5.23. It should
be noted that the relative intensity of the bands in the region 900-700 cm’,
3050 cm™, and 1600 cm™ are dependent on the blowing time and temperature, since
the increase in the relative intensities of aromatic C-H (3050 cm™) and the out-of-
plane aromatic C-H bending (900-700 cm’') bands in the spectra of S5AS5-NS pitch
indicates that S5AS5-N3 pitch is less aromatic than S5A5-N5 pitch. However, it is
clear that both nitrogen blowing processes increased the aromaticities of these
pitches when they are compared with the parent S5AS tar. This is confirmed by the
sharp increase in the band intensity at 1600 cm™ due to aromatic C=C stretching in
both S5A5-N3 and S5A5-NS pitches. This result is consistent with the H/C ratio.
Nitrogen-blowing resulted in the decrease in the peak intensity at about 1700 cm™
related to carbonyl groups. The decrease in the intensity of 1700 cm™ band should be
attributed to the distillation of oxygen containing compounds by the effect of

temperature during nitrogen-blowing.

The main difference between SSA5-N3 and S5A5-NS5 pitches, for SSA5-N5 pitch
there is a simultaneous decrease in the intensity of both the aliphatic C-H stretching
bands (2850 cm™ to 2968 cm™) and the CH, stretching and bending bands (2918
cm™ and 1455 cm™) respectively, compared to parent S5AS5 tar. This result indicates
that S5AS5-N5 pitch contains more aromatic structure than that of SSAS-N3 pitch
although S5A5-N3 pitch was treated for a long time (240 minutes) at 250°C. This is
confirmed with low H/C atomic ratio and high hydrogen aromaticity (Is;) of
S5AS5-NS pitch.
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It can be revealed that the FTIR results are in good agreement with previously

reported results that blowing temperature is more effective than the blowing time.

The FTIR spectra of the vacuum distilled (S5A5-V1 and S7A3-V1) pitches and

vacuum distilled and then extracted pitch (S7A3-E1) are compared in Figure 5.24.
The FTIR spectra of the vacuum distilled pitches showed that the relative intensities
of aliphatic C-H bands at 2850 cm™ and 2968 cm™ were intense. This indicates that
these pitches contain significant amounts of aliphatic components. The strong bands
at 2918 cm™ arise from the saturated C-H stretching vibrations of alkyl substituents
(methlyene groups —CHj) and the weak bands near 3050 cm’, suggest that the
aromatic rings are highly substituted. The aliphatic C-H stretching bands at
2918-2950 cm™ and methylene/naphthenic C-H bending band at 1480 cm™ of
S7A3-V1 pitch were less intense than S5A5-V1 pitch indicating that SSA5-V1 pitch
contains more methylene substituents on the aromatic ring system than S7A3-V1

pitch. The intensities of the bands at 750-870 cm™ were the same for both pitches.

There is a significant difference between vacuum distilled S7A3 pitch (S7A3-V1)
and vacuum distilled and then hexane extracted S7A3 pitch (S7A3-E1). Extraction
with hexane of vacuum distilled S7A3-V1 pitch resulted in a decrease in the intensity
of the aliphatic carbon-hydrogen bands. The bands at 2700-2970 cm™ and 1450 cm™!
decreased with increasing softening point while the bands at 3050 and 1600 cm™
were almost unchanged. The band at 1377 cm™ (methyl groups —CH-3)._decreased in
intensity. All of these findings found for S7A3-E1 pitch are confirmed by the low
H/C atomic ratio and high hydrogen aromaticity (Ia,).

Figure 5.25 shows the comparison of FTIR spectra of S5A5 pitches derived by
different methods: air-blown (S5A5-A4), nitrogen-blown (S5A5-N3 and S5A5-NS),
and vacuum distilled (S5A5-V1).

Among the various methods studied, SSAS5-NS pitch showed the highest aromatic
nature followed by S5A5-A4, S5A5-N3, and S5A5-V1, respectively, as indicated by
the relative intensities of aromatic C-H (3050 cm™) and aromatic intensities of C-H
out-of-plane bending modes (700-900 cm™) in the FTIR spectra in Figure 5.25. This
result is consistent with the H/C atomic ratio, aromaticty index (I,), and therefore

with softening points of the pitch materials.

111



-sayoyd umojqg-usgoniu pue e) yuared ay; Jo e1103ds Y[ L4 €T°S 24314

0001

CoSi

{1-u0) s1equinueaspy

—h

0002 ouse

Qoo 005E

!

Svss

112



-soyoyd PaIOBIIXD JUSA[OS-PI[[ISIP-WNNOBA PUE ‘PI[[IISIP-WNNoLA “siey juared Jo enoadg Y[Ld pT'S 24ndly

{1 -wo) siequinueaBp
G004 0081 0002 o00%se 0o0pe 0ose

1 A ek W —

AN !
[’\/‘x\l\//}\/\\//\(\ B }3-EVLS

113



All pitches essentially have the same bands in their infrared spectra, but differ in
intensity. For example, the band near 3050 cm™, which is due to aromatic C-H
stretching vibrations, is observed more or less for every pitch, and it suggests that the
aromatic rings are sparsely substituted. The peak at ~ 2920 cm™ is clearly seen for
every pitch and it arises from the saturated C-H stretching vibrations of alkyl
substituents. Thus the intensity ratios need to be examined to be able to evaluate
more precisely the effect of various preparation processes and operation conditions

on the molecular structures of pitches [182].

Several parameters calculated from the intensity ratios of characteristic absorption
bands were designated as R; to Rs, I, and Ig [180] . These parameters of air-blown,
nitrogen-blown, vacuum distilled and vacuum-distilled-hexane extracted pitches

were calculated and the results were shown in Table 5.9.

For S5AS tar derived pitches it should be noted that R; increased from 0.07 to 0.12,
0.15, 0.31, and to 0.67 for S5AS tar, S5A5-V1, S5A5-N3, S5A5-A4, and S5A5-N5
pitches, respectively. For S7A3 tar derived pitches, vacuum distilled-hexane
extracted pitch showed the highest R; value as 0.35. These results indicate that the
ratio of aromatic to aliphatic hydrogen increased with increasing softening point for

the same originated pitches.

R; and R; reflect the relative abundance of CH;3 and CH, groups as well as aromatic
carbon and aliphatic carbon. There was an increase in R; and R; values from S5A5 to
S5A5-V1, S5A5-N3, S5A5-A4, and S5A5-NS5. The extend of increase in the values
of R, and Rj was correlated with H/C atomic ratios. Unexpectedly, the value of R;
for S7TA3-V1 was greater than that of S7TA3-El. The intensity ratios of R; and Rs
indicate the aromaticity, and there is an increase in the order of
S5A5 < S5A5-V1 < S5A5-N3 < S5A5-A4 < S5A5-NS, for S5A5 derived pitches and
- S7A3< S7A3-V1 < S7TA3-El for S7A3 derived pitches, respectively. Comparison of
the different methods for SSAS5 derived pitches show that nitrogen-blowing at 300°C
and 60 minute gave the largest values of R4 and Rs, indicating the higher aromaticity.
The absorbencies at 3050 and 2920 cm™ allow evaluation of the concentrations of

aromatic and aliphatic C-H bonds in pitches. Hydrogen aromaticity indices (1),
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were also calculated. The highest value for I, was obtained for SSA5-NS and S7A3-
El pitches. These data indicate a preponderance of aliphatic hydrogen and the

relative degree of saturation of aromatic rings.
5.8  Estimation of Structural Parameters of Pitches by 'H and °C NMR

5.8.1 Characterisation of pitches by "H NMR

'H NMR is a technique which can be used very effectively to analyse hydrogens of
chemically different types. It can distinguish not only between hydrogen atoms in
aromatic and non-aromatic systems but also between those hydrogen atoms on
carbon atoms in a-position with respect to the aromatic ring and those, which are not
immediately adjacent to aromatic rings. In addition, the integrated intensities of the
different peaks in the NMR spectrum are directly proportional to the numbers of

hydrogen atoms involved, independent of their chemical nature.

