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ABSTRACT

Goyniik oil-shale tar as a feedstock for the production of pitch precursors for the
- production of carbon materials such as carbon fibre and activated carbon fibres,
provides a relatively cheap raw materials, available in sufficient quantities, with the
prospect of a high reactivity and a high nitrogen content. The ability to generate
valuable by- products could enhance the economics of Goyniik shale oil.

In the present study oil-shale pyrolysis tar that is liquid at room temperature
obtained through retorting under high temperature, was used as starting material. The
oil-shale tar pitch precursors are produced by different methods e.g. air-blowing,
vacuum distillation and combination of these techniques with solvent .extraction.
Ikiztepe petroleum was selected for comparison. Parent and treated pitches were
characterized by elemental analysis, solubility in various solvents, thermal analysis
(TGA and DTG), GPC, FT-ir and 'H,®C nmr. Additionally, pitches were
characterized by extrography.

Direct air-blowing of Goyniik shale-oil derived pitches have successfully increased
aromaticity as estimated from C/H ratio, carbon yield, molecular weight, and
decreased the lighter fractions such as HS, and increased the heavier fractions such
as BI, while the PI increased only few percentages.

The petroleum parent material and its derived pitches were more aromatic than
Goynuk derived pitches produced by vacuum distillation under similar operating
conditions. However air-blowing Goynuk oil-shale derived pitches under identical
conditions to both Ikiztepe and Goynuk vacuum residue were more aromatic.

The carbon yield for Ikizetepe petroleum pitches was more than that for Goynuk oil -
shale derived pitches. This is because petroleum derived pitches contains lesser
percentage of nitrogen, hydrogen and other non-carbon elements than Goynuk, and
hence less impurities need to be driven off during carbonization.

Reactivity decreases with increasing severity of air-blowing. However the Goynuk
derived pitches showed higher reactivity than petroleum. This allows the melt spun
fibers to be stabilized rapidly.

Goyniik oil-shale derived pitches showed also higher nitrogen content than
petroleum mostly concentrated in the asphaltene and THFS fractions. This may
provide unusual adsorptive or catalytic properties.

The suitability of the Goyniik oil-shale tar derived pitches for melt spinning are

examined. All pitches showed stable spinning properties at a wide rang of
temperatures.

xvil



OZET

Bitiimlii sistler linyitlerden sonra Tiirkiye’nin ikinci biiyiik katli fosil rezervini
olugturmaktadiriar. Bitiimlii sistlerle onceki yillarda yapilan ¢calismalarda, sentetik
yakit Uiretimi, piroliz veriminin arttirilmas: gibi konular géze carpmaktadir. Ancak
¢ekici bir enerji kaynagi olan bitiimlii sistlerin yakit olarak kullanimi giinlimiizde
petrol fiyatlarinin diisiik diizeylerde seyretmesi nedeniyle ekonomik
goriinmemektedir.

Ayrica bitiimli sistlerden kaliteli yakit iiretiminin bazi dezavantajlari séz
konusudur. Bunlardan birincisi bitiimlii gistlerden siv1 iirlin eldesi sirasinda olusan
ve atik simifina giren agir yag fraksiyonlarinin ortaya cikmasi ikincisi ise yiiksek
azot icerigidir. Kaliteli yakit iiretimini engelleyen bu yiiksek azot icerigi aktive
edilmis karbon fiber iiretimi icin aranan bir 6zelliktir. Fei ve ¢alisma arkadaglan
yaptiklar1 calismalarda Dogu Amerika bitiimlii sistlerinin piroliz iiriinlerinin
asfalttan fraksiyonlarindan izotropik karbonfiber elde etmeyi basarmiglardir. Yine
bu ¢aligmalarda bitiimlii sistin yiiksek azot igerifinin akitve edilmis izotropik
karbon fiberlerde genis gézenek yapisina sebep oldugu gosterilmistir.

Zift esasli karbon fiberler c¢esitli hammaddelerden elde edilebilmektedir. Bu
gruptaki izotropik karbon fiberler ¢ok genis bir kullanim alanina sahiptir. Izotropik
zift esasli karbon fiberler kompozit ve fren-debriyaj balatalarinin yapimi, plastik
miihendisilgi, 1s1 izolasyonu, betonun direncini artirma ve filtre iiretimi gibi, birgok
uygulama alam1 bulunmaktadir. Zift esasli karbon fiberler, PAN esasli ve Rayon
karbon fiberlere kiyasla daha ucuz bir iiretim maliyetine sahiptirler. Zift esasli
karbon fiberlerin iiretilmesinde hammadde olarak biiyiik oranda petrol zifti
kullanilmaktadir. Bunun yanisira komiir katrani zifti hammadde olarak
kullanilmaktadur.

Giinlimiizde degisik hammaddeler kullamlarak karbon fiber iiretmek icin ¢ok
sayida aragtirma yapilmaktadir. Bu yolla, bitiimlii gist 6rneginde oldugu gibi
piroliz sonrasinda ortaya ¢ikan atik olarak degerlendirilen bazi siv1 iiriinler verimli
bir iiriine doniistiirilebilmektedir. Boylece bitiimlii sistlerin kullaniminin daha
ekonomik bir hale getirmenin bir yolu olan, elde edilen iiriinlerin ¢esitlendirilmesi
saglanmaktadir.

Bu caligmanin amaci ve igerigi Goyniik bitiimlii sistlerinden karbon fiber eldesine
yonelik ve uygun ozelliklere sahip zift eldesi ve bu ziftlerin karakterizasyonudur.
Daha 6nceden sayilan nedenler bu amag¢ ve igerigin saptanmasinda yénlendirici
olmustur.
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Calismada Bolu Goyniik yoresinden temin edilen bitiimlii sistler kullanilmasgtir.
Numuneler standartlara uygun olarak oOgiitiilmiis ve elenmistir. Bu gekilde
hazirlanan numuneler piroliz deneylerine tabi tutulmustur. Herbir piroliz
deneyinde 100 g hammadde reaktore yiiklenmistir. Piroliz deneylerin de 1sitma
programi 550°C’a kadar 7°C/dak 1sitma ve 550°C’ta 30 dakika bekleme olarak
tesbit edilmis ve uygulanmigtir. Piroliz sistemi 3.3 cm/s hizindaki bir azot gaz
akimu ile siipiiriilmiistiir. Cikan piroliz gazlar1 yogunlastirilmis ve siv1 iiriinler elde
edilmigtir,

Elde edilen piroliz sivi iiriinlerinden (katranlarindan) iki degisik yontem
kullanilarak zift elde edilmistir. Bunlar:

— Hava iifleme yontemi
— Vakum destilasyon yontemidir.

Hava iifleme deneyleri silindirik karigtirmali bir reaktdrde gergeklestirilmisgtir.
Hava reaktore 2 1/dak debi ile beslenmigtir. Tiim deneylerde karigtirma hizi 240
devir/dak olarak sabit tutulmustur. Hava iifleme deneyleri 295 ve 325°C’ta
gerceklestirilmigtir. S6z konusu sicakliklarda deneyler 45 ve 60 dakika olmak
iizere iki degisik siirede gerceklestirilmigtir.

Vakum destilasyon deneyleri 10 mmHg basincinda ve 325°C’ta 60 dakika siire ile
gergeklestirilmistir. Kargilagtirmalar yapmak amaci ile Ikizdere bélgesinden
alinan petrol numunesi de ayn sartlarda vakum destilasyonuna tabi tutularak
petrol zifti elde edilmigtir.

Elde edilen ziftlerden bir kismi, ¢oziicii ekstraksiyonu uygulanarak modifiye
edilmiglerdir. Elde edilen ziftlerden bazilarina ait ¢oziiniirliik sonuglari Tablo 1°de
verilmistir.

Tablo 1. Baz1 6rneklerin ¢oziiniirlik sonuglari

Ornekler Cozinirlik

HS HI-BS BI-PS PI

GO 95.5 33 1.1 0.1
GA2 65.5 313 3.1 0.5
GAS 53.9 38.6 6.7 0.7
GA3 55.9 36.9 6.3 0.6
GA6 46.7 40.0 11.1 1.7
GD1* 64.5 334 1.9 0.1

HS: hekzanda ¢éziinenler, HI-BS: hekzanda ¢oziinmeyen benzende ¢bziinenler,
BI-PS: benzende ¢oziinmeyen piridinde ¢oziinenler, PI: piridinde ¢oziinmeyenler,
GO: Goyniik bitiimlii gisti piroliz katrani, GA2: 295°C’ta 45 dakika siire ile elde
edilen zift numunesi, GAS: 325°C’ta 45 dakika siire ile elde edilen zift numunesi,
GA3: 295°C’ta 60 dakika siire ile elde edilen zift numunesi, GA6: 325°C’ta 60 dakika
siire ile elde edilen zift numunesi, GD1*: Goyniik bitiimlii sisti vakum destilasyon
kalintisi.



Tablodan da anlagilacag: iizere, hekzanda ¢oziinen fraksiyonlarin miktar1 hava
iifleme sicaklifi ve siireleri arttik¢a azalmaktadir. Buna kargin benzende
¢Oziinmeyen piridinde c¢oziinen ve piridinde c¢oziinmeyenlerin miktarlar:
artmaktadir.

Goyniik bitiimli gist katranmna ve bazi zift O6rneklerine ait elementel analiz
sonuglari, C/H, N/C oranlar1 Tablo 2’de gosterilmistir.

Tablo 2. Cesitli 6rneklerin elementel analiz sonuglar

Ornekler Hava Ufleme Elementel Analiz
Verim C H N C/H N/C(100)
GO - 8490 | 1095 1.33 0.65 1.35
GA2 29.6 83.35 9.75 1.65 0.70 1.69
GAS 23.4 84.20 8.95 1.65 0.78 1.68
GA3 25.3 84.00 9.50 1.65 0.74 1.68
GA6 19.0 84.35 8.75 1.80 0.80 1.83

Verim: Hava Ufleme Verimi (% agirlik)

Numunelerin karbon igerikleri ¢ok biiylik degisiklikler gostermekle birlikte
hidrojen igeriklerinde degisiklikler goze carpmaktadir. Yiiksek hava iifleme
sicakliklarinda ve uzun hava iifleme siirelerinde gerceklestirilen deneylerde
gozlenen diisiik hidrojen igerikleri dehidrojenasyon ve halkalagma
reaksiyonlarindan kaynaklanmaktadir. Ayrica, Goyniik bitlimlii sistinin yapisindan
kaynaklanan yiiksek azot igerigi de goze carpmaktadir.

Elementer analiz sonuglar1 GoOyniik bitiimlii sistinden elde edilen zift
numunelerinin petrol ziftine kiyasla daha yiiksek oranlarda azot icerigine sahip
oldugunu ortaya koymaktadir.

Hava iifleme sicaklifinin kimyasal bilesime olan etkisini aydinlatmak iizere GA2
ve GAS olarak tanimlanan iki zift 6rnegine extrografi teknigi uygulanmistir.
Ekstrografi tekinginde alti degisik ¢oziicli artan polarite sirasiyla kullanilir.
Kullanilan ¢éziiciiler ve elde edilen fraksiyonlar asagida Tablo 3’de verilmistir.

Tablo 3. Ekstrografi deneylerinde kullanilan ¢oziiciiler ve elde edilen fraksiyonlar

%100 n-hekzan Fr-1 Alifatikler
%64 n-hekzan, %34 Benzen Fr-1I Aromatikler
%100 Kloroform Fr-111 Hetero Aromatikler
%95 Kloroform, %5 Dimetileter Fr-1V Azotlu Fenoller
%93 Kloroform, %7 Etanol Fr-V Azotlu Amidler
%100 Piridin Fr-VI Yiiksek Polar Bilegikler
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Kiyaslama yapmak iizere GA2 ve GAS drneklerinin yanisira G6éyniik bitiimlii sist
katraninin ekstrografi sonuglar1 Tablo 4'te gosterilmistir. Goriildiigii gibi Géyniik
bitlimlii sist katran1 yiiksek oranda alifatik hidrojen icermektedir. Yine bu 6rnek
i¢in azotlu fenol ve azotlu amid icerikleri diger iki Srnege kiyasla yiiksektir.
Alifatik yapisindan dolay: katran numunesi diger iki 6rnege kiyasla daha reaktiftir.
Hava iifleme sicaklify arttikgca alifatik yapinin azaldift gézlenmektedir. Bu
sonuglar elementer analiz sonuclan ile paralellik gostermektedir.