The different proton types producing absorption in the 'H NMR spectrum were
defined by the following chemical shift ranges shown in Table 5.10: aromatic
protons, 9.0-6.8 ppm; a-protons on alkyl side chains, 4.0-2.0 ppm; and protons other
than a on side chains, 2.0-0.5 ppm. Olefinic proton absorptions (6.0-4.0 ppm) were
hardly detected since none of the samples produced significant absorption in this
region. The integrated aromatic hydrogen and total aliphatic hydrogen intensities
were normalised over the complete spectrum (9.0-0.5 ppm). The clearly defined peak
at around 7.25 ppm is due to deuterochloroform (CDCl;) used as solvent for all the

samples.

Figures 5.26-5.30 present '"H NMR spectra of the pitches produced under different
methods such as air-blowing (S-A2 and S5AS5-A4), nitrogen-blowing (S5A5-N5),
vacuum-distillation (S7A3-V1), and vacuum distillation followed by solvent
extraction (S7A3-E1), respectively.

The proton absorptions for SSA5-A4, SSA5-N5, and S7A3-El pitches are mostly
broad and there are few sharply defined peaks. However, the proton absorptions for
S-A2 and S7A3-V1 pitches are sharply defined. The peak at 0.96 ppm is overlapped
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by the peak at 1.35 ppm in the spectra of S5A5-A4 pitch while it is separate in all

other spectra.

Table 5.10 'H NMR spectral assignments [152].

Ha: 6.8-9.0 ppm Hydrogens attached to aromatic ring carbons.

Hoy: 4.0-6.0 ppm Hydrogens attached to carbons forming double bonds.

Hg: 2.0-4.0 ppm Hydrogens attached to carbons in alkyl substitution o to
aromatic ring.

Hgy: 2.0-2.3 ppm Hydrogen in methyl group o to aromatic ring.

Hgo: 2.3-4.0 ppm Hydrogen in CH; and CH groups of saturates.

Hg: 1.0-2.0 ppm Hydrogens in alkyl substitution B- or further from
aromatic rings.

Hcy: 1.6-2.0 ppm Hydrogens in CH groups of saturates.

Hcwa: 1.0-1.6 ppm Hydrogens in CH, groups of saturates (including
cycloparaffins).

H, or Hcys: 0.5-1.0 ppm | Hydrogen in terminal or isolated CH3 groups of saturates
or hydrogens in alkyl groups substituted in position y-
and further from aromatic ring.

Figures 5.26 and 5.29 present proton nuclear magnetic resonance spectra of the air-
blown pitch (S-A2) and vacuum-distilled pitch (S7A3-V1), respectively. The proton
spectrum of these two pitches display clear peaks at around 0.91, 0.94, and 0.96 ppm
which is due to methyl protons attached to carbon positioned y or further from the
aromatic rings. However, these three peaks are overlapped in the spectra of other

pitches.

The proton NMR spectrum of S-A2 pitch resembles to that of S7A3-V1 pitch while
the proton NMR spectrum of S5AS-NS5 pitch resembles to that of S7A3-El pitch.
The main difference between the four spectra is the relative concentrations of the
various structural groups indicated by peak intensities in specific chemical shift
ranges. For S-A2 and S7A3-V1 pitches, aromatic-hydrogen signals are weak
compared to S5A5-A4, S5A5-N5, and S7A3-E1 pitches, showing the presence of
low quantity of aromatic structures. The Hg and H, signals are narrow and are

consistent with long alkyl side chains as discussed later in Table 5.11.

The peak at 1.25, 1.31, 1.35, 1.29, and 1.33 ppm for S7A3-V1, S-A2, S5A5-A4,
S7A3-El, and S5A5-N5 pitches, respectively, are due to long alkyl side chain

methylene, i.e., (CH,)y, where M>8. This region also contains methyl protons
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Figure 5.27 'HNMR spectrum of S5A5-A4 pitch.



attached to a carbon positioned B to an aromatic ring. The proton data of S5A5-N5
pitch shows the highest increase while S7A3-E1 pitch shows a slight increase in
aromatic-hydrogen content as 0.25 and 0.15, respectively (Table 5.11). This indicates
an increase in condensation with heat treatment under nitrogen and with solvent
extraction. This result is accompanied by a decrease in protons attached to carbon in
the CH, CH; (B) hydrocarbon groups, 0.45 for S5A5-N5 and 0.46 for S7A3-El
pitches.

Table 5.11. Hydrogen distribution of pitches.

Band (ppm) S-A2 S5A5-A4 | SS5A5-N5 | S7A3-V1 | S7A3-El
Ha 0.14 0.14 0.25 0.09 0.15
Hor 5x107 5x107 0.01 5x107 5x107
H., 0.03 0.06 0.03 0.04 0.06
He 0.12 0.16 0.18 0.12 0.21
H, 0.15 0.22 0.21 0.16 0.27
Hen 0.04 0.10 0.07 0.06 0.08
Henz 0.56 0.45 0.38 0:57 YEN 0z
Hg 0.60 0.55 0.45 0.63 0.46
H, or Heps 0.11 0.09 0.09 0.12 0.12

As seen from Table 5.11, S5A5-N5 pitch contains the highest aromatic hydrogens
while S7A3-V1 pitch contains the highest aliphatic hydrogens. This result is also
consistent with the aromaticity index (Ia;) data which was obtained by FTIR. It is
very obvious that air-blowing was not as successful as nitrogen-blowing and solvent
extraction to increase the aromaticity. Moreover, hydrogens attached to carbons

forming double bonds were negligible.
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Figure 5.29 'HNMR spectrum of S7A3-V1 pitch.
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5.8.2  Characterisation of pitches by BC NMR

From the C NMR spectra of the samples, aromatic carbon (150-117 ppm) and
aliphatic carbon (60-8.5 ppm) absorptions were integrated, and the aromaticity (Ca,)
of the samples were calculated (fraction of aromatic over total carbon) depending on
the '*C NMR spectral assignments shown in Table 5.12. The calculated results of

carbon distribution of pitches are summarised in Table 5.13.

Table 5.12. ">C NMR spectral assignments [152,183].

Band (ppm) Assignments

ALIPHATIC

Cai  : 8.5-54.0 Aliphatic carbon atoms

Caz o 85219 Methyl carbon

Caiz : 21.9-54.0 Methylene carbon

AROMATIC

Ciia : 117-150 Aromatic carbon atoms

©CHxe e, 117-127 Protonated carbon atoms

Cq ¢ 127-150 Quaternary carbon atoms

Coq o+ # 127-133 Quter carbon atoms

e : 133-138 Substituted carbon atoms

Ces @ 138-150 Substituted quaternary carbon atoms
or internal benzonaphthenic carbons.

The *C spectra of S-A2, S5A5-A4, SSA5-N5, S7TA3-V1, and S7A3-E1 pitches are
shown in Figures 5.31-5.35. In all five spectra, absorptions are confined to two
ranges from 10 to 60 ppm and 110 to 160 ppm, corresponding to aliphatic and
aromatic resonances, respectively. The peaks around 77 ppm are due to the carbon of

the solvent, deuteriochloroform, used.

All the spectra displayed well-resolved, rather big and sharp absorption bands in the
aliphatic region. However, big lumps are obtained in the aromatic region in each

spectrum.

It should be noted that from the chemical shift value, the combination of lines around

14.2,22.8, 29.8, and 31.9 ppm, which were observed in the spectrum of S-A2, SSAS-
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A4, S5A5-NS5, and S7A3-E1 pitches, would be compatible with a straight-chain
alkane structure. The 21.5 ppm signal in the spectrum of S7A3-V1 pitch, 22.7 ppm
signal in the spectra of S-A2 and S7A3-El pitches, and 22.8 ppm signal in the
spectra of S5A5-A4 and S5A5-N5 pitches can be assigned to methyl groups. The
29.8 ppm signal observed in the spectrum of S-A2, S5A5-A4, and S5A5-N5 pitches
and 29.6 ppm signal in S7A3-E1 pitch and 28.4 ppm signal in S7A3-V1 pitch can be
assigned to internal methylene carbons of longer paraffinic chains. The resonances of
the corresponding terminal methyl and the methylene functions were found around

14.2,22.7, and 32.0 ppm, respectively.

Compared with the aliphatic carbon resonances, big lumps are observed in the
aromatic region for all pitch materials. The main absorption band in the aromatic
region does not appear structured into a number of well-resolved single resonance.
The signal at around 127 ppm must be associated with the quaternary carbons of the
polycyclic structures, and this band is very strong in the spectrum of SSA5-N5 pitch.

S5A5-N5 pitch has the largest number of tertiary carbons (CHay,), which means that
nitrogen blowing increased unsubstituted carbon (protonated carbon, CHpay,). For
nitrogen-blown pitch S5A5-N5, the highest value for the number of aromatic carbon
was observed. This is mainly due to an increase in the quaternary carbons, Coq, Which
is a measure of condensation reactions. Carbons in methylene group (CHayz)
decreased and those in methyl groups (CH,y) increased as a result of hydrogen

transfer to radicals formed after opening of naphthenic rings.

Vacuum distillation was not a successful technique to increase the aromaticity as
S7A3-V1 pitch has the highest amounts of aliphatic carbons. The intensity of
aliphatic signals at 12.9, 21.5, and 30.6 ppm is high as shown in Figure 5.34 for
S7A3-V1 pitch.

S5A5-N5 pitch was followed by S7A3-E1 pitch as the second highly aromatic pitch,
since the methylene carbon, CHaj2, values are lower and the higher values in the
aromatic carbons. The Cs carbon and CHj,, carbon (unsubstituted aromatic carbons)
were also high in S7A3-E1 pitch. This indicates that the naphthalene structure was
converted to an aromatic structure by dehydrogenation. These results are consistent

with the data obtained by 'H NMR.
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Figure 5.32 3C NMR spectrum of S5A5-A4 pitch.




Table 5.13. Carbon distribution of pitches.

Band (ppm) S-A2 S5A5-A4 | S5A5-N5 [ S7A3-V1 S7A3-E1l
Caut 0.16 0.16 0.22 0.18 0.19
Cai2 0.81 0.79 0.72 0.77 0.76
Caii 0.97 0.95 0.94 0.95 0.95
CH iz 0.35 0.36 0.42 0.29 0.37
Cq 0.54 0.57 0.60 0.36 0.59
Coq 0.25 0.29 0.31 0.17 0.29
Cs 0.12 0.14 0.23 0.10 0.17
Cos 0.12 0.14 0.12 0.08 0.15
Can 1.42 1.50 1.68 1.00 1.57
Caio/ Caiy 5.06 4.94 3.27 428 4.00
Cant Caro 239 2.45 2.62 1.95 2.52
FRACTIONS

Caii 0.41 0.39 0.36 0.49 0.38
Caro 0.59 0.61 0.64 0.51 0.62

S-A2 pitch has the largest CHaj/ CHay, ratio than the others. This indicates that S-

A2 pitch has a greater number of methylene carbon than methyl carbon.

The calculated structural parameters for the S-A2, S5A5-A4, S5A5-NS5, STA3-V1,
and S7A3-El pitches by using the equations listed in Table 5.T4 [152] are

summarised in Table 5.15.

There are significant differences in some of the important structural parameters for
the pitches. The hydrogen distribution data show that S5A5-N5 pitch contains the
largest amounts of Har, around 25% leading to the highest fa' (aromaticity) of
around 55%. On the other hand, S7A3-V1 pitch contains the smallest amount of
aromatic hydrogen (9%), and therefore, the aromaticity fa'® is low (43%). It should
be noted that nitrogen blowing emphasised the dehydrogenative condensation, as
previously mentioned, of the pitch by lowest substitution percent of the aromatic

rings, ©.
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Table 5.14. The calculated structural parameters [152].

Notation | Equation Description

fa®® Cru/e Aromaticity

f [Cai(H/C)J[ Hot+ Hg+ H,] Hydrogen to carbon atomic ratio in alkyl
groups

n Caii/ Cags Average number of carbon atoms per
alkyl substituent

T (n+0.5)-(n/2f) Number of naphthenic rings per alkyl
substituent

G Caii (C/n) Weight fraction of non-bridge aromatic
rings by alkyl groups

& 12 HaH/( HartHot Hy+ H,) |Weight fraction of non-bridge aromatic
rings which are unsubstituted.

@) Gt O Weight fraction of non-bridge aromatic
rings which are unbridged

o CHlE; Degree of substitution of non-bridge
aromatic rings by alkyl groups

H/C J— Hydrogen/carbon atomic ratio j

Table 5.15. Structural parameters of pitches.

Notation S-A2 S5A5-A4 | S5A5-N5 | S7A3-V1 | S7A3-El
Haro 0.14 0.14 0.25 0.09 0.15
Haji 0.86 0.86 0.75 0.91 0.85
H, 0.15 0.22 0.21 0.16 0.27
Hp 0.60 0.55 0.45 0.63 0.46
H, 0.11 0.09 0.09 0.12 0.12
i 0.59 0.61 0.64 0.51 0.62
Cai 0.41 0.39 0.36 0.49 0.38
fal3 0.52 0.52 0.55 0.43 0.51

£ 0.63 0.55 0.47 0.81 0.48

5 8.08 6.79 7.83 11.88 6.33

7 2.17 1.12 2.1x10* 5.05 0.24
c, 0.04 0.05 0.04 0.03 0.05
Y 0.16 0.15 0.21 0.11 0.13
C, 0.20 0.20 0.25 0.14 0.18

% 0.20 0.25 0.16 0.21 0.28
H/C 1.32 1.21 0.98 1.50 1.08 B
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Hydrogen to carbon atomic ratio in alkyl groups, f, is also less in S5A5-N5 pitch
(0.47), while it is the highest in S7A3-V1 pitch (0.81) which is expected because of
the higher H/C atomic ratio of the parent S7A3 tar. SSA5-N5 pitch is also rich in
aromatic carbon. For S5A5-N5 pitch, the Hp value is about 45%, while it is 63% for
S7A3-V1 pitch. This suggests that S7A3-V1 pitch has higher number of naphthenic
hydrogen and alkyl substitution than S5A5-N5 pitch. This result is consistent with
the data shown in Table 5.15 where the S7A3-V1 pitch contains more substitution
percentage of the aromatic rings (6=0.21) and larger alkyl substituents (n=11.88)
than that of S5A5-N5 pitch (6=0.16; n=7.83). Therefore, STA3-V1 pitch has lower

carbon aromaticity (fa13=0.43).

Table 5.15 shows that S5A5-NS pitch has the highest aromatic ring carbons which
are unbridged (C,=0.25) and S7A3-V1 pitch has the lowest (C=0.14). Among all
these processing methods nitrogen-blowing appears to be an effective method for

pitch modification.

5.9  Characterisation of Pitch Cokes by Optical Microscopy

The quality of a graphitizable carbon is directly related to its optical texture, which is
controlled by the development of mesophase during the carbonisation process which
depends on the reactivity of pitch components. The reactivity of pitch, defined in
terms of its ability to generate mesophase, can be related to the chemical composition
of the pitches. The optical texture is defined by the size, shape and orientation of the
different crystalline structures present in a material, as determined by optical
microscopy on polished sections of samples [2]. There are different classification
systems, all of them similar and based on the same criteria, being that proposed by

Forrest and Marsh [184], one of the more widely used.

The formation of mesophase during pyrolysis of organic materials is not restricted to
the presence of a specific type of compounds. As a result of the occurrence of
different mechanisms of mesogen formation, these can be different size, structure,
and planarity. On the other hand, the nucleation, growth, and coalescence of
mesophase spheres require a system where the mesogens have the necessary mobility

to contact one to each other. Optimum conditions will mean very fluid systems with
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a high concentration of mesogens. According to these requirements, a good
mesophase precursor must generate a high amount of mesogens in a medium of low

viscosity [2].