Tablo 4. GO, GA2 ve GA5 6rneklerinin ekstrografi sonuglan

Hava iifleme
Ornekler s‘:gl:::ﬁ r;'e Fraksiyonlar %
T (°C) | t (dak) | Fr-I | Fr-II | Fr-III | Fr-IV | Fr-V | Fr-VI
GO - - 44,82 12.3 18.13 15.95 14.3 0.05
GA2 295 45 14.5 17.1 46.14 7.51 7.58 0.48
GAS 325 45 6.11 13.21 58.05 5.96 8.59 2.19

Numunelerin agirlik kayiplarim belirlemek amaciyla termogravimetrik analizler
yapilmustir. Elde edilen sonuglar 200-600°C sicaklik araliginda hizli bir agirhik
kaybinin oldugunu ve 600°C'in iistiinde agirlik kaybmnin yavagladigini ortaya
koymaktadir. Hava iifleme yontemiyle elde edilen ziftlerin toplam agirhik kaybinin
hava iifleme sicaklik ve siiresi arttikca azaldig1 tesbit edilmigtir. Bazi ziftlerin
aktivasyon enerjileri diferansiyel tek egri yontemi (single curve differential
method) kullanilarak hesaplanmistir. Elde edilen aktivasyon enerji degerleri
literatiirdeki degerlere kiyasla daha diigiik olmustur. Géyniik bitiimlii sistlerinin
reaktivitesinin yiiksek olmasinin ziftlerin alifatik yapisindan kaynaklandigi
sanilmaktadir.

Molekiiler agirlik dagilimini belirlemek ilizere yapilan gel permasyon
kromatografisi daha 6nce yapilan diger analiz sonuclarini desteklemektedir. Hava
iifleme siiresinin artmasina bagli olarak ortalama molekiil agirlif1 artmaktadir.
Asfalten fraksiyonlarin ortalama molekiiler agirliklarinin elde edildikleri ziftlere
kiyasla daha biiyiik oldugu gézlenmistir. GOyniik bitiimli sistinden elde edilen ve
karbon fiber eldesi acisindan en iyi zift karakteristiklerine sahip GA6-S ziftinin Tg
sicaklig1 (glass transition temperature) 46°C olarak hesaplanmigtir. Bu deger
literatiirdeki degerlerden oldukg¢a diisiiktiir. Ancak stabilizasyon siirecini
etkileyen Tg sicakliginin, Goyniik bitiimlii sistinin yiiksek reaktivitesi nedeniyle
bir olumsuzluk yaratmasi beklenmemektedir.

Ziftlere FTIR spektroskopisi yontemi uygulanmasiyla elde edilen spektrumlarin
incelenmesi sonucunda aromatik ve alifatik yapidan kaynaklanan pikler
saptanmigtir. Hava iifleme iglemine tabi tutulan ziftlerdi 1697 cm-! bandinda
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karbonillerden kaynaklanan pik olusumlar: gozlenmistir. Ayrica yine bu ziftlerde
750 cm-! bandinda substitiiye ve 1450-1377 cm-! bélgesinde ise metilence zengin
yapiy1 gosteren pikler saptanmistir. FTIR sonuglarindan hesaplanan aromatisite
indeksi numuneler icin GA6>GA5>GA3>GD1>GA?2 seklinde azalmaktadir.
Ikiztepe petrol numunesinin (VDI) spektrasi hava iiflenmesi igleminden gegmis
Goyniik bitiimlii sistinin spektrumlarindan bariz farkliliklar géstermektedir.
Spektrumlarda karbonillerden kaynaklanan ikler goriilmez iken 1600 cm-l'de ¢ok
zayif bir pik gozlenmektedir. Ayrica 2923-2850 cm-! bandindaki piklerin relatif
siddetleri ikiztepe ziftinde goriilen piklere kiyasla daha biiyiiktiir. Bu durum
Goyniik bitiimlii sistlerinden iiretilen ziftlerin alifatik karakterini bir kez daha
ortaya koymaktadir. Asfalten fraksiyonlarin FTIR spektrumlarinda
aromatiklesmenin arttifim1 ortaya koyan olusumlar gézlenmektedir. Yapilan
NMR analizleri neticesinde elde edilen proton NMR sonuglar1 Tablo 5'te
verilmistir.

Tablo 5. Incelenen 6meklerin hidrojen dagilunlari ve yapisal parametreleri

VD1 GD1 GA2 GA6
Toplam Har 0.10 0.09 0.1 0.34
Ha 0.08 0.06 0.16 0.13
Hf 0.58 0.77 0.67 0.44
Hy 0.23 0.11 0.06 0.07
Toplam Hal 0.89 0.93 0.89 0.64
Har/Hal 0.11 0.09 0.11 0.53
Hy/Ho 3.83 1.60 0.37 0.53
o 0.023 0.25 0.41 0.15
fH 042 0.36 037 0.60
l 14.6 15.5 5.93 49
C/H 0.76 0.72 0.70 0.8

Hal: alifatik hidrojen, Har/Hal: alifatik/aromatik hidrojen orani. G:substitiisyon indeksi, f,H:
aromatisite indeksi, /: ortalama yan alkil zincir uzunlugu, Hy: 0.5-1.0 kimyasal sift bélgesindeki
protonlar, HB: 1.0-2.1 kimyasal sift bolgesindeki protonlar, Ho: 2.1-4.0 kimyasal sift bolgesindeki
protonlar.

Tablonun incelenmesinden hava lifleme sicakligi ve siirelerinin artmasina bagl
olarak Har oraninin arttifi gozlenmektedir. Hava iiflemesi sonucunda elde edilen
ziftler arasinda en yiiksek aromatik hidrojen oranmna %34 ile GA6 6rnegi sahiptir.
Ayrica hava iiflemesi sonucunda elde edilen GA2 ve GAG6 ziftlerinin VDI ve GD1
orneklerine kiyasla ortalama yan alkil zincir uzunluklarinin daha kisa oldugu
tablonun incelenmesinden anlasimaktadir. Ayrica GD1 6rnegi igin %77 olan Hf
degerinin GAG6 Orneginde %44'c diismesi tlim alifatik hidrojenler arasinda
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metilenin aromatisitenin artirllmasinda 6nemli bir rol oynadigini géstermektedir.
Kalitatif 13C NMr sonuglarindan uzun yan alkil gruplarinin varlifmi dogrulamistur.

Yapilan karakterizasyon galigmalar1 sonucunda, gerek hava iifleme gerekse
vakum destilasyonu yonteminin zift dzelliklerini etkileyen yontemler oldugunu
ortaya koymustur. Degisik sicaklik ve siirelerde gerceklestirilen hava iifleme
deneyleri neticesinde diisiik kaynayan bilesiklerin uzaklagtirildigi,
dehidrojenasyon ve aromatizasyonun gerceklestigi ortaya ¢ikmustir.

Goyniik bitiimlii sistinden iiretilen ziftlerin Ikiztepe petroliinden elde edilen
ziftlere kiyasla daha yiiksek azot icerigine sahip oldugu gozlenmigtir. Asfalten
fraksiyonlarda bu azot icerigi daha da artmaktadir. Bu 6zellik aktive edilmig
karbon fiber eldesinde istenen bir 6zelliktir. Ekstrografi, FT-ir ve NMR tekniginin
ziftlerin karakterizasyonunda etkin bir yontem oldugu gozlenmigtir. Elde edilen
sonuglar paralellik gostermektedir.

Goyniik bitiimli sistinden iiretilen ziftlerin reaktif oldugu tesbit edilmigtir. Bu
ozellik stabilizasyon siireclerini kisaltacaktir. Netice olarak elle yapilan ¢ekme
deneylerinde Goyniik bitiimlii sistlerinden elde edilen ziftlerden karbon fiber
iiretilebilecegi saptanmistir.
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CHAPTER 1

INTRODUCTION

Oil shale are fine-grained sedimentary rocks that contains organic matter, which
upon heating can be converted to shale oils. The shale oils can be refined into a slate
of products that may be accommodated in place of petroleum crude oils. There are
two fractions of organic matter in oil shale: 1) bitumen, which is a portion of organic
matter soluble in organic solvents, and 2) kerogen which is a portion of organic
matter insoluble in common solvents. Generally, kerogen constitutes the major
portion of the organic matter (~90 % or greater), and its extremely low solubility is
one reason why oil -shale must be heated in absence of oxygen to produce liquid
products [1]. Oil-shale represent the second largest fossil fuel reserve in Turkey, and

an important potential source of liquid fuels and chemicals.

Most of the previous research and development activities on oil-shale has
predominantly focused on maximizing the liquid hydrocarbons [2], and the primary
goal was to produce a substitute for naturally occurring petroleum. Indeed, shale-oil
is a practically attractive energy source as it permits the production of a full range of
liquid fuels, for example, boiler fuel, distillate oil, gasoline, jet fuel, and many of
these liquids are also potential chemical feedstock. But these efforts have proven
that the commercialization of oil-shale to be very difficult. Shale-oil is simply , not
economically; a reasonable alternative for crude oil, based on current market forces,
which suggests the continuation of low crude oil prices and high supply. However,
future scenarios can be envisaged in which non-petroleum resources may be
expected to contribute to the demand for hydrocarbon fuels and chemical, with the

expectation that process technologies can be rendered economically attractive.



There is a potential to improve the economic of oil shale utilization through the
broadening the spectrum of products that can be derived from these resource, and
producing added-value materials that are either unavailable or more difficult to

produce from other sources. This concept is by no means original.

The history of shale oil development shows the most attempts to commercialize oil-
shale technology have relied upon the marketing of by products. These include
asphalt, soil additives, town gas, ammonia, sulfur, paraffin, olefins, and other
chemicals and power generation. One of the disadvantages of shale-oil refining to
produce conventional fuels, lies in the large amounts of heavy oil bottoms as by-
products, which are considered as waste bottoms, causing environmental problems.
These heavy fractions have relatively high carbon contents. Another major
disadvantage of shale-oil liquids is their high nitrogen content, which present

difficulties in up grading to premium quality fuel products [3].

Recent investigation carried by Fei et al [4], on the synthesis of isotropic carbon
fiber and activated carbon fibre from the asphaltene fractions of eastern US showed
that the presence of high nitrogen content is believed to contribute to the wide pore
structure that is formed in the activated carbon fibres. The carbon fibre produced
have proven to be promising precursor in term of preparation simplicity, also in term

of its unique properties as activated carbon fibre[4].

Further more in their latest studies Fei et al [5,6] have shown that both shale oil and
coal liquid derived activated carbon fibres equally exhibit higher reactivity for the
oxidative removal of sulfur oxides at ambient temperature than commercial fibers

with similar surface area.

Accordingly, Goyunk shale-oil tar produced by pyrolysis of Goynuk raw oil-shale
was investigated as a new possible precursor for the synthesis of high value-added
advanced carbon material, that will play a crucial role in meeting pollution and
economic challenges and of this material those made from carbon fibers offer many
advantages. The ability to generate valuable by product could enhance the economic

of Turkish oil-shale retorting.



The aim of the present study is mainly to focus on the production and
characterization pitch precursors from the Turkish oil-shale, which is expected to be
capable of playing important role as raw material in the carbon manufacturing
industry. For this purpose several techniques are used to prepare pitch precursors
starting from Goyniik oil-shale tar. These techniques include, air-blowing, vacuum
distillation, and combination of these techniques with solvent extraction. The
chemical and structural changes of the various pitches produced by the various

techniques were characterized using physical and chemicals means.



CHAPTER 2

LITERATURE

2.1 Carbon Based Materials

Carbon materials may be defined as all carbonaceous compounds, which contains
more than 90% of the element carbon, in addition to heteroatoms. There are many
varieties of carbons in term of their porosity, shape and crystallinity, with very
different properties. Graphite is the most thermodynamically stable crystalline form
of carbon. Other forms of Carbon materials may be solid particle (e.g. cokes, chars,
activated carbon), powder (e.g. carbon black), or, fiber and filament [7].