The purpose of such a study was to determine the properties of carbons from the
carbonisation of pitches. This was done by examining the polished surfaces of these

carbons under a polarising optical microscope to determine their optical textures.

S5A5-A4, S5A5-N3, S5A5-V1, S7A3-V1, and S7A3-E1 pitches were selected to be

examined under the optical microscope.

It was expected that changes in size and chemical structure of pitch components
produced by air-blowing, nitrogen-blowing, vacuum distillation, and vacuum
distillation followed by solvent extraction will affect the development of mesophase

during the pitch carbonisation.

Table 5.16 summarises the coking yields and optical texture of the cokes from

pitches produced by methods mentioned above.

Figures 5.36(a)-(¢) show the optical textures of cokes produced from the five

different pitches. The optical texture of the cokes were found to be different.

Table 5.16. Optical texture of the cokes obtained from the pitches.

| Pitch CY(wt%) [ Optical texture
S5A5-A4 119.80 Flow domains
S5A5-N3 | 16.70 Coarse-grained mosaics
S5A5-V1 | 13.40 Coarse grained mosaics, medium-flow domains
8783-V1 12.40 Medium-grained mosaics
S7A3-E1 | 37.80 Isotropic

For the coke resulted from S5A5-A4 pitch, the development of mesophase had
progressed to an extensive flow-domains, as shown in Figure 5.36a. Generally,
molecular cross-linking induced by oxygen functionality at low temperatures
increases the molecular weight of some molecules during air-blowing, preventing
their distillation and removal at the carbonisation stage. Such treatments result in a
viscosity increase and, simultaneously, the lamellar orientation of the aromatic
molecules becomes more difficult to achieve. Both factors limit the growth and

coalescence of mesophase formed during pitch heat treatment [185]. However, in the
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case of S5A5-A4 pitch, very well oriented and big size of optical texture has been
observed. This should be attributed to the lack of oxygen incorporation into the
molecules during air-blowing which is confirmed by FTIR results. Oxygen
molecules might react with the more reactive aliphatic hydrogens, leaving the more
stable aromatic hydrogens. During the carbonisation of S5AS-A4 pitch, the stable
aromatic hydrogens might move to the free radicals to block their reactivity. The
carbonisation reaction consists of pyrolytic radical reactions, which proceed through
radical initiation, propagation, condensation, and termination. The radicals are
stabilised through hydrogen transfer or coupling to terminate the chain reaction
[185]. Carbonisation reaction might be delayed through this slow reaction leading to
flow-domains since in low reactive systems, polymerisation occurs at higher
temperatures, being the formation of mesophase coincident with maximum fluidity
conditions. Association of mesogens could be more easily accomplished because of
their mobility, producing mesophase of big size which the coalesce to form

anisotropic carbons with big size of optical texture.

Cokes resulting from nitrogen-blowing (S5A5-N3) and vacuum-distillation (SSAS-
V1) cannot be precisely distinguished as seen in Figure 5.36b-c. Both of the cokes
are mainly composed of coarse-grained mosaics while the coke from S5A5-V1 pitch
has also medium-flow anisotropy. During thermal treatment and vacuum distillation,
the light components are removed from the system. Therefore, the only difference
between the two processes could be the amount of light components-removed by
these two methods. S5A5-N3 and S5A5-V1 pitches are the least aromatic ones still
containing light components, During carbonisation, the aliphatic substituents of these
pitches might be broken and the stabilisation of the free radicals by aromatic
hydrogen could not be happened since the pitches contain mainly aliphatic
hydrogens. Therefore, the reaction would be very fast leading molecules to grow up
rapidly. This should be resulted in high viscosity in the system and consequently,

would create coarse-grained mosaic texture.

S7A3-V1 pitch gave a coke with different optical texture than S5A5-V1 pitch
although both of the pitches were produced by vacuum-distillation. The coke of
S7A3-V1 pitch has mainly medium-grained mosaics as seen in Figure 5.36d. These
differences between two vacuum-distilled pitches establish that the coke structure

should be dependent upon the feedstock composition. S5A5-V1 pitch contains more
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(@)

(b)

Figure 5.36. Optical micrographs of the cokes obtained from;
(a): S5A5-A4, (b): S5A5-N3
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(©)

(d)

(e)

Figure 5.36 Optical micrographs of the cokes obtained from;
(c): SSAS-V1 pitch. (d): S7TA3-V1, (e): STA3-El pitch.
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amounts of light components while S7A3-V1 pitch is more aromatic and this is
confirmed by FTIR results. The light components might give the SSA5-V1 pitch a
lower viscosity during the carbonisation, resulting a coke with a bigger optical
texture than that of the coke of S7A3-V1 pitch.

S7A3-El pitch has a high content of heteroatoms, mainly oxygen and hydrogen. The
high content of heteroatoms resulted in increasing viscosity and decreasing the
facility to coalesce, which means that the mesophase development had been
restricted. Therefore, vacuum distillation followed by hexane extraction maintained

the pitch optically isotropic as shown in Figure 5.36e.
5.10 Spinning

For a precursor to be spinnable, it must be able to form an unbroken filament
between the spinneret capillary exit and the wind-up device. The spinnability of a
pitch precursor then is defined by the maximum length of the filament that can be
drawn from its melt [186]. The spinning temperature has to be carefully controlled.
There is a temperature range during which the viscosity appeared to be ideal for
drawing out the filament. If the melt temperature is too high, the extruding jet of
material can break up into drops, breaking the filament.

The softening point and the temperature at which the precursor became fluid are
helpful to determine the spinning temperature, but the actual spinnability has to be
determined by the spinning itself. The precursor with the good spinnability can be
spun at high draw-down speed, thus producing thin fibres. The high fluidity of the

precursor with good spinnability allows the melt fibre to have a smooth surface.

Table 5.17. Properties and spinning results of S7A3-E1 pitch.

Eecursor SP(°C) ’ Spinning Temp. (°C) Spinnability

S7A3-El 136 I 155 spinnable

The sign of poor spinnability is frequent breaks during wind-up. The fibre draw-

down speed must be kept low, as spinnability decreases, and as a result thick fibres
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are obtained. Poor spinnability produces fibres with more defects such as voids and
cracks [83].

The spinning precursor S7A3-E1 pitch was spun with the spinning results shown in
Table 5.17. It was found that the spinning temperature was about 20°C> higher than
the softening point of the S7A3-E1 pitch. The spinnability of the S7A3-E1 pitch was
good, and was continuously spun but with a slower draw-down speed. The diameter

the fibre filaments was between 15-20p.

5.11 Stabilisation

When pitch-based carbon fibres are spun, they must be prepared to undergo the
coking reaction, in which much of the hydrogen in the fibre is removed and the fibre
becomes infusible [187]. In order to retain the fibre shape, spun fibres have to be
stabilised to render them infusible before further heat treatment, which is
carbonisation [84]. The usual means of stabilisation is through oxidation, in which
the spun fibres are heat-treated in an oxygen-containing atmosphere to temperatures
between 200 and 350°C for a period of time, sufficient to prevent fibres from

deformation and/or sticking during carbonisation,

The spun fibres are thermoplastic, and have to be carefully oxidised for the
prevention of viscous flow and consequent loss of the fibrous shape during the
succeeding carbonisation. The oxidative stabilisation is rather slow at low
temperatures, but the fibre deformation may occur or they may stick to each other at
too high temperatures. The glass transition temperature, T,, increases as the
stabilisation proceeds, and finally the fibres become infusible. It is thought that the
glass transition temperature of the fibres increases by the formation of three-
dimensional crosslinking, lower fusibility of Oxygen-containing molecules, and
evaporation or condensation of low molecular weight compounds. Since the
stabilisation process is exothermic and the heat release may cause the actual fibre
temperature to exceed its glass transition temperature leads to fibre-fibre fusion,

usually the stabilisation temperature is kept below the T [83].

In general, the stabilisation of pitch fibre is carried out in gases such as air, ozone, or

oxygen, or it should be done with chemical treatment. However, in this study, the
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spun fibre S7TA3-El was stabilised by nitric acid. Although S7A3-E1 pitch is the
highest softening point pitch among the other pitch precursors produced, its softening
point is still too low compared to commercial pitches. Therefore, the stabilisation of
S7A3-El green fibre by ordinary oxidative stabilisation would be at a lower
temperature so that an extremely long time would be required to fully stabilise the
fibres and it would not be economical. Regarding to these evaluations, S7A3-El
green fibre was stabilised by nitric acid instead of oxidative stabilisation in order to

shorten the stabilisation time and reduce the cost.

Table 5.18. Stabilisation conditions of S7A3-E1 pitch fibre and the results.

Acid to water ratio Time (min) Results
Concentrated HNO; 1 not interfused

| 10 interfused

2l 30 slightly interfused

1:9 5 interfused J

The spun-fibre stabilisation results are listed in Table 5.18. 1t is clear from the results
that nitric acid acts as an accelerator of the stabilisation reactions. As the reactivity of
the nitric acid is too high, 1 minute stabilisation period was enough for S7A3-E]

green fibre.

Fibres stabilised by 2 parts nitric acid to 1 part water for 10 minutes énd by 1 part
nitric acid to 9 parts water for 5 minutes were found to be fusible when observed by
naked eye. This must be due to insufficient stabilisation because of the short
stabilisation period and in the mean time the less concentrated nitric acid used. The
dilution of acid with water decreased the reactivity of the nitric acid. However, when
the stabilisation period was extended to 30 minutes for 2 parts nitric acid to 1 part
water the stabilisation was performed but still slightly interfused fibres were

observed.

In each case of stabilisation conditions applied, the fibres were shrunk because of the
reactivity of the acid but this result was much clearer in the fibres stabilised by the
concentrated nitric acid. The shrinkage during stabilisation consists of a physical
contribution called entropy shrinkage, which is completed below 200°C, and a

chemical contribution called reaction shrinkage, which starts at about 200°C.
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Entropy shrinkage is the initial contraction of the molecules that have been highly
aligned during stretching prior to stabilisation. Reaction shrinkage is due to the

shortening of the molecules during cyclisation and oxygen-group formation [23].

It must be noted that when the fibre was dipped into the nitric acid and nitric acid-
water solution, an exothermic reaction occurred. However, in the case of stabilisation
by nitric acid-water solution, before dipping the fibres into the solution, the heat of
association of the solution was increased when water was added to acid. Due to the
increase in the heat of association of the solution and the exothermic reaction
occurred during the dipping of fibres into the solution, the total reaction temperature
might be increased above the glass transition temperature (43°C) of the S7A3-El
green fibre. As a result of insufficient stabilisation and the increase of medium

temperature over T, of the S7A3-E1 fibre the interfusion was observed in the fibres,

5.12  Carbonisation

After stabilisation, the pitch fibres are carbonised by heating in a series of heating
zones at higher temperatures ranging from 700 — 2000°C. An inert atmosphere is
used to prevent oxidation of the final carbon fibres [23]. During carbonisation, most
of the non-carbon elements in the stabilised fibre are driven off as low molecular
weight gases [27]. This accompanied by the evolution of volatiles, so a graded series
of heating zones is needed to prevent excessive disruption of the structure. Below
1000 °C, the greatest quantity of gases as CH, and H, are released. Hydrogen is the
main gas evolved above 1000 °C. During carbonisation, intermolecular cross-linking
occurs through oxygen-containing groups or through dehydrogenation, and the
cyclised sections coalesce by cross-linking to form a graphite-like structure in the

lateral direction [23].

In this study, two of the spun fibres, which were stabilised by concentrated nitric acid
for a minute (infusible) and 2 parts nitric acid to 1 part water for 30 minutes (slightly
fusible), were pre-treated with air at lower temperatures in order to complete

stabilisation before further carbonisation process.

The rate of heating during the pre-treatment, was kept low to prevent the fast release

of the volatiles and the pores or surface irregularities in the fibre. The heating steps
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during the pre-treatment is shown in Figure 5.37. The carbonisation took place
between 300 — 1000°C, and higher heating rate (10°C/min) was used under the flow

of nitrogen.

Heating rate (°C/min)
O = NWaAaE WL

200 100 110 120 130 150 200 300

Temperature (°C)
(LR = B

Figure 5.37. The heating steps of pre-treatment.

During carbonisation, weight loss and volume shrinkage was determined. The
volume of the remaining fibres appeared approximately 50% of the original fibre.
The volume shrinkage of the fibres led to microcracks and porosity along the fibre

axis.

Figure 5.38(a) presents the scanning electron microscopy (SEM) image observed on
the bundle of carbonised fibre which was stabilised by 2 parts nitric acid to 1 part
water for 30 minutes. It is very obvious from the SEM image that the fibres did not
keep their original cylindrical form. They fused and stuck together which is the result

of insufficient stabilisation.

Figure 5.38(b) shows the SEM image observed on the carbonised single fibre which
was stabilised by 2 part nitric acid to 1 part water for 30 minutes. The circular pores
and a wavy slit are seen on the surface of the fibre. These pores and the slit must be

due to the release of the volatiles.

About 50% by weight of the pitch fibre was lost as H,0, CO,, CO, and to a lesser
extent as H, and CH,. During carbonisation, as the temperature was increased the
volatiles occurred tried to be released out of the surface of the fibres, and they caused
the formation of the bubbles on the surface of the fibres. These bubbles are seen in
the Figures 5.39(a)-(c).
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The fibre shows the distortions, and rough surface due to the pitch composition and
insufficient stabilisation.

(@

()

Figure 5.38. SEM images of the carbonised fibres (stabilised by 2 part HNO; to 1
part H;0): (a) a bundle of fibres, (b) a single fibre.
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(b)

Figure 5.39. SEM images of the carbonised fibres (stabilised by concentrated
HNO;): (a) along the fibre axis, (b) tip of the fibre.
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Figure 5.39. SEM images of the carbonised fibres (stabilised by concentrated
HNO;3): (c) tip of the fibre.

5.13  Supercritical Fluid Extraction (SFE)

Superecritical fluid extraction (SFE) appears to be ideally suited to the extraction of
the lower molecular weight component from pitch. Although there have been a
limited number of reports about supercritical fluid extracted pitch, the aim of reports
of these studies generally has been to extract the pitch from the undesirable
particulate impurities present in the pitch rather than to “strip” off the “lights” from
the pitch [188]. A unique feature of SFE compared to conventional solvent extraction
is that not only the temperature but also the pressure can be used to effect changes in
the strength of the solvent [189].

In order to compare the resultant pitches, an air-blown pitch (8-A2), a nitrogen-
blown pitch (S5AS-N5), a vacuum-distilled and then hexane extracted pitch
(S7A3-E1), and a high softening point pitch (Aerocarb75) were extracted by CO; and
CO; modified by hexane as a co-solvent, at temperatures of 100, 150°C and of
pressures 200, 400 atm. Extracts (light fractions) were analysed by size exclusion
chromatography (SEC), and mass spectroscopy (MS). Residues (heavy fractions)
were analysed by SEC, MS, FTIR, and DDSC.
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Table 5.19 shows the percentage of the extract recovered from pitch materials for
various temperatures and pressures with CO,. The density of CO; is increased when
the pressure is increased at constant temperature, which enhances the stability of
various solutes. The results showed that the extraction recoveries of pitch materials
were increased with increasing temperature and pressure. However, the effect of the

temperature was not as significant as the effect of pressure.

The increase in pressure from 200 to 400atm when the temperature was constant at
100°C, increased the extraction yield from 30.6% to 38.3%, 28.9% to 40.3, 3.4% to
7.1%, and 0.2% to 1.6% for S-A2, SSAS5-N5, S7A3-El, and Aerocarb75 pitches,
respectively. But when the pressure was decreased to 200atm while the temperature
was increased to 150°C, the extraction yield decreased except for S-A2 pitch. It
seems possible that the contact between the CO; and pitch would be less efficient at

lower pressures.