The use of carbon-based materials in technological applications started as early as
the last century. Adsorbent carbon also called activated carbon was first described in
an English patent in the 1880 for decolourisation of sugar syrups. These material are
essentially amorphous and possess a large internal surface area consisting mostly of
micropore walls. The so called synthetic carbon, which is mainly used as electrodes
in batteries is basically obtained by sticking fine coal particles with an organic binder
followed by heat treatment at nearly 1000°C. Synthetic graphite, as another form of
carbon material, is known for its high strength and low receptivity. This material
mainly used as electrodes in furnaces for recycling of steel [7].

The most promising material of all carbon forms is the carbon fiber, due to its unique
properties, such as strength, stiffness, and low specific weight. These material are
mainly used for applications such as aircraft industry and in aerospace.



2.2 Carbon Formation

In hydrocarbon processing and the reaction of other carbon-containing compounds,
carbon is almost invariably formed as by-product. Carbon is formed by routes
involving the loss of hydrogen and adduction. In many cases, carbon formation is
undesirable and can lead to the blockage of tubes; deposits on the vessels and tubes
can reduce heat transfer, and deposition on catalysts can cause loss of reactivity. In
oil shale processing, the secondary cracking of pyrolysis liquids can reduce the
product yield, with the attendant formation of carbon deposits [8].

In other cases, carbons are produced either as a major co-product (e.g. pyrolysis of
different starting materials for the production of liquid and gases) or the process is
attended primarily for the manufacture of carbons. Depending on the type of
carbon, the product may be manufactured in large volume (example: metallurgical
coke, petroleum cokes, activated carbon) or as a low-volume specialist material

( carbon fiber, carbon-carbon composites, graphite).

It should be recognised that the word “carbon”, “graphite”, “coke” and “char” are
used interchangeably, and inexactly, to refer to a wide range of material with very
different properties. Carbon in its elemental form shows the same sort of versatility
as it does as the basic ingredient of organic compounds [8].

2.3 Crystal Structures of Carbon Materials

Although there are many varieties of carbons, they have in common a lamella
structure derived from the graphite lattice. Carbon structure can be crystalline,
amorphous, or partially crystalline. The crystalline form has the crystal structure of
graphite [9]. At ambient conditions Graphite is the most thermodynamically stable
crystalline form of carbon. For the materials produced on a commercial scale such as
isotropic and mesophase fibers carbon black that will be considered here, the
graphite hexagonal structure provides the relevant model.



The crystal structure of graphite is highly anisotropic. In graphite, the carbon atoms
are arranged in hexagonal symmetry, which form aromatic layers called graphenes.
The layers are stacked in alternate sequence AB AB AB in the C-direction with an
interlayer spacing (c/2) of 3.354-Angstrom [7]. The C-C bond distance is
1.415 Angstrom, compared to that in benzene of 1.395 Angstrom Figure (2.1).
Carbon atoms within a layer are bonded by (1) covalent bonds provided by the
overlap of the sp* hybridized orbital, and (2) metallic bonding provided by the
delocalization of the p, orbital ie. the m electrons. This delocalization makes
graphite a good electrical conductor and a good thermal conductor in the x-y plane.
with its neighbors. The bonding between the layers is weak Van der Waals bonding,
making the strength perpendicular to these layers much lower. The carbon layers in
graphite are stacked in an AB AB hexagonal compact stacking is usually found only

in graphite [9].

The structure of carbon materials can be described as consisting of carbon layers
with locally less ordered crystallites and other crystallites with well-ordered. The
corresponding lattice dimension of graphite, as well as its approximate orientation in

carbon material such as mesophase and isotropic fibers, are shown in Figure (2.1).

Crystallites in carbon materials are characterized by the interlayer distance ¢/2 which
is generally much larger than in graphite (Fig 2.1), and the stacking height, (Lc), and
the lamellae size, La, (Fig. 2.2 ) [7].

carbon material is Generally obtained after pyrolysis or charring of an organic
substance at a temperature close to 900°C (carbonization). Depending on the ability
of a carbon to develop a graphitic structure, one can distinguish between two broad
classes of carbon, graphitizable (soft carbons) and non-graphitizable (hard carbons).

The mutual arrangement of the ordered domains in the carbon is a key factor to its
graphitizability. A random arrangement of the crystallites (like in isotropic structure)
is not favourable for crystallite growth (Fig. 2.2-b).



In the case of a preoriented structure (Fig. 2.2-a), a significant development of the
graphitic lattice after heat treatment above 2000°C is observed. The interlayer, c/2,
decrease and reaches values close to that in graphite. Also the stacking height of the
crystallites, Lc, and the average diameter of the lamellae, La, increase significantly
[7]. Typical values of crystallite parameters for graphitizable petroleum coke as
determined by X-ray diffraction are listed in Table (2.1).

()~ fiber axis
C-direction
Inter layer spacing c /2
3.354 Angstroms For true graphite.
B 3.5  Angstrom for isotropic.
3.42 Angstrom for Mesophase.
A P a-direction

—» 1415A -—

Figure 2.1 Graphitic crystallite structure and its approximate to isotropic and
mesophase fibers [9].

In the case of non-graphitizable carbon, polyacrylonitrile-based carbon fiber, 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
carbon fiber heated at 2800°C for which the interlayer spacing decreases and
becomes close to that of graphite, but the size of the ordered domains (crystallite)



still remains small. Strength and stiffness are prerequisite property in the use of
carbon materials. Fine grained graphite electrodes have to withstand considerable
mechanical and thermal stresses in iron smelter. Also, the use of carbon fibers in
advanced composites for aerospace and ground transportation applications requires
stiffness and low density.
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(a) Graphitizable carbon (b) Non graphitizable

Figure 2.2 Schematic structure of (a) graphitizable carbon (b) non-graphitizable
carbon [7].

Depending on the crystalline structure and orientation, hence on their manufacturing
process, the strength and the stiffness of carbon materials differs widely. The
strength of an unoriented bulk carbon is approximately 500 times less than the same
material in form of fiber (preferential orientation) [10]. For graphite electrodes
obtained by extrusion, the strength measured in the direction of extrusion may be
twice as high as in the normal direction. The preferential orientation of the graphite
structure in the direction of extrusion is also reflected in other properties like specific



electrical resistivity, the thermal conductivity and the coefficient of thermal
expansion (CET) [7].

Generally all types of Carbon fibers are known for their high strength and high
elastic modules which depends on the development of the crystalline structure of the
aromatic layers and on the degree of orientation in the direction of the fiber axis.
Hence their mechanical properties are largely dependent on their precursor and the
manufacture process. Furthermore, the final heat treatment is submitted also affect
the fiber properties.

Table 2.1. Crystallographic parameters of typical carbon forms [7]

Carbon Heat Interlayer Stacking Crystallite
treatment temp. spacing c/2 height Lc diameter, La
(°C) (nm) (nm) (nm)
1100 0.344 3 5
Petroleum 2000 0.342 30 20
coke 2800 0.337 >50 >500
PAN-based 1100 0.360 2
Carbon fibre 2800 0.350 5 7
Mesophase 1100 0.342 12 10
Pitch-based 1100 0.342 12 10
Carbon fibre 2800 0.336 26 10

For the case of pitch based carbon fibers, the mechanical properties differ widely
depending on the type of precursor. Carbon fibers obtained from melt- spinning of
isotropic pitch have rather low mechanical properties due to a low ordering and lack
of orientation of the carbon layers. In contrast, elastic modules close to 90 % of the
theoretical value may be found for fibers obtained from mesophase-pitch heated



10

above 2500°C. These fibers are however brittle since their strain to failure is much
smaller than 1% and they are very sensitive to surface flows. Another important
feature of carbon materials is the maintenance of their strength at high temperatures.
In this domain carbons have a great advantage over competing materials because
they keep their properties at high temperature as shown in Figure (2.3) [7].
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Figure 2.3 Strength of materials as a function of testing temperature [7]

2.4 Ordered /Disordered in Carbon Materials

The properties of carbon and graphite materials depend primarily upon two factors:
the structural order of the individual crystallites, their mutual orientation, and the
manner in which they are bonded together. Carbon bodies formed from different
precursor materials consist of crystallites which possess lower degrees of structural
order than of the graphite single crystals. Over the whole range of possible carbon
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structures, the extent of disorder can vary from the ideal graphite structure to the
situation where in theory, there is a collection of carbon atoms which arranged in
random order without any semblance of spatial arrangement. This never quite
happens. There is always some degree of alignment between atoms, but it is
convenient to consider these two situations as extremes, between which there can be
a spectrum of an intermediate structures. Figure 2.4 shows the possible structure

spectrum in which mesophase and isotropic are intermediate.

Types of structure Interlayer spaci
ype cr( ansgomusl;g Degree of order
Graphtic 3.35 Highly ordered
Mesophase (Turbstratic) 3.354 -3.44 T
Isotropic 35 ¢
Carbon black 3.5-3.7 Least ordered

Figure 2.4 Spectrum of structure alignment

Carbon material are, in general, a mixture of well ordered material. ofien of short
range ( <100 nm), surrounded by less ordered material. The proportions of, and
relationship between, the ordered and disordered regions contribute greatly to the
properties of the material.

The first level of structural disorder that departs from the ideal graphite crystal
structure is due to the stacking disorders of the layers: the layers still parallel but not
properly aligned so that they are rotated with respect to each other about an axis
perpendicular to the layer planes. The carbon atoms do not sit comfortably in their
minimum energy positions, there may be vacancies and interstitial atoms, and there

is increased repulsion between the layers; the interlayer spacing increase from 3.354
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to about 3.44 Angstroms. This is known as the turbostratic structure [9]. With
further increase in order, any residual semblance of the stacking sequence disappears
and the interlayer spacing increase further to 3.5 to 3.7 Angstroms. That is the type
of structure exhibited by carbon black. When the crystallite orientation is random,
the carbon can be highly porous and contain a large surface area in the form of
micropores which are accessible to small molecules. Carbon in which this porosity
has been deliberately developed are known as activated carbons [11].

The extent of structural order or disorder can be quantified by measurement of the
interlayer spacing and the crystallite dimensions parallel and perpendicular to the
layer planes, using diffraction techniques. Empirically, it is found that the
dimensions parallel to the basal plane, La, (stacking width), and perpendicular to it,
Lc, (stack height ), inversely correlate with interlayer or d spacing (c/2) [11].

The equation suggested by Franklin [12] that relate the d-spacing between the layers,
measured by X-ray diffraction, to the degree of randomness in the alignment of the
layers, denoted p in graphatic material is still valid

doz) = 3.440-0.086 (1-p")  ceerveeeieneeees 2.1

Structure in both isotropic (non-graphitizable) and anisotropic  (graphitizable)
carbons is based on the graphite molecule albeit in very defective forms. Isotropic
carbons have lamellae arranged randomly with associations of small number to give
an indication of short-range order.  Anisotropic carbons have essentially
approximately parallel arrangements of lamellae which subsequently assume
increased order on heat treatment to give graphatic material. The structure in many
carbon forms (e.g. isotropic and anisotropic) gives the appearance of an assembly of
small piece of graphite lamellae, bent, twisted and imperfect such that the orientation
of the lamellae are quite random but with, perhaps, some parallel stacking over short
rang as shown Figure ( 2.5).
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Figure 2.5 Two dimensional drawings of carbon lamellae to illustrate structure in
isotropic and anisotropic carbons

The bulk properties of these carbons, having an almost random arrangement of
packed lamellae, are isotropic. The irregular stacking arrangements create space
between the lamellae. This space constitutes microporosity. Differences in size and
the defect nature of the lamellae create different packing sequences and, hence

differences in the properties of microporosity.

The conversion of isotropic (less order) structure to anisotropic ( more ordered)
structure and vice versa are the principle concerns of carbon industry. To illustrate
the range of structures encountered in carbon science, the model developed by Marsh
and Griffiths and reported by Edwards [13] is shown in Figure (2.6). Pitch coke was
selected to demonstrate the structure model, because coke result in progressive
increase in order during carbonization, resulting in highly graphitic carbon structure.



Figure 2.6 A schematic model of the changes in the lamellar structure of a
graphitizing carbon with increasing heat treatment temperature (according to
Griffiths and Marsh)[13].