The increase in the extraction yield was, expectedly, inversely proportional with the
softening points of the pitches (Tables 5.19-5.20). As high softening point pitches
(S7A3-El and Aerocarb75) contain less amount of light fractions, the extraction

yields were low for these pitches.

Table 5.19. Extraction recovery of pitches at various temperatures and pressures

using CO,.
Conditions Percent Recovery (wt%)

Temp Pressure S-A2 S5A5-N5 S7A3-El Aerocarb75
Q) (atm)

100 200 30.6 28.9 3.4 0.2

100 400 383 40.3 7.1 1.6

150 200 40.6 319 4.0 0.6

150 400 59.3 35.7 12.3 2.5

Addition of a small amount of solvent to the supercritical fluid can result in an
increase in the solubility of solutes. Polar solvents usually cannot be used as pure
supercritical fluids because their critical temperatures are too high. Instead CO; is
used as a main solvent and a small amount of modifier including polar, acidic, or
basic groups is added in order to increase the polarity and the density of the solvents
[160].
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Table 5.20. General properties of the pitches.

Pitches C H 0 H/C CY SP
(wt%) (Wi%)  (wth) (wt%) &Y

S-A2 87.55 9.60 0.10 1.32 ND 110
S5A5-N5 | 86.45 7.10 1.90 0.98 ND 160
S7A3-El | 81.95 7.35 4.45 1.08 6220~ 136
Aerocarb75 | 93.15 5.10 0.25 0.66 75.00 230

2. difference, ND: not determined.

As seen from FTIR results, the pitch materials mainly have aliphatic structures.
Therefore, an aliphatic solvent, hexane, was chosen as the supercritical solvent
modifier for investigation of the extraction parameters. 0.3ml of hexane was used for
each extraction. Table 5.21 shows that 62% of the light fraction of S-A2 pitch was
successfully removed under high temperature (150°C) and high pressure (400 atm)
during 30 minutes dynamic extraction. The solubility of light molecular weight
fraction was increased sharply with increasing pressure. The high recovery of extract
from S-A2 pitch is probably due to the greater content of low molecular weight
hydrocarbons in this material. An increase in the extraction yield with increasing

pressure was expected as the solvent density increases as the pressure increases.

Table 5.21. Extraction recovery of pitches at various temperatures and pressures
using CO, modified with hexane.

Conditions Percent recovery (wt%)
Temp Pressure Time S-A2 S5A5-N5 S7A3-E1  Aerocarb75
(O  (atm)  (min) -

100 200 30 359 8.9 5.6 0.3
100 400 30 39.6 9.4 13.2 -
150 200 30 43.9 333 6.7 1.1
150 400 30 62.0 36.2 29.1 -
150 400 15 46.0 - - -

The extraction yield was slightly lower at 150°C, and 200atm for S7A3-E1 pitch than
at 100°C, 400atm, reflecting the decrease in solvent density with increasing
temperature. As the light molecular content of Aerocarb75 pitch is lower, the

extraction yield was also low for this pitch.

Kershaw et.al. [190] also reported an increase in yield with pressure for extraction of
a coal-tar pitch with toluene at 25MPa and 350°C.
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S-A2 pitch was subjected to SFE at 150°C, 400atm, 100°C, 400atm and 100°C,
200atm with CO, modified by toluene. However, in each case, the selected pitch was
dissolved ~100% in supercritical toluene. The reason should be the aliphatic nature
of the pitch. As toluene is a powerful aromatic solvent, the pitch was totally

dissolved in the toluene.
5.13.1 Analysis of SFE products

5.13.1.1 Size exclusion chromatography

To determine the effectiveness of the extraction process, samples of the original pitch
materials, their SFE extracts, and residues (150°C, 400atm, CO, modified by hexane)
were analysed by SEC to compare the molecular weight distributions.

Original pitch materials, extracts, and residues were dissolved in NMP in ultrasonic
bath. All SEC analysis were performed on a Polymer Labs Mixed E Bed Column
(polyvinylbenzene co-polymer packing), with NMP as a mobile phase, as described

elsewhere.

Figure 5.40 (1-2) shows the size exclusion chromatogram of S-A2 pitch, its SFE
residues and extracts which were produced by 15, and 30 minute extraction time. In
each extraction period, both original pitch and the residue showed peaks between
450-700s correspond to material excluding above 20000 at the exclusion limit of the
column. The intensities of the retained (separated) material, giving peaks between
750-1500, and 750-1350s for 15, and 30 minute extractions, respectively, were
considerably greater than those of the excluded material. This suggests that the
retained fraction to contain relatively smaller aromatic ring systems than the
excluded material. The extract did not give any indication of the presence of
excluded material in either case. As the extraction time increased to 30 minutes, the
peak correspond to the residue shifted to the lower retention times. This result
indicates that longer extraction times were more efficient to remove the light
molecules from the pitch. Hence, longer extraction times resulted in the residue

which contains higher molecular components.

Figure 5.41 shows the size exclusion chromatogram of S5AS5-NS pitch, its SFE
extract, and residue. The peak corresponds to the original pitch was close to the peak
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corresponds to the extract meaning the S5AS5-N5 pitch contains large amounts of
lower molecular weight components. These findings are supported by H/C atomic

ratio of the pitches. The peak of the residue shifted to the lower retention times,

which is the signal of higher molecular weight components in the residue. Both

original pitch and the extract showed peaks between 450-600s correspond to material
excluded above 20000. The apparent molecular weight distribution was between
100-16000, 100-8000, and 100-2500 for the residue, pitch, and the extract,
respectively, depending on the calibration curve (Figure 4.7).

Figure 5.40. Size exclusion chromatograms of S-A2 pitch, its SFE extract, and
residue: (1) 15 min extraction

Figure 5.42 shows the size exclusion chromatogram of S7A3-El pitch, its SFE
extract, and residue. Both original pitch and the residue showed peaks between
400-600s correspond to material excluding. The intensity of the excluded material of
the residue was remarkably high. This suggests that the excluded material to contain
relatively high molecular weight components. The peak corresponds to the extract
was close to the peak of the residue which means the pitch does not contain high
amounts of extractable compounds. This is confirmed with MS results of the SFE of
S7A3-E1 pitch extract.
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Figure 5.40. Size exclusion chromatograms of S-A2 pitch, its SFE extract, and
residue: (2) 30 min extraction.
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Figure 5.41. Size exclusion chromatogram of S5A5-NS pitch, its SFE extract, and
residue.
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Figure 5.42. Size exclusion chromatogram of S7A3-El1 pitch, its SFE extract, and

residue.
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Figure 5.43. Size exclusion chromatogram of Aerocarb75 pitch, its SFE extract,
and residue.

Figure 5.43 shows the size exclusion chromatogram of Aerocarb75 pitch, its SFE
extract, and residue. The peaks for the original pitch and the residue look quite
similar and were close to the each other. These two peaks shifted to the early
retention times. These findings show that the pitch material and the residue do not

contain low molecular weight materials. The extract contains excluded material as
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the residue and the pitch. This is the indication of high molecular weight components
in the extract. The other finding related to the extract, which differs than the other
pitch extracts, is that the peak for the extract slightly shifted to the early retention
times. This is another indication of high molecules place in the extract. These
findings are consisted by the MS results.

5.13.1.2 Mass spectroscopy

Fast atom bombardment mass spectra (FAB-MS) of the SFE extracts of S-A2 and
S5A5-NS5 pitches and S7A3-E1 and Aerocarb75 pitches were similar to each other
with major ions at 69, 71, 83, 97, 111, 265, and 285. However, as the H/C atomic
ratio of the pitches (Table 5.22) decreases, the ion profile becomes more complex
with the appearance of higher molecular weight components in both the extracts and

residues.

It is noted that since vertical scales were normalised with respect to the highest
detected intensity in each group, intensities shown in one mass spectrum are not

directly comparable with those of other diagrams.

Figure 5.44 shows the FAB-MS spectra of S-A2 pitch, extract, and residue (150°C,
400atm, 0.3ml hexane, 30 min extraction), respectively. The spectra of these three
fractions demonstrate similar trends to those in the SEC chromatograms. However,

MS produces molecular weight profiles and these profiles are .much more
informative than the results obtained by SEC.

Comparison of these three spectra shows that the S-A2 pitch contains large amounts
of lower molecular weight components. There is a slight shifting to higher molecular
compounds in the spectra. Although high amounts of the low molecular weight
material (62%) was extracted, the residue still contains low molecular weight
carbonaceous materials. This shows that SFE did not completely extract the light
fraction from the S-A2 pitch. Supercritical CO, modified with hexane only extracted
a part of the lower molecular weight components. However, those remaining after

the extraction were very similar to those extracted for S-A2 pitch.
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Figure 5.45 displays the FAB-MS spectra of S5AS-NS pitch, extract, and residue
(150°C, 400atm, 0.3ml hexane), respectively. The spectra show that supercritical
CO; modified with hexane efficiently separated the light fraction from the pitch

material, as there is an obvious shift to higher molecular compounds in the spectra.. B

The ion distribution is between 234-900 Da for the residue, whereas between 85-111
Da for the extract.

Figure 5.46 and Figure 5.47 show the FAB-MS spectra of S7A3-E1 and Aerocarb75
pitches, their extracts, and residues (150°C, 400atm, 0.3ml hexane), respectively. As
these two pitches have higher softening points compared to the other two, the
extraction yields of these pitches decreased. However, these pitches contain low
amounts of lower molecular weight components. Therefore, those remaining after the
extraction were similar to those extracted for both pitches. The ion distribution of
S7A3-E1 and Aerocarb75 residues is between 81-400 Da and 74->1000 Da,

respectively.

It is obvious that great amounts of low molecular weight components were removed
from S5A5-N5 pitch by CO, modified with hexane. This finding is supported by H/C
atomic ratio of the residue. Because there is a definite decrease in H/C ratio of the

residue. This shows that the residue do not contain light molecules.

There is a slight shift to higher molecular weight components in the spectra of S-A2,
S7A3-E1, and Aerocarb75 pitch residues. The signals are stretching beyond 1000 Da
for Aerocarb75 residue. However, the molecular weight range shown by FAB-MS is
limited by the instrumentation.

SFE was successful in removing the lower molecular weight materials from the
pitches. However, still light molecular weight components can be observed in the
spectra of the residue of S-A2 pitch. The reason should be the fragmentation of the
high molecular weight materials into lower molecular weight components by *Cs
ions. The second reason should be the breaking of some loose bonded compounds
into lower molecular weight components as the probe of the spectrometer was

heated.
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Figure 5.47 Mass spectra of Aerocarb75 pitch (a), extract (b), and residue (c).
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5.13.1.3 Infrared spectroscopy

Figures from 5.48 to Figure 5.52 show the infrared spectra of S-A2 pitch and its 15
minute SFE residue and extract, S-A2 pitch and its 30 minute SFE residue and

extract, S5A5-N5, S7A3-El, and Aerocarb75 pitches and their 30 minute SFE

residues and the extracts.

Figures 5.48 and 5.49 show the infrared spectra of S-A2 pitch and its 15 minute and
30 minute SFE extracts and residues, respectively. The bands at 2954 and 2920 cm’

in the spectra are related to the asymmetric stretching of CHj- and — CH;- groups,

respectively. The intensities of these bands increased in the infrared spectra of the
extracts while they decreased in the spectra of the residues compared to those of the
original S-A2 pitch spectra. Additionally, the aliphatic C-H band at 2850 cm™ and
methylene/naphthenic C-H bending bands at 1450 cm™ decreased their intensities in
the spectra of the residues and increased their intensities in the spectra of the extracts
compared to those of the original S-A2 pitch spectra. This clearly illustrates that the
aliphaticity of the extracts increased with the supercritical fluid extraction (SFE).
However, the increase in the intensity of the bands at 2954, 2920, 2850, and 1450
cm™ was greater for 30 minute extraction while was lower for 15 minute extraction.
This suggests that as the extraction time increases the aliphaticity of the extracts also

increases.

The band at 3036 cm™ related to the stretching of aromatic groups was disappeared
in the spectrum of the extract of 15 minute SFE of S-A2 pitch while it was visible in
the spectrum of the extract of 30 minute SFE of S-A2 pitch. Moreover, the intensities
of the absorption peaks at 750, 870, and 1600 cm’ related to the 1,2-substituted
aromatic rings, out-of-plane bending of C-H substituted aromatic rings, and aromatic
ring-stretching mode, respectively, are stronger in the spectrum of the extract of 30
minute SFE than those of the 15 minute SFE. This clearly shows that as the
extraction time increases the aromatic compounds begin to be extracted slightly.
However, the aromaticity of the residue increases related to the increase in the
intensities of these bands in the spectrum of the residue of 30 minute SFE. This
shows that longer extraction period is more effective to remove the aliphatic
compounds from the pitch and leads the residue to contain more amounts of aromatic

compounds.
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Figure 5.50 shows the infrared spectra of SSA5-NS pitch and its SFE residue and the
extract. The bands at 2954, and 2920 cm™ related to the asymmetric stretching of
CH3;- and — CH»- groups increased their intensities in the spectrum of the extract of
S5A5-N5 pitch. The bands at 2848, 1450, and 1377 cm™ are due to the CH;- groups,
and stretching and bending modes of saturated aliphatic hydrocarbons, respectively,
and their intensities increased in the extract as well. Evidently, the aliphatic
hydrocarbons were concentrated in the extract of SSAS5-NS5 pitch, as it was extracted

by supercritical CO; modified by hexane which is an aliphatic solvent.

The intensity of the band at 3036 cm™ related to the stretching of aromatic groups
increased in the spectrum of the residue compared to that of the extract. The band at
750 cm™ is assigned to 1,2-substituted aromatic rings, i.e., aromatic rings with four
neighbouring hydrogens and the band at 870 cm™ is probably due to the out-of-plane
bending of isolated C-H substituted aromatic ring. These two bands can be clearly
observed in the spectrum of the residue with a higher intensity than those of the
extract. The aromatic structures have low solubility in hexane. Therefore, the relative
quantity of CH;- containing groups increased while the relative quantity of aromatic
components was reduced in the extract of SSAS-NS pitch.

Figures 5.51 and 5.52 show the infrared spectra of S7A3-E1 pitch, Aerocarb75 pitch,
and their SFE residues and the extracts. The bands at 2950 and 2920 cm™ related to
the asymmetric stretchiﬁg of CH3- and — CH,- containing groups, respectively, and
also the symmetric stretching band (CHa-) at 2850 cm™ increased their.intensities in
the spectra of the extracts of the S7A3-E1 and Aerocarb75 pitches. Additionally, the
bands at 1450 and 1377 cm™ associated to methy] substituents on aromatic rings
were very intense in the extracts of both pitches. This indicates the presence of more
amounts of methyl substituents were extracted from the pitches into their extracts.
However, the intensities of the bands at 2950, 2920, 2850, 1450, and 1377 cm™ are
higher in the spectrum of the extract of S7A3-E1 pitch than those of the Aerocarb75
pitch. Depending on these data, the comparison of the spectra of the extracts of the
two pitches shows that the extract of S7TA3-El pitch contains more amounts of
aliphatic compounds than that of the Aerocarb75, which is expected.

On the other hand, the intensities of the bands at 2950, 2920, and 2850 cm™ due to

methyl and methylene substituents on aromatic ring systems are higher in the
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spectrum of the residue of S7A3-El pitch than those of Aerocarb75 pitch. This
clearly identifies that the residue of the S7A3-E1 pitch might contain some aliphatic
compounds. This possible result should be due to the presence of more amounts of
aliphatic groups in the S7A3-El pitch and the insufficient time to recover the

aliphatic compounds from the pitch to leave the residue less aliphatic.