2.5 Pitch Material

Pitches are carbonaceous materials derived from organic precursors by relatively low
temperature process below 400°C such as distillation. They are oligomers containing
a wide range of molecular types and masses. Most pitches melt on heating to yield
an isotropic fluid. As heating is continued above 375°C, alignment of lamellar
molecules occurs leading to the formation of nematic discotic liquid crystals
(Mesophase). Pitches can be classified according to their source into natural and
synthetic pitches:
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2.5.1 Natural Pitches

Natural pitches is a high molecular weight by-product of the destructive distillation
of petroleum, coal, or natural asphalt. Its high molecular weight makes pitch
difficult to distill into low molecular weight compounds, and its high aromaticity
makes it rapidly react to form coke. Ultimately this coke tends to settle out,
poisoning the catalyst beds and reducing conversion during the refining operation.
Because of this, pitch presently is considered a waste material, and, as , such, it is a
readily available, inexpensive precursor material for carbon fibers. Principally
natural pitch is further classified into two types [10]:

1- Coal-tar pitch, which is refers to the material produced from the coal-tar by
distillation and heat treatment processes of coal . It consist of a complex mixture of
numerous aromatic hydrocarbons and heterocyclic ( Generally containing fused ring
systems with minimal aliphatic). Coal-tar pitch thus consist predominantly of the
element carbon and hydrogen with small amounts of nitrogen, oxygen and sulphur
[14].

2- Petroleum pitches, which refers to the residue carbonaceous material
obtained from distillation of crude oils and from catalytic cracking of petroleum
distillates. It consist of a complex mixture of numerous predominantly aromatic and
alkyl substituted aromatic hydrocarbons (Generally consist mainly of alicyclic rings
with some aromatic, methylene and alkyl groups). In general petroleum pitches are
less aromatic than coal-tar pitches.

2.5.2 Synthetic Pitches

Synthetic pitches are produced from the pyrolysis of polymers such as
polyvinylchloride (PVC), contain many chemical species, the majority of which are
polynuclear aromatic molecules with molecular weight of approximately 800.
Synthetic pitches are unattractive precursor for pitch fiber process from economic

point of view, due to the low conversion yield and the high cost of the starting
polymer[15].
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2.6 General Feature of Pitch Composition and Characteristics

Coal tar pitches, petroleum-derived pitches and pitches originated from shale oil are
known to contain a very complex mixture of hydrocarbons mixture differing in their
molecular weight distribution, in the ratio of aromatic to aliphatic hydrocarbons and
in the proportion of heterocyclic compounds.. The precise composition and
properties of pitch vary according to the source of the original tar and the method
initially used to separate the low molecular weight species. Zander et al [16] has
discussed the composition of pitches in terms of defined chemical compounds and
classes of compounds that have been identified in pitch materials. In Figure 2.7 the
classes of compounds that have been detected in pitches are listed. In most types of
pitches polycyclic aromatic hydrocarbons (PAH) are the basic constituents.

From microscopic investigations it is known that these basic aromatic structures are
composed of less than 12 fused benzene rings, having a molecular size of 0.8 to Inm
f16].

According to Riggs et al [17] pitch can be considered to be composed of four general
classes of chemical compounds: saturates, naphthalene 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 naphthen aromatic portion of pitch. Polar
aromatics, on the other hand, have a higher molecular weight tend to be more

heterocyclic in nature.

Asphaltene is the highest molecular weight fraction in a pitch, and it has the highest
degree of aromaticity. because it tends to consist of large , alkylated , plate-like
molecules of condensed aromatic rings, the asphaltene fraction are the most
thermally stable portion of the pitch. Pitches used in the production of fibers are rich

in asphaltenes.

In general, pitches are complex in composition, with molecular mass ranging from a
few thousand units. As one would expect, as the asphaltene fraction of a pitch
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increases, the thermal stability and softening point tend to increase . In addition to
increasing thermal stability and softening point of the pitch , a high asphaltene
content often results in a high carbon yield when pitch is converted to fiber. The
composition of pitch (isotropic) and mesophase pitch thus depends on the how it is
produced , and in thermal route , factors such as the heating rate, time at isothermal
temperature, nature of the gaseous atmosphere ( e.g. whether or not hydrogenation
can take place ) the prevailing pressure and stirring/ gas sparging conditions are all of
the greatest significance as the balance between the loss of molecules by straight
evaporation and of the cracking reactions is changed . All these factors will effect the
physical properties of the product pitch [17].

¢ Polycyclic aromatic hydrocarbons (PAH)
¢ Alkylated PAH.
¢ PAH with cyclopenteno moieties (acenaphthylenes).
¢ Partially hydrogenated PAH.
¢ Oligo-aryls, oligo-aryl methanes
4 Hetero substituted PAH: NH2, OH.
¢ Carbonyl derivatives of PAH.
¢ Polycyclic hetero-aromatic compounds.
('benzologs of pyrrol, furan, thiophene, pyridine.)

Figure 2.7 Types of compounds that have been identified in pitch [16].

Although most petroleum pitches are free from dispersed phases, coal tar pitches
may contain dispersed particulate matter. This may comprise solid particles that are
infusible, often identified as the so-called primary Quinoline insoluble, and
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mesophase spheres which may become liquid crystalline at elevated temperatures.
This latter type of dispersed phase is related to, but not necessary equal to the
secondary or thermal QI [17]. It is clear from the above that a pitch may be:

e apparently single phase, but perhaps a colloidal dispersion of very fine
micelles;

e a two phase material in which the minor phase is dispersed solid matter
(primary QI) ;

ea two phase material comprising an isotropic and anisotropic phase the
proportions of which can vary ;

e a single anisotreopic phase, i.e. all mesophase ;

e multiphase in which dispersed solid matter is present in addition to isotropic
and anisotropic phases [18].

These different composition will inevitably lead to marked differences in properties.
Because of their complexity, pitches behave as eutectic mixtures and exhibit glass-
like properties. They soften over a wide temperature range to a relatively low
viscosity liquid. As pitches are heat treated further, they undergo a series of physical
and chemical transformations (e.g. polymerization through loss of side chains, and
hydrogen, condensation, and molecular arrangement) resulting in the formation of
infusible hydrocarbon polymer designated as coke. The conversion of pitch to coke
generally involves an intermediate liquid crystalline state designated as mesophase
pitch [19].

2.7 Processes of Converting Isotropic Pitch to Mesophase Pitch

As discussed earlier mesophase consist of large polynuclear aromatic hydrocarbons
which align in the liquid state. This facilitates the development of excellent
molecular orientation in the mesophase fiber during the melt spinning process, and
the high modules of mesophase fibers is a direct result of this preorientation.
Conversion of isotropic pitch material to mesophase pitch can be carried by two
methods:
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2.7.1 By Pyrolysis

When a less oriented isotropic pitch with a high aromatic content is heat treated
under an inert atmosphere for an extend period of time, it will transform from an
optically-isotropic material to optically -anisotropic fluid phase-mesophase. Using
this process only about 50% of the starting isotropic pitch was converted to an
oriented after approximately 40 hours. The two phases presented in the product has
created certain problems: 1) Because mesophase density is slightly greater than that
of isotropic pitch, the mesophase tended to collect at the bottom during heat
treatment. This produce a broad distribution of molecular weight (consist of a low
average molecular weight in the isotropic phase and a high average molecular weight
in the mesophase portion). This distribution made spinning difficult. 2) Since both
isotropic and mesophase have slightly different viscosity, stable formation is not
possible to achieve due to flow oscillation during extrusion. In an attempt to over
come the previous problem Chwastiak [20], agitate the pitch during heat treatment,
but in his technique an inert gas is rapidly sparged through the pitch to remove the
highly volatile components and any cracking by-products. This modification
allowed 100% mesophase to be produced, with a lower average molecular weight
(90% had average molecular weight of less than 1500), and the problem associated
with melt spinning a two phase system were eliminated.

2.7.2 By Solvent Extraction

The second method used to convert isotropic pitch to mesophase is by simply
extraction a portion of highly aromatic pitch using solvents such as benzene, heptane
and toluene. The solvent remove the smaller molecules, disordering molecules and
concentrates the higher molecular weight portion of the pitch in the insoluble portion.
This method was developed by Diefendorf and Riggs [21]. They show that the
insoluble fraction can be polymerized to 100% anisotropic phase by heating at 230
and 400 °C for 10 minutes, with more uniform molecular weight distribution. The

major draw back of their process may be summarized as follows:
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¢ Large quantities of hazardous and expensive solvents are consumed.

¢ Complete removal of the volatile solvent prior to spinning can be difficult
since the molecular structure of the solvent is similar to the insoluble portion of the
pitch.

2.8 Rheological Characteristics of Pitches

The spectrum of carbonaceous materials ranges from oils through to graphite
( Figure 2.8), and pitches (Isotropic) and mesophase are intermediate [18]. As such
carbonaceous isotropic and anisotropic pitch are of the greatest significance as
precursors in the production of general purpose carbon fibers (GP-CF) and high
performance carbon fibers (HP-CF), respectively. Their chemical and physical
properties especially rheologicai properties play a very important role in
manufacturing process of carbon products.

(Graphitizable precursors)

O+IL Liquid (low viscosity)

TAR Liquid (high viscosity)

PiTCH Solid (glassy)

I\iESOPHASE Solid (glass with oriented order)
C+ARBON Solid (paracrystalline, turbstratic)
SYNTHETIC GRAPHITE Solid (polycrystalline)

Figure 2.8 The position of pitch and mesophase- pitch in the spectrum
of carbonaceous materials, showing the state at room temperature [18].
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The chemical nature of such pitches is reasonably well known, however, there have
been only few studied of the reheological properties[22,23]. These studies have
shown that the viscosity of the isotropic pitch is Newtonian. However, when the
isotropic pitch is converted to mesophase by heat treatment, its flow behavior
becomes more complex (non-Newtonian) as a result of polymerization and
volatilization of low molecular weight components. Rheology is undoubtedly the
most important aspect of characterizing pitches system. It determines the mixing
characteristics of coke grain and pitch, the extrusion and molding operations, the
pitch distribution during carbonization, the drawing of carbon fibers from mesophase
pitch, sagging and deformation, the development of optical texture in coke, and
infiltration routes.

The most unusual flow characteristic of both mesophase and isotropic pitch is the
extreme temperature dependency of their viscosity. This high temperature
dependency creates problems, particularly when pitch (isotropic) and mesophase

precursors are melt spun into fibers [10].

2.8.1 Softening and Glass Transition Temperatures

2.8.1.1 Softening Temperature

The softening point temperature (Ts) of an amorphous material is usually understood
to mean the temperature at which the material changes from a noncrystalline solid
into a fluid. Ts is often of fundamental importance in the utilization of the material,
including cases involving stirring , pumping or coating, and its determination has
been a subject of extensive research. All the standard methods adopted to measure
the softening temperature e.g., the ball and ring method [24], determine the
macroscopic fluidity and / or deformability of the material from the mechanical point
of view. The softening temperature does not have a thermodynamic basis, and its
determination is usually empirical. Thus the value of Ts obtained will depend on the
particular standard method employed for its measurement.
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Ts is different from the melting point, Tm, 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[25].

The ordered molecular structure becomes disordered when a crystalline material is
transformed into a liquid. Tm, corresponds to the first order transition in which the
first derivatives of the Gibbs frec energy, including

the molar entropy, S =-0@G/O)p, @ W v 2.2)

the molarenthalpy, H = -[ T (@G/oT)p dT.eeoeeeerreen. (2.3)
and,

the molar volume, vy = (OGIOP YT eeeeeeeceeenecvssenneesrncanens 2.4

show discontinuities at the same time as the mechanical deformability [24]

The sharp increase in these quantities reflects the loss and the gain in molecular
motion ( in the case of polymers, conformational). Tg corresponds to a (pseudo)
second order transition in which the second derivatives of the Gibbs free energy
including

heat capacity, ¢ = ~T(FGRTP e, (2.5)

the thermal expansion
coefficient o = 1/V 0/0T {( OG/OP)T},e.eceeveererecnssennes (2.6)
and,

thermal isothermal
compressibility X = - I/N odleP{ (6GoP)T}T ... 2.7

show discontinuities.