An intense band at 1273 cm™ in the extract of the Aerocarb75, which is not visible in
the spectrum of the original pitch, in the residue, or in the spectra related to the SFE
of S7A3-El pitch, is probably associated with the C-H in-plane bending of

1,2-substituted aromatic rings.

The intensity of the bands at 3036, 1600, 870, and 750 cm’! related to the stretching
of aromatic groups, the stretching of C=C groups, out-of-plane bending of C-H
substituted aromatic rings, and 1,2-substituted aromatic rings are higher in the
spectrum of the residue of Aerocarb75 than those of S7A3-E1 pitch. This finding is
confirmed by the H/C atomic ratio of these two pitches. The H/C atomic ratio of
Aerocarb75 pitch is less than that of the S7A3-El pitch, and subsequently, its
softening point is higher than that of S7A3-E1 pitch. Therefore, SFE of Aerocarb75
pitch by CO, modified by hexane resulted in high amounts of aromatic structures in
the residue of Aerocarb75. All these results listed above are also supported by the
FAB-MS results.

Hydrogen aromaticity indices (I;) were calculated for S-A2, S5A5-NS, S7A3-El,
and Aerocarb75 pitches and their 30 minute SFE residues and the results are given in
Table 5.23.

The highest value for I, was obtained for Aerocarb75 and SSA5-N5 pitches and for
their SFE residues. The extend of increase in the value of I, was conversely

correlated with the H/C atomic ratios of the pitches and with their SFE residues.

Table 5.23. Hydrogen aromaticity indices of the pitches and their SFE residues.

H/C In:
Pitch Residue Pitch Residue
S-A2 1.32 1.23 0.21 0.03
S5A5-N5 0.98 0.82 0.40 0.17
S7A3-El 1.08 1.03 0.26 0.04
Aerocarb75 0.66 0.60 0.43 0.42
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6. CONCLUSIONS

In order to improve the economics of oil shale and asphaltite, which comprise large
amounts of reserves in Turkey, GOyniik oil shale and Avgamasya asphaltite have
been used as possible new candidate hydrocarbon sources for the production of pitch
precursors and general purpose carbon fibres. The direct application of specific
treatments to parent tar has been thought to simplify the pitch preparation procedure
and reduce the costs. Therefore, parent tar has been produced by the co-pyrolysis of
Go6yniik oil shale and Avgamasya asphaltite.

Several methods such as air-blowing, nitrogen-blowing (thermal treatment),
vacuum-distillation, and vacuum-distillation followed by solvent extraction have
been applied to parent tars in order to produce pitch precursors and to modify their

compositions.

To monitor the chemical changes in tar and pitch precursors, various techniques have
been used including elemental analysis, TI measurement, thermal analysis (TGA and
DDSC), size exclusion chromatography (SEC), softening point measurement, mass
spectroscopy (FAB-MS), infrared spectroscopy (FTIR), and nucléar magnetic
resonance spectroscopy ('H and '*C NMR). Optical microscopy has been used to
investigate the optical texture of the cokes obtained from the pitch precursors. The
surface characteristics of the fibres produced from one of the selected pitches have
been observed by using scanning electron microscopy (SEM). Depending on the

results of these analysis, following conclusions can be proposed:

1. The co-pyrolysis of GOS and AA mixture in some ratios has resulted in a
slight synergistic effect. The difference between the experimental yield and
calculated yield has also been slight. However, as the percentage of the GOS
decreases in the raw mixture, the yield of all the tars and the H/C atomic ratio for
S7A3 and S5AS tars decreases.
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2. The pitch yield decreases with the extent of air-blowing, and nitrogen-
blowing. Besides time and temperature, the use of high air and nitrogen flows during
treatments might lead to low pitch yield. However, vacuum-distillation has resulted
in the least pitch yield among the other modification methods. This should be ——

attributed to the significant removal of the volatiles during vacuum-distillation.

3. Air-blowing and nitrogen-blowing have found to be useful methods for
increasing the softening points of the tar materials to the values between 110-160°C.
On the contrary, vacuum-distillation has not been successful to increase the softening
points. However, vacuum-distillation followed by hexane extraction has been found

as an effective method in increasing the softening point of the S7A3-V1 pitch.

4. The H/C atomic ratios of the pitches have been decreased with the severity of
air-blowing and nitrogen-blowing. The carbon yield of the pitches is diversely
proportional with the H/C atomic ratio since the carbon yield increases with
decreasing H/C ratio. The decrease in the H/C ratio should be due to
dehydrogenative condensation during air-blowing and the removal of the light
molecular weight components during heat treatment. This should be resulted in high

carbon yield during carbonisation of the pitches.
Vacuum-distillation has resulted in highest H/C atomic ratio and lowest carbon yield.

5. The pitches have shown high reactivity with air during air-blowing. The
severe air-blowing conditions have resulted in the formation of cokes from the
pitches. This should be due to the high reactivity of G6yniik oil shale in the mixtures.

6. Air-blowing has resulted in mild oxidation in the pitches. The polymerisation
of oxygen with methylene which leads to partial conversion to carbonyl has been
reflected by the slight increase of absorption intensity band at around 1697 cm ' in
the FTIR spectra.

7. Relation has been found between the softening points, H/C atomic ratios, and
hydrogen aromaticity indices (I5;) of the pitches produced by several methods. As
H/C atomic ratio decreases the softening point and the I, value increase. Among all
processing methods, nitrogen-blowing has appeared to be an effective method for

pitch modification. SSAS-N5 pitch, which was produced by nitrogen-blowing at
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300°C for 60 minutes, has been found the most aromatic pitch and FTIR, 'H and *C

NMR analysis results have confirmed each other.

8. The cokes obtained by the carbonisation of pitches produced by several

methods have given different optical textures. The cokes resulted from nitrogen-

blown and vacuum-distilled pitches have shown coarse and medium grained mosaics
while the coke obtained from air-blown pitch has shown flow domains. Flow
domains are not the familiar optical textures of the cokes obtained from air-blown
pitches. However, in the case of studied coke, the lack of oxygen incorporation into
the molecules of pitch during air-blowing might lead to flow domains at the end of
carbonisation stage. The pitch produced by vacuum-distillation followed by hexane

extraction has resulted in a coke totally isotropic.

9. Vacuum-distillation followed by hexane extraction has resulted in a spinnable
pitch. However, since the softening point of the S7A3-E1 pitch is not high enough to
result in a successful oxidative stabilisation, the green fibres have been stabilised by
nitric acid. The SEM images of the carbonised fibres have shown some surface

distortions, probably due to the pitch composition and/or insufficient stabilisation.

10.  Supercritical fluid extraction (SFE) of pitches with CO, modified by hexane
at 150°C and 400 atm for 30 minutes have removed a great percentage of the light
fractions of the pitches. Therefore, SFE has resulted in pitch residues with lower H/C
atomic ratios. Since S-A2 pitch is mainly aliphatic, SFE of S-A2 pitch with CO;
modified by toluene has lead to 100% dissolution of the pitch.

SFE has been found to be a clean and an effective extraction technique to remove the

light components from the pitch.
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7. RECOMMENDATIONS AND FUTURE WORK

The present study has shown that the modification of Gyniik oil shale-Avgamasya
asphaltite co-pyrolysis tar by'some methods resulted in pitches with intermediate and
low aromaticities and softening points. These pitches can be used as new substitute
source for the production of general purpose carbon fibres. However, some further

studies may be interesting to investigate such as:

1. The use of some additives to improve the chemical and structural

characteristics of the pitches.

2. The investigation of the effect of composition of GOS and AA in the optical
texture of pitches derived by different methods.

3. Pyrolysis is one of the most relevant method for tar production from the
GOS. However, tar yield from pyrolysis of AA is very low. SFE can be substitute
method in terms of higher tar yield and chemical composition of the GOS and AA

mixture for tar production.

4. One of the aims of this research was to produce isotropic pitch. However, the
development of mesophase structure in the pitch precursors has been observed during
optical texture analysis. In this context, mesophase development and the qualification

will be interesting to investigate for further studies.
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