For amorphous material, at Tg the molecular segments attain some mobility, whereas
below Tg the molecular segments are frozen. However for both the first and the
second derivatives of the Gibbs free energy, as well as the mechanical deformability,

are continuos at Ts as shown schematically in Figure 2.9 [26].
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2.8.1.2 Glassy Nature of Pitch

In general, solid state of material is either a crystalline phase or a glass, depending on
whether the positional order of molecules is long range order and three dimensional

or only short range [24].

Isotropic pitch falls into the category of glass forming materials, one important
characteristic feature of which is that there is no defined melting point, but the
material passes through a temperature region, “the glassy transition region” before
forming a viscous liquid. Thus the so called “melting points™ are often quoted in the
literature, glassy pitch does not show a defined melting point but passes through the
glass transition before forming viscous liquids. The nature of the glass transition is
of fundamental importance to the properties of glass-forming systems. Figure 2.9
compares the changes in the thermodynamic functions and their derivatives at the
glass transition with those at first order phase transition [14].

Melting is a first - order transformation, there being a discontinuity in the first

derivatives of the molar free energy, e.g. the molar volume and the molar entropy:

l:aG 1 I:aG:I
oT _p =-S; ol =v. 2.8)

The sharp increase in these quantities reflects the loss of positional order and the gain
in molecular motion. However, at the glass transition there is no discontinuity in
these quantities but the second derivatives, ie. the heat capacity (cp), the thermal
expansion coefficient (a), and the isothermal compressibility (x) show

discontinuities.

At the glass transition there is only a gain in mobility and in the case of the rigid
molecules in pitch the conformational effect (typical for polymers) are minimal,
being confined to alkyl side chain. Hence the entropy change at this stage reflects
only this gradual change in molecular mobility and it is small [18].
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Fig 2.9 Comparison of changes in thermodynamic parameters at the glass transition

with those at 1st order phase transition [25 ].
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2.8.1.2.1 Occurrence of the Glass Transition Phenomenon

Glass transition is best considered as kinetic phenomenon. As the temperature is
lowered the relaxation times for molecular transition and rotations are drastically
increased, until in glass transition region they become so long that equilibrium
structures can not be developed. This means that the state developed at the glass
transition, and the value of Tg measure is dependent upon cooling rate [18]. These
effects are well adopted. However, the fundamental significance of the glass
transition region is that it is the region in which relaxation processes changes rapidly,
and thus the temperature dependence of properties that are related to such relaxation
processes must be related to the glass transition temperature. The glass transition
temperature is the key factor for determining physical properties of a molecular
mixture such as pitches [26].

The variation of enthalpy versus decreasing temperature for a pure liquid exhibits an
abrupt variation at the freezing temperature (enthalpy of crystallization). For many
materials such as polymers, or pitches, the enthalpy diagram is somewhat more
complex. For glassy materials (Figure 2.10 position a) , no crystallization occurs.
The enthalpy of the frozen liquid goes on decreasing without any discontinuity. The
mobility of molecules decrease progressively, and the frozen liquid is transformed
into a vitreous (glass like) material [18].

In the plot of heat capacity (Cp) versus temperature (Figure 2.10 position b), the
glass transition temperature (Tg) is defined as the inflection point. The temperature
interval of the glass transition (ATg) can be characterized 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. Once a material in a glassy form is
cooled to a temperature below Tg it becomes out of equilibrium and will relax to its
enthalpy equilibrium. This is due to the excess enthalpy and entropy [24]. When the
glassy material is cooled from a temperature significantly higher than Tg to a
temperature lower than Tg the enthalpy curve contain two segments AB and BC, as
shown in Figure (2.11).
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The glass transition temperature Tg is represented by point B; experimentally the
two segments are linked by a curved line in the glass transition interval as shown in
Figure (2.10 position b). At temperature T (point C ) cooling is stopped and the
system relaxes isothermally. When the glass temperature at point D is heated, the
molecular increases and when the temperature is high enough, the enthalpy of the
system reaches the liquid line and follows it. According to the heating rate, the curve
may have different shapes.

Tg —_—)

(b)

Cp(liquid)

dH
Cp(glass) /
A

Tg g

Figure 2.10 Domain of glass transition (a) Enthalpy vs. temperature b) heat Capacity
vs. temperature [26].
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2.9 Pitch Modification

Pitches have an important role as raw materials in the carbon manufacturing industry.
Properties of derived carbons are controlled by chemical and physical properties
of pitch and its behavior during subsequent heat treatment (e.g. stabilization and
carbonization) [27]. Moreover operating conditions also make a contribution. In
order to optimize pitch utilization, several procedures have been developed to modify
pitch properties to achieve the proceeding requirements i.e. extensive removal of
volatile fractions [28], control of condensation [29], distillation of coking
accelerators [30,31] and thermal treatment of pitch with sulfur {32].

For the fabrication of carbon fibers the most concerning problem is in the
stabilization step, as the pitch (isotropic) precursor normally has a low softening
point and the morphology of the spun pitch fiber will be damaged during the
stabilization at only a slightly higher temperature. These difficulties can only be
avoided by a cautious and time -consuming process, the so called generation of
infusibilty. To shorten the stabilization time several methods have been proposed by
various authors [32,33,34].

2.9.1 Modification of Pitch by Pretreatment Using Oxidizing Agents

Romey and et al [34] have proposed a pretreatment process ( preliminary oxidizing
process ) before the actual atmospheric oxidation. As shown schematically in
Figure 2.12 the process involve treating the spun fibre ( gfeen fibre) with oxidizing
agent ( e.g. bromine, sulfuric acid, or aromatic nitrocompounds) in combination with
activated carbon dust. The aim of using activated carbon was to enables the fibers to
adsorb a surplus amounts of oxidizing agents so that, during the increase in
temperature an extremely fast oxidation of the fiber surface is possible. in addition
activated carbon can easily adsorb the splitted low molecular pitch components. The
activated carbon can subsequently be removed because it adheres only loosely to the
fiber surface. Using this method sufficient oxidation can be reached in 60 minutes
heating up to 400°C.
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Figure 2.12 Procedure for the manufacture of low softening point carbon fibers from
coal -tar pitch [34]

2.9.2 Modification of Pitch Using Crosslinking Additives

An investigation based on treatment of commercially available pitches with various
crosslinking additives was carried by Fitzer et al [33]. It was concluded that the
softening points of the pretreated pitches depend on the various kind and amount of
additives used.

Sulfur addition up to 10 wt% was found to increase the softening point, C/H ratio
and the heavy Toluene insoluble, and QI fractions. It was also concluded based on
elemental analysis and mass balance that the sulfur content remaining in the
pretreated sample was found to be lower than 3 wt%. Further more it was found
that about 70 wt% of the sulfur added to the pitch has reacted with the pitch during
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pretreatment at 380°C for 2 hours and resulted in dehydrogenation by splitting off
H, S and in condensation [33].

2.9.3 Modification of Pitch by Air-blowing

Modifying pitches by air -blowing promises to be very effective. Raising the
softening point of petroleum and coal-based pitches has been achieved by air-
blowing, are extremely important reaction in industry. Paving asphalts[35],
precursors for isotropic carbon material [15], as well as pitch precursors for general
purpose carbon fibers are prepared on an industrial scale because the air-blowing
reaction more effectively increases coke yield than heat treatment, distillation or
other method [36]. The air-blowing reaction shows every indication of raising the
softening point, and increasing the insoluble for solvent and the C/H ratio [35,36,37].
Also molecular cross linking induced by oxygen functionality [38,39] at low
temperatures increases the molecular weight of some molecules, preventing their
distillation and removal during the carbonization stage. Such treatments result in
simultaneous increase of both viscosity and, lamellae orientation of the aromatic
molecules becomes more difficult to achieve. Both factors limit the growth and
coalescence of mesophase formed during pitch heat treatment.

Current studies are mainly concerned with the air blowing of coal tar pitches used as
precursor for isotropic carbon fibers [40] and relate pitch ability to spinning. In
recent study by Fernandez et al [41] the variation in chemical and physical
properties of pitches with air -blowing was investigated, Two mechanisms were
suggested in air -blowing polmerizations. One leads to the formation of cross linked
oligomers and the other to the formation of large planer macromolecules through
extensive ring condensation. However the relative participation of these reactions
depends on the chemical composition of the patent pitch and the temperature of air-
blowing. The second mechanism leads to better structured aromatic units, which
accelerate mesophase formation and improve the microcrystalline structure of cokes.
The formation of cross linked molecules can delay mesophase formation and impair
its structure, because they need bond cleavage associated with a high- viscosity
system. Further study carried independently by Yamaguchi et al [42], have found
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that alkyl-substituted aromatic compounds are the most effective source materials for
raising the softening point, increasing molecular weight, and suppressing anisotropic
texture. Furthermore, it was learned that the properties of the air- blown products
were characterized by, and dependent mainly upon, the crosslinked carbon and the

condensed aromatic carbon formed by the air-blowing reaction[42].

Fernandez et al. [41] suggested that the polymerization of pitch during air blowing
involves a significant loss of aliphatic hydrogen. Zeng [40] Hein{43] and Barr and
Lewis[39] proposed, as the principle mechanism for molecular growth produced by
air-blowing of highly aliphatic pitch such as petroleum, the formation of
intermolecular linkages by dehydration of oxidized molecules, according to the
general equation:

120,+2Ar 5> Ar-Ar+ H, O .........ueeevveveeveennne (2.9

Oxygen groups formed by oxidation of alkyl side- chains and naphthenic structures
decompose to give Ar-Ar . Nevertheless, the oxidation in the case of coal-tar pitches
which are highly aromatic mixtures, carrying a few short methyl chains, takes place
by first eliminating the short side chain leading to significant loss of a-hydrogen. At
the same time, air blowing also create radicals, promoting the condensation of
constituents by dehydrogenation and aromatization. The condensed aromatic
constituents is then further oxidized ,to produce aryloxy peroxide radicals, which in
turn decompose and lead to another aromatic condensation, resulting in the
significant development of aromatic ring structure. The increase of QI fraction is
produced as a result of highly aromatic ring structure [40].

Zeng et el. [40], on the basis of an exhaustive chemical and structural analysis of a
coal-tar pitch (80° C of SP, 0 wt% of Quinoline insoluble, 78% of Hg,) air blown at
330°C for 8.5 hour, concluded that air blowing at a high temperature not only
eliminates the alkyl Side chain, but also converts its naphthenic structure very rapidly
by dehydrogenation. The produced aromatic constituents can be further oxidized and
condensed by the creation and decomposition of peroxide radicals.
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In summary, for the work of Fernandez et el. [41] it seems that polymerization can
occur by two mechanisms, and air-blowing temperature has a marked influence on
the proportion of one to the other. The increase in temperature probably promotes
preferentially the mechanism proposed by Zeng et el [40], whereas at lower
temperature the main mechanism is that reported Hein[42] by and Barr and Lewis
[38]. It is logic to suppose that the ratio of one to the other mechanism is also
influenced by the composition and molecular structure of the parent pitch.

2.10 Quinoline Insoluble Particles

There is ample evidence that the process of conversion from isotropic pitch to
mesophase pitch is significantly affected by the presence of solid particles in the
initial pitch. Such particles are commonly referred to as the quinoline insoluble or
QI fractions, or as the primary QI fraction. This is because the amount of quinoline
insoluble material provide a measure of the proportion of such particulate matter in
the pitch.

The presence of quinoline insoluble content usually means that the material has a
high solid content. These solid carbon particles can accelerate coke formation during
subsequent thermal processing of the pitch and lead to filament breakage during
fiber extrusion and thermal treatment. The quinoline insoluble of a pitch may be
determined by the standard technique of extracting the pitch with quinoline at
75°C. Many attempts to resolve question about the role, if any, of the QI particles in
the nucleation, subsequent growth, and final texture and properties of the
mesophase[44,45,46].

Taylor et al [44], using hot stage microscopy, were the first to report how primary QI
of a pitch collects on the surfaces of growth units of mesophase and interferes with
process of coalescence. They found that, in pitch containing abundant QI particles,
the mesophase spheres present were more numerous and smaller than where QI

particles rare or absent.
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Although a number of publications, have provided a consistent picture of the
conditions that need to be met for mesophase formation to be initiated, it has been
less consistency in the literature as to weather QI particles played any role in the
nucleation of mesophase. On the other hand , there have been the observations
referred to, as well as the fact that the growth of mesophase in pitch, which is
nominally free of QI particles, proceeds unhindered. On the other hand, there were
the observation of Taylor et al [44], since confirmed by others, of the close
association between mesophase sphere and QL. Also, Tillmanns et al [45], reported
that the presence of QI particles accelerates the formation of mesophase as a result of
the abundant nuclei present . However, Romovacek et al [46], found exactly the
reverse- that the QI parcels retard the formation of mesophase, which then appears at
higher temperatures than in the absence of QI.

2.11 Carbon in the Fiber Form

2.11.1 Peculiarities of Materials in Fiber Form

When any material is extruded and drown into fibers, its physical properties differ
dramatically from those of the original bulk material. This difference is the result of
the preorientation created by both flow and extension. As the molecules become
preferentially oriented parallel to the fiber axis, both the stiffness and strength of the
fiber tend to increase. As an example, the molecular orientation of injection molded
polymide is relatively random. However, if the same polymer is extruded to form
textile grade fiber, the molecular orientation increases and tensile strength increases
by factor of five [10]. Chemically, all of these materials are identical; they only

differ in their molecules orientation.

Similarly physical properties of fibers formed from brittle substances, like carbon,
are superior to the properties of the same materials in bulk form. The tensile
strength of unoriented bulk carbon is approximately 500 times less than the same
material formed into carbon fiber[10]. This particular improvement in brittle
materials is caused by two factors. First like polymeric materials, the molecular

orientation is improved in fiber form, resulting in higher tensile and modules. The
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second factor is peculiar to brittle materials. since the flow of brittle materials is
dominated by flows, the small size of fiber limits the size of flows which can exist.
Thus in addition to improve orientation, brittle materials in fiber forms contains
smaller flows further increasing the tensile strength [10].

2.11.2 Brief History of Carbon Fibers

Carbon fibres have been produced inadvertently from natural cellulosic fibres such as
cotton or linen . The first recorded purposeful transformation of cellulose to carbon
fibres was by Thomas Edison in 1878. Edison converted cotton and later, bamboo

strips, into carbon for use as filaments in electric lamps.

The history of carbon fibres goes back to the early sixties, when Union Carbide Cor.
(UCC) in the USA introduced commercial carbon fibres made from a rayon
precursor by a technique similar to that evolved by Edison in the late 19th century.

The trade names used by UCC were VIB and WYB, the first one for fibres which
had been carbonized up to temperatures around 1000 °C. This fiber was isotropic in
the sense of preferred orientation and they were non-graphitizing carbon. Whereas
the WYB type were post heat treated to graphitization temperatures in excess of
2200°C[47].

The story with high performance carbon fiber started later when UCC were able to
demonstrate that high modules carbon fiber can be achieve by hot stretching
isotropic fibers at graphitization temperature. The tensile moduli of rayon fibres was
up to 500 Gpa (70 million psi) .

Late in the 1960 the introduction of polyacryolnitrile PAN fiber was a break through
for high performance carbon fibers. PAN was more economical than rayon due to its
less expensive precursor polymer and to the simpler production process. The carbon

yield for PAN is 50% whereas for rayon carbonization provide less than 30%.
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Carbon fiber can also be produced from natural and synthetic pitches. The subject of
producing fibers from pitch was first published by Otani [15]. Otani did not use
commercial pitches such as coal tar or petroleum pitches but instead he used PVC.
The fiber produced by melt spinning the pitch was followed by oxidizing in ozone
below 70°C and / or air up to 260°C to produce infusible fiber and subsequently
carbonizing the fiber to a temperature of 500 to 1350°C in nitrogen atmosphere .

The maximum modules achieved by Otani was less than (8x 106 psi). This low

modules value was attributed to the lack of crystallite orientation, as the fiber
prepared was mainly isotropic in nature.

Otani was very lucky when he used PVC pitch to make carbon fibers, because PVC
is the only material which does not need pretreatment prior to spin. Therefore if he
had used other pitches in his first attempt, he would not have succeeded to make
carbon fiber from pitches [15].

2.11.3 Types of Carbon Fibers

Carbon fibre industry presently uses three different precursor materials: rayon and
PAN (polyacrylonirile) fibres and pitch, either isotropic or liquid crystalline
(mesophase). Rayon and isotropic precursors are used to produce low modulus
fibers (<60 GPa). Fibres from both types of precursor can be strained at high
temperatures to increase their moduli. Higher-modulus are made from PAN or
mesophase pitch precursors. By far the most popular precursors are fibres of PAN
and pitch [48].

2.11.3.1 PAN -Based Fibers

This category of carbon fibers is derived from polyacrylonitrile or acrylic
copolymers. PAN is normally extruded into filaments using various solution-
spinning techniques. This precursor of the fiber is first stretched to orient the
polymer molecules and then thermoset by oxidizing it under a slight tension at 220 to
270 °C for up to seven hours in air. This results in the formation of an infusible
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cyclized network of hexagonal carbon-nitrogen rings. The stabilized fiber is finally
carbonized by heating it in an inert atmosphere to temperatures ranging from 1500 to
2800°C. Figure 2.13 illustrate schematically steps of processing carbon fibers from
PAN. The fibres derived from PAN precursors can generally be subdivided into
three categories[49]:

1. Low modulus (LM) (190-120 GPa) fibres.

2. Intermediate modulus (IM) (250-220 GPa) fibres. These fibres of high quality
posses the highest tensile strength and strain to failure (1.2-1.8%), and are the
favoured grade in aircraft and racing car manufacture.

3. High modules (HM) (400-360 GPa) fibers. These fibers offer improved stiffness
at the expense of strength and strain to failure (0.5-0.8%).

2.11.3.2 Pitch -Based Carbon Fibers

Although PAN-based fibers have higher strength and superior over all properties and
are generally preferred for high-performance application, this material are expensive
to produce. The discovery that mesophase pitch could be used as a precursor for
carbon fibers led to the expectation that this process would create a low- cost high
performance fiber (estimated as low as $11/kg). These include [48,50]:

(1) a cheaper starting material ( about $0.25/kg for isotropic pitch versus
$0.90/kg for acrylonitrile monomer).

(2) the thermosetting process does not require constant tension to be applied

to the fibers and, thus, tension control equipment is not needed.

(3) The structure of pitch -based carbon fiber is closer to graphite, so less
energy is required to convert it to graphite. Therefore one would expect
lower temperature and /or shorter residence time for the carbonization of

pitch-based fibres.

(4) higher yields of carbon fiber per unit mass of as-spun fiber than rayon or
PAN so the pitch process ought to be more efficient Table(2.2) {49].
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Table 2.2 Carbon yields from the major precursors to carbon fibres[49 ]

Precursor Chemical composition Carbon yield (%)
Rayon CsHi0Os 20-25
PAN CH2-CH-CN 45-50
Mesophase pitch Polynuclear aromatics 75-85
PAN
T Polymerization —» Spining | __| PRECURSOR
Fiber
Stretching
h 4
STABILIZATION
220-270 :C
|
SURFACE -
SIZING TREATMENT CARBONIZATION l
A }
GRAPHITIZATION | |
PAN CARBON FIBER

Figure 2.13. Schematic illustration of processing of PAN carbon fiber [49]



38

However, even with these obvious cost advantages, high performance pitch -based
carbon fiber presently sells slightly higher than many PAN-based varieties. The
unexpected high cost is the result of the extensive purification needed to remove
flow-inducing particles (e.g. QI) from the precursor [51].

Pitch based carbon fibers may generally be classified into two kinds according to
their mechanical properties.

1- Fibers which are produced from isotropic pitch precursor; having
moderate mechanical properties ( this is known as isotropic pitch-based carbon
fibers, or general purpose carbon fibers (GPCF)).

2- Fibers which are produced from mesophase pitch precursor; which
has excellent tensile strength and modules ( this is known as mesophase-pitch based
carbon fibers, or high performance carbon fiber (HPCF).

The process steps for the production of isotropic and mesophase pitch fibers are
shown Figure (2.14).

2.11.3.2.1 Isotropic Pitch -Based Carbon Fiber

This type of carbon fibres are simply have an almost random arrangement of packed
lamella. The irregular stacking arrangements create space between lamellae or group
of lamellae. This space constitutes microporosity difference in size and defect
nature of the lamellae create different packing sequences and hence differences
in properties of microporosity , surface areas are most frequently in the range of 500
to 1500m%g. These kind of fibers which are isotropic, micropore and non-
graphitizable mainly used because of their surface properties such as high adsorption

capacity (commercially known as isotropic or low modulus carbon).

Isotropic fibers with tensile strength around 1 GPa and modulus below 70 GPa are
less suitable as a reinforcement element in polymers and other matrices, but can be

used as filler in polymer mixes[47]. The early rayon-based VYB and WYB carbon
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fibers are no longer on the market and have been replaced by isotropic-pitch based
carbon fibers because pitch is a much cheaper raw material when used as precursor,
the carbon yield is higher and the spinnibility from melt is easier. Besides their use
as a fillers, these isotropic carbon fibers can find two further applications:

e As structural material, not load carrying but as a flexible seals between
engine parts, such as braised bundles in pumps, Replacing asbestos and similar
materials.

e As active carbon fibers (ACF).

ACF's are not only theoretically superior to conventional granular active carbons,
because of their shorter transport pore channels and their controlled outer surface, but
also in practice because of their easier handling as textiles, filters column packing

and soon.

2.11.3.2.2 Mesophase Pitch-Based Carbon Fibers

The ordered fluid so called carbonaceous mesophase was first discovered by Taylor
[50], to exist in the temperature range of about 350-500°C . Sample of naphthene
and coke oven pitches were pyrolyzed and studied by Brook and Taylor [52], it was
found that the optically anisotropic merometer size spherules begin to form at 400°C
and grow in size with increasing temperature, then, the spheres when close to each
other collide and coalesce to form complex structure of mesophase is of lamellar
liquid crystal [53,54] form. It is comprised of plate like molecules in such away that
they are ordered and parallel [55].

Mesophase consist of large polynuclear hydrocarbons which align in the liquid state.
This facilitates the development of excellent molecular orientation in the mesophase
fiber during the melt spinning process and the high modules of mesophase is a direct

result of this orientation.
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Figure 2.14. The process scheme of the preparation of isotropic and msophase
fibres.
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This liquid crystal may be produced by heat treating either isotropic pitch (thermal
polymerization) [56] or a solvent extracted portion of the isotropic pitch [21].

The low cost and high carbon content of the isotropic pitch have led many people to
predict that pitch-based carbon fibers will eventually become a low cost alternative
to PAN-based carbon fibers. However Hughes [57] has pointed out that the
precursor pitch may require extensive purification to produce a high performance
fibers. In addition Edie and Dunham [48], have shown that the high tension
encountered during the melt spinning of mesophase pitch would be expected to lower

spinning conversion and to further add to process cost.

Therefore, if pitch-based fibers are to become an attractive alternative to PAN-based
carbon fibers, two issues must be addressed: (i) The tensile and compressive
,strength of pitch-based fibers must be improved; (ii) The cost of pitch-based carbon
fibers must be reduced[58].

Previous investigation by Edie et al [48], have indicated that the melt spinning of
mesophase into non-circular carbon fibers may offer a method to improve the fiber
propetties. Edie et al [59], have reported that the non-circular mesophase fibers have
two advantages: (i) When pitch-based fibers of equal cross sectional area are
compared, non-circular fibers are stronger than circular carbon fiber and (ii) The
improved processibility of non-circular fibers should make pitch-based carbon fiber

less expensive to produce.

The conversion of pitch row material into a mesophase pitch suitable for spinning is
a very critical step. which can directly impact carbon-fiber properties and yields.
Several methods of preparation of mesophase pitch have been reported. Lewis [60],
modified process by agitating the pitch during pyrolysis which produces a lower
molecular weight mesophase and create an emulsion of the mesophase and isotropic
portions. UCC group has patented its preparation procedure using a heat treatment
for a very long time (30 h) at a relatively lower temperature (370-390°C) under
vigorous inert gas flow with stirring [19,61].
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Mesophase pitch-based carbon fiber of high performance has been recognized as an
advanced material, [62,63]. However, its preparation at reasonable cost for its broad
use has several problems. One of such problems is the preparation of mesophase

pitch suitable for spinning [62, 63, 64].

2.11.4 Comparison of Pitch and Mesophase Fibers to PAN Fiber

Although PAN fiber has the highest tensile strength over other carbon fibers, they do
not develop a truly graphtic structure when carbonized. A comparison of the
properties of PAN-based and pitch-based carbon fibers is given in Table (2.3). The
lack of both orientation and graphitic structure makes the mechanical properties of
pitch (isotropic) fibers lower than mesophase and PAN-based carbon fibers[10]. The
graphitized mesophase pitch fibers tend to have higher modulus and lower tensile
strength than PAN-based equivalents. The high modulus of mesophase due to the
oriented graphitic structure make them more sensitive to surface defects and structure
flows, which intern causes the tensile strength of commercial mesophase fibers to be
lower than that of PAN-based carbon fibers. Mesophase have the advantages in
applications requiring high stiffness, high electrical and thermal conductivity, low
thermal expansion, and high temperature oxidation resistance. Table 2.4 lists the
costs , properties and processing of the various types of carbon fibers[10].

The carbon content of both pitch and mesophase is more than double that of PAN.
Thus the resulting higher conversion during carbonization, combined with the lower
raw material and process costs, make pitch fiber much cheaper than PAN-based
material. Mesophase also has high carbon content, but the cost of the mesophase
formation process combined with additional problems in processing, cause its price
to be higher than pitch fiber. The unexpected high cost of mesophase fibers is due to
the extensive purification process needed to remove flow inducing particles from the

Precursor.
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Table 2.3 Comparison of the two pitch-based carbon fibers[10]

Low modulus High performance
(GPCF) (HPCF)
Strength (kg/mm?) 85-90 300-300
Modules 10° Kg/mm?) 3.8-4.2 20-50
Present use Insulation gasket reinforcing elements
fillers in plastics sporting goods and aero-space

Future use expected ' substitution of automobile

asbestos and

electrodes

Table 2.4 Cost of PAN, mesophase, and pitch-based carbon fibers[10].

PAN-based Mesophase- Isotropic-based
based

Cost of precursor ($/kg) 0.4 0.25 0.25

Cost of fibre ($/kg) 60 90 22
Carbon content low high high
Formation process medium high low
Purification not required needed needed
Modulus high the highest low
Strength the highest high low




2.12 Activated carbon in a fiber form

Activated carbon widely used for purification and separations in many fields are
common in pelletized, granular, powdered, or molded form. Over the last few years,
there has been a growing interest in the preparation of activated carbons with
well-defined pore structures and high adsorption capacities. For the preparation of
such activated carbon, well-defined macromolecular precursor [65], and carbon
fibers [66], have been used.

Activated carbon in fibers form have novel properties that make them attractive than
other, more conventional forms for certain applications, they are predominant by

microporous, with only limited proportion of the pore present as fine mesopores.

Activated carbon fibers offer the following advantages [65]: (2) minimum external
and inter-bed diffusional rate to mass transfer due to their low diameter. Thin fiber
shape clearly assures fast intraparticles adsorption kinetics. This is becomes more
important in designing adsorption units where the intraparticles diffusion resistance
is the most significant factor, resulting in considerable decrease in the size of
adsorption units; (b) a very high sorption rate; (c) a very low hydrodynamic
resistance, which is particularly useful for filtering high flow of gases as they can be
employed in a variety of forms; (d) they maintain part of the mechanical properties
of the original carbon fibbers; (¢) activated carbon fibers avoid problems arising
from channeling and settling existing in granular activated carbons, and (f) due to
the narrow range of microporisity, they may show useful feature as molecular sieve.
Moreover, their fibrous form facilitates

their incorporation into woven and non-woven fabrics, felt, paper, and specific

formed shapes ( for example filters).

Practically all fiber types can be utilized to produce high surface area adsorbents,
provided that their thermal history does not include heat treatment to elevated
temperatures, when the rate of activation is greatly reduced. Among the possible
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applications, activated carbon fibers are of interest for the adsorption and recovery of
organic vapors [66,67] and have been proposed for water treatment [68]. Surface
treated fibers have high activity for NO2 reduction by ammonia [68], and to be
effective for SO2 adsorption. Activated carbon fibers (ACFs) have not only excellent
adsorption ability but also outstanding reduction property.

2.13 Melt spinning process

The term melt spinning could be more accurately termed as "melt extrusion". A
typical melt spinning process and the process variables which require to be
controlled are shown in Figure (2.15). The precursor is generally melted in an
extruder which pumps the melt into a (spin back). The spin pack contains filter to
remove solid particles from the melt. The filtered melt leaves the bottom of the spin
pack via a spinnerette. The spinnerette is a plate containing a number of individual

capillaries. Melt leaving the capillaries cool and forms a filament.

The primary process variables are the winding speed, VL , the precursor extrusion
rate, W, the temperature at extrusion To, the temperature of the air quenching, TA, the
velocity of the quenching air relative to the down word velocity of the fibres, K, and
the drowdown ratio Ds/ DL.

If a precursor pitch is to be melt spinnable, it must be capable of forming an
unbroken filament between the capillary exit of the spinnerette and the winding -up
device. If the melt temperature is to high the extruding jet of material will
disintegrate into droplets, destroying the filament. On the other hand, if the tensile
stress within the filament exceeds the tensile strength of the material at any point
along the threadline, the fibre will break as a result of cohesive fracture. Thus for
given material there will a processing window (envelope) of spinning conditions
which permit the formation of an unbroken filament[49].
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2.13.1 Spinning Characteristics of Pitch and Mesophase

Isotropic pitch precursor especially those originated from petroleum and recently
from oil shale have a more open structure caused by their higher content of aliphatic
side chains unlike coal tar pitch, which is characterized by higher aromaticity [69].

The isotropic fraction usually contains a low average molecular weight distribution.
Therefore isotropic pitch precursors are easily melt spun into fibres than mesophase
pitch precursors. This is because the isotropic material have low average molecular
weight, side groups and/or small molecular components to cause disordering.

Viscosity Temperatare Dependean

/— Flow Rate,w

«—— Drown RatioDs / 1y,

\/

Extruder

Spnning Temperature To

—»

Spinnertte Cross Flow Air, K=Va / Vz

Quenching Temperature 1A —i

Figure 5.15 Process variables in a melt spinning process [49].

On the other hand when the isotropic pitch material is converted into mesophase by
heat treatment, the concentration of the mesophase spheres increases, causing them
to collide and coalesce, forming a mosaic-like neumatic liquid crystal structure. The
mesophase products which have a high molecular weight and no side groups or small

components to cause disordering are often unspinnable. This is because the material
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is so highly oriented that it reaches its decomposition temperature before becoming
fluid enough to flow[10].

The most unusual flow characteristic of both mesophase and isotropic pitch is the
extreme temperature dependency of their viscosities. High temperature sensitivity
create problems, particularly when pitch and mesophase precursors are melt spun
into fibres. small temperature gradients across the spinnertte will create a large
variation in filament size and tensile stress due to the extreme temperature
dependence of mesophase. The melt spinning of mesophase pitch thus requires very
accurate and expensive process control [49].

When a pitch or mesophase precursor are melt spun, the filament radius decreases
with distance from the spinnertte. = Unlike nylon where the filament might be
expected to reach its final diameter on the order of one-half meter from the
spinnertte. because their viscosity is much more temperature dependent than that of
nylon isotropic and mesophase filament will decrease to their final diameter in an
extremely short distance (0.5 cm as compared to 0.5 m for nylon)[10].



CHAPTER 3

RELEVANT THEORY FOR THE PRINCIPLE
ANALYTICAL METHODS USED FOR PITCH
CHARACTERIZATION

3.1 INTRODUCTION

The most important methods for characterization and evaluation of physical and
chemical changes of Goynuk oil shale derived pitches used in this study involve

measuring the following:

1 Elemental analysis

2. Physical separation methods; which include , solvent fractionation,
extrogaphy, etc.

3. Glass transition temperature measurement;, and coking value .

4. Methods for providing statistical structure information (e.g.aromaticity)
such as ; Proton and *C n.m.r

5. Thermogravimetric analysis

6. Fourier transform infrared (FT-IR) and Gel Permeation Chromatography

(GPC).

In this chapter the relevant techniques used for characterization of the various

pitches produced in this studied have been summarized.
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3.2 NMR Spectroscopy

Before the event of NMR, bulk compositions were deduced from correlation with
physical properties, of coal, oil shals and related materials. However, for
characterization of pitches, tar and extracts, these approaches were superseded
during the 1960’s and early 1970's by solution state ' H and '°C n.m.r. Detailed

characterization of pitches is a difficult task given that their extreme complexity.

The present widespread use of n.m.r. in pitch characterization arises from the fact
that it is inherently quantitative, with high resolution ' H and *C n.m.r. providing

direct information on the concentrations of aromatics and aliphatic groups [71].

The n.m.r phenomena is observable because certain nuclei behave like bar magnet.,
and it does so because it possesses both electric charge and mechanical spin; any

spinning charged body will generate a magnetic field .

Like all bar magnet, when a sample placed between the poles of strong magnet.
Nuclei which possess magnetic moment (i.e. have spin, I, greater than zero) ,will
tend to align themselves with the field. Other orientations of the nucleus to the field
are possible. For nuclei of spin 1/2 such as proton the proton can only adopt two
orientations, either low-orientation or high orientation in which aligned against the
field..

To observe n.m.r. signals, it is required to have a radio frequency (r.f.) transmitter, a
homogeneous magnetic field and an r.f. receiver. a schematic illustration of the
receiver and transmitter coils in relation to a tube containing a solution of the sample
is given in Fig. (3.1) [72].

In the above mode of instrument operation, spectra require several minuets to record
because each transition is induced in succession by continuos scan from the low
field, the radiofrequency remaining constant; this is continuous wave (CW) mode of

operation[73].
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If all the transitions could be simulated at the same time, then the same transitions
within the nuclear spin state would arise but the excitation would require a fraction

of a second to execute. This is precisely what is done with pulsed NMR [72].

Magnet Pole Pieces

Rf. Transmitter

Transmitter Cail

Receiver Coil

Figure 3.1 Schematic presentation of basic features of NMR instrument [72]

The sample is irradiate (at fixed field) with a strong pulse of radiofrequency energy
containing all the frequencies over the ! H range. The protons in each environment
absorb their appropriate frequencies from the pulse, and these frequencies couple to
give beats. Measurement of the NMR signal amplitude is made as a function of
frequency. However, in recording data after a pulse the measurement of amplitude
is made as it evolves with time. There is a direct relationship between the two forms
of data. A Fourier transform (FT) allows the interconversion and is the usual means

for analyzing the results of pulse experiments[74].
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The use of n.m.r. in pitches analysis has expanded considerably during the past
decade with the introduction of improved instrumentation enabling a wide range of
pulsed  Fourer transformer (FT) methods to be applied to both solid and liquid
fuels [70]. Not surprisingly, the advent of high resolution solid state *C n.m.r. has
led to numerous investigations on coal, oil shales and related insoluble materials,
such as chars [73]. However, quantification has proved to be much less straight
forward than in the case of solution-state *Cn.m.r. Sensitivity is affected by a
number of factors including field strength and homogeneity, probe design and, for
FT spectra, accumulation and processing parameters. As an approximate guide , FT-
' H spectra of coal liquids can be obtained using milligram quantities of sample but
considerably more is required for continuos spectra (25 mg) and C spectra

(at least 100 mg).

3.3 NMR Characterization in term of Average Molecular Structure

Before the introduction of *C n.m.r. spectroscopy, complex hydrocarbon mixtures
such as petroleum and coal pitches were often characterized in term of average
structural parameters derived mainly from ' H n.m.r. data. However, to determine
the nature of the carbon backbones of the molecules it was necessary to make several
assumptions about the aliphatic groups present. It was assumed that

1) H/C ratio of a - alkyl groups attached directly to aromatic ring was the
same as that of the remainder of the side chain;

2) H/C ratio of all alkyl groups could be estimated from the ' H n.m.r.
spectrum and finally,

3) the aromatic ring system were directly linked with no intervening alkyl
groups.
The development of *C n.m.r. spectroscopy has made it possible to obtain
information directly about the average carbon skeletons of the molecules present in

hydrocarbon mixtures.

The development of quantitative’’C - n.m.r. has meant that H/C ratio of total

aliphatic groups ( first assumption) can be measured directly from ! H and >C n.m.r.
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rather than estimated from ! H -nmr. alone. Also assumption 3 is no longer
necessary. Therefore more reliable data average molecules parameters can be

calculated by both 'H and >C n.m.r. approach.

Table 3.1 lists the average parameters and a brief description of each which can be
determined for petroleum fractions [73]. Various approaches can be taken to
determine these parameters with some methods requiring additional information such

as elemental analysis, and molecular weight of the sample.

Table 3.1 Average parameters calculable for petroleum fractions [75]

n = Average number of carbon atoms per alkyl side chain (substituent)

I A = Average carbon-hydrogen weight ratio of total alkyl group.

%AS = Per cent substitution of alkyl groups on non-bridge aromatic ring
carbon.

#Ca = Average number of aromatic ring carbon atoms per average
molecule.

#C1 = Average number of non-bridge aromatic ring carbon atoms per

average molecule.

Ra = Average number of aromatic rings per average molecules.
Rs = Average number of alkyl substituents per average molecule.
Rx = Average number of naphthenic rings per average molecule.
fa = Molar ratio of aromatic carbon to total carbon in a sample.
BI = Branchiness index. (used only by ' H n.m.r. method 2.).
MW = Average molecular weight.

%Cs = Fraction saturate carbon.

%Cn = Fraction naphthenic carbon.

%C, = Fraction non-bridge aromatic ring carbons.

r = Number of nphthene rings per substituent.
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3.3.1 Methods used to Calculated Average Parameters

Several magnetic resonance methods[76,77 and 78], has been proposed which
attempt to describe a particular petroleum fractions interms of a hypothetical average

molecule. These methods may be summarized as follows:

3.3.1.1 'H NMR -method 1.

This method was developed by Brown and Ladner( 76) .This method simply uses the
' H nmr. data to provide considerably more information about the chemical
structure if the atomic ratio of hydrogen tocarbon in the non-aromatic system is
known. If this ratio is x for a-carbon grouping and y for the indirectly attached or
unattached grouping then , it is possible to estimatethe following structural
parameters, the and the C and H elemental data to determine the aromaticity of the
sample. f." and o, f." is the aromaticity, and o is the degree of substitution of the

aromatic system.

These quantities are given by the following relations:

C/H - H*a/x - [H*ﬁ + H*-Y]/y

fl=— e 3.1
CH
H*,/x
c = — L sesesseses 3.2
H*,/x + H*,

Where C/H is the atomic ratio determined directly from the elemental analysis and
H*y =Hy/H and ( H*s + H*, ) = Hg + Hy /H, which represent the normalized
integrated intensities of the o -alkyl and other alkyl hydrogen respectively. Where
x and y are the ratio for the a - carbon groupings and for the indirectly attached or

unattached groupings respectively [76].
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The problem which arises using this method is the estimation of the parameters x and
y. Cultter et al [75], studied the sensitivity of f," ( at x =2.0) upon variations of x
and y. They found that the Af,” /Ax value is a function of f." and x. For gross
estimates, an absolute deviation of £, by =~ 0.03 for a change of 0.1 in the value of
x =y was indicated. Consequently, the arbitrary assumption of x =2 may lead to

significant error of molecular parameters [75].

3.3.1.2 1 H- NMR.- Method 2.

This method as originally presented by R.B.Williams [77], involves a detailed
treatment of aromatic fraction of an oil sample. Information required by this method
to obtain average parameters is the integrated intensities of the proton spectrum,
carbon and hydrogen elemental analysis, average molecular weight and a
“ branchiness index ” Bl.  Branchiness index is defined as the ratio of the height of
the n.m.r. absorption bands due to methyl and methyl and methylene group
respectively. The method require two assumptions, for the analysis to be performed.
First the carbon-hydrogen of alkyl groups can be accurately estimated. This involve
determination of branchiness index , second, the carbon-hydrogen of the o - alkyl
groups is equal to that of the other alkyl groups. The equations used to calculate the
average parameters by this method is listed in Table 3.2 . Where equation 3.3 involve
the second assumption stated above and equation 3.4 involve the first assumption
[77].

3.3.1.3 Carbon - 13 Method.

This method was developed by Knight [78]. He developed a scheme to determine
the average parameters using Method 2 combined with information from the carbon-
13 spectrum whenever possible since this spectrum reflects the characteristics of the

carbon skeleton directly.
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The assumptions involved in this method pertains only to interpretation of the proton
spectrum, namely that the carbon to hydrogen ratio of the o -alkyl and other groups
is the same (second assumption in method (2). From the carbon 13 magnetic
resonance spectrum shown in Figure (3.2), the aromaticity of the sample can be
determined directly from the integrated intensities. There are three characteristic

bands discerible with relative areas Al, A2, and A3 as shown in this Figure (3.2).

Table 3.2 Equations used in Method 2 Calculations [77]

/ = [H*q+H*s H*y/H*, ] 33
f£ =121/@I+1+2p) 3.4
r = (0.0250 [BI +4.12]1-1) (n-1) 3.5
2
Cr =C- Gs 3.6
Cs = f.°(H*,+H*% H*y)H 3.7
fa? = CalC (fa® : aromaticity using method 2.) 3.8
C1 = (12.0H*, + fH*,, H 3.9
#C, = Ci MW /1200 3.10
%AS = (fa H*,H) 100 /C; 3.11
#Ca = CA MW/1200 3.12
Ra = #Cp- #Cy/2 +1 3.13
Rn = (% AS)#C1)r/100 3.14

Rs = (% AS)(#C;)/100 3.15
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Figure3.2 Carbon 13 n.m.r. spectrum for the asphaltene fraction from Goynuk tar
blown residue at 325°C and 60 minutes at air flow rate of 2 I/'m .

The band at lowest field ( A1 ) characterizes ring junction carbon, substituted ring
carbon and one half of the unsubstituted ring carbon. The next low field band (A2 )
characterizes one half of the unsubstitued ring carbon, and the high field band (A3 )

characterizes the carbon in saturated group.

These three areas, the sum of which is normalized to unity, allow the direct
determination of the relative amounts of carbon in aromatic rings, in unsubstituted

sites in aromatic rings and in saturated groups.

The equations used in this method are those listed in Table 3.3 along with equations
3.3, 3.10, 3.12, 3.13, and 3.15 from Table 3.2. The average number of carbon

atoms per saturated substituent ( /) is calculated by equation 3.3.
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In this method, r ( number of naphthene rings per substituent ) is not estimated from
the proton branchiness index as in method 2 but is calculated by equation ( 3.24) and
from (J) [78].

Table 3.3 Equations used in Carbon -13 Method [78]

£,¢ Pc) = (A1+A)/ (A1+tA+As) 3.16
C. = f, *0)C 3.17
c’® = A3 Chn 3.18
¢ = 2A,C 3.19
C" = 12AH 3.20
C =S+ 3.21
%AS =C;%100/ C; 3.22
fe = A3 C/ (H*,+H*s H*y)H 3.23
r =(n+0.5)-(6n/f) 3.24
Rx =Rsr 3.25

3.4 Extrography

Characterization of pitches as a whole by spectroscopic or chromatographic
techniques gives only limited information because of its complexity. Previous
fractionation is necessary to simplify this characterization problem. Solvent
extraction technique have been widely used for pitch characterization , but there are
problems of co-solubilization effects which make it possible to find the same
compound in both the soluble and the insoluble fractions[79]. Preparative liquid
chromatography provides good separation of both coal and petroleum derived
products into class of compounds according to their functionality , but it is tedious

and time consuming [79]. On the other hand size exclusion chromatography is
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suitable for the fractionation of complex mixtures of organic molecules according to

their molecular size.

Extrography is an alternative technique that provides good fractionation in a
relatively short time. Extrography due to its limited requirements in time and
materials as well as simplicity may be considered as the most suitable technique for
fractionating low volatile residues from oil distillation, coal derived products and
also for the fractionation of coal tar and petroleum pitches[81]. The mechanism of
separation involves an orderly adsorption of compounds on active centers of silica
gel followed by a gradual desorption by sequential elution with solvents of

increasing polarity.

M. Granda et al [80] have investigated the applicability and reliability of
extrography technique for the fractionation of complex mixtures into compound
classes. They concluded that the technique showed efficient separations of several
families of compounds, such as aliphatics, aromatics and non-basic nitrogen
compounds extrography technique can provide a given number of fractions of well
defined chemical composition. A recent findings by R. Menendez et al [81] have
shown that extrography as technique, can provide differences in chemical
composition between coal tar pitches of different origin and between petroleum-
derived pitches. Their results also showed that correlation of extrograpghy data ith
kinetic data further assists the understanding of those chemical factors which control
rates of mesophase growth and the physical characteristics of the mesophase as it is

developed.

3.5 Size Exclusion Chromatography

Molecular disribusion of mass (MM) in a pitches is usually determined using the
well known technique high performance size exclusion chromatography (HPSEC),
also known as gel permeation chromatography (GPC), in which molecules of
different sizes are separated according to their degree of penetration into the pores of

a gel packed in column as small - diameter spheres [82].
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Unlike other modes of chromatography. GPC is entropically controlled separation
technique that depend on the relative size or hydrodynamic volume of a
macromolecule with respect to the size and shape of the pores and of the packing
[82].

SEC is a non interactive chromatographic separation process. The solute under
investigation does not interact with the chromatography column. The gel is typically
a three-dimensional network of cross linked polymeric chains of controlled porosity
such as crosslinked polystyrene, and a number of mobile phases, most usually
tetrahydrofuran (THF), have been investigated. The smaller molecules which are
able to enter the various pores and channels and in effect pass along longer column,
with the corresponding longer retention time, than the larger molecules which are
excluded from the pores and pass through the column at the same rate the solvent
flow. Thus the larger the molecules are eluted first whilst the smaller molecules are
eluted from the column last. The column is routinely calibrated using polystyrene
standards of known molecular weight distributions [83]. Accurate interpretation of
the GPC molecular weight profile of pitch materials is very difficult. This is related
to the incomplete solubility of pitches in common solvents, and hence the detected
molecular size is limited only to those dissolved in the solvent. The development of
the Matrix Assisted Laser Desorption Ionization Mass Spectroscopy (MALDI),
allowed rapid and efficient measurements Southhard et al [84]. In this atudy it has
been shown that for typical pitch materials, the mass spectrometer's laser description
power and the spectrometer's analyzer polarity affect the mass spectra or molecular
weight distribution. The technique allowed accurate calculation of average Mn and

Mw from the molecular weight profiles.

3.6 Thermal Analysis Techniques

The principle of the thermal analysis techniques is the measurement of changes in the
physical or chemical properties of materials as a function of temperature, relating
heat transfer to either temperature or time. This can provide both qualitative and

quantitative insight into the basic process. Thermal analysis may be used for the



60

measurement and study of processes which involve changes in thermal energy, such

as:

eChanges of state: vaporization, fusion, and sublimation

sReaction studies: decomposition, oxidation-reduction, hydration-dehydration,
polymerazation.

eChanges in the crystalline structures of substances.

Thermal analysis techniques are now routinely used to characterize polymers and to
provide information on such diverse properties as crystallinity, phase transition,
reactivity, and stability. Derivative thermogravimetry analysis (DTA) and
thermogravimetric analysis (TG) are frequently used in studying carbonaceous
material such as pitches, tars, and polynuclear aromatic mixtures, to determine the
extent and rate of weight losses and the temperature ranges in which these
take place [85].

The techniques of differential scanning calorimetery (DSC) . which have proved to
be valuable for studying glass transitions and phase changes in polymers, have only

recently been tried with carbonaceous materials [85].
3.7 Differential Scanning Calorimetry

The differential scanning calorimetery (DSC) technique is used to investigate
thermal properties of organic materials. The DSC technique can provide quantitative
information about these heat changes;, This technique provide information
concerning the total amount of heat and also the rate of heat transfer dQ/dt, that is,
the change in heat at given time. When a substance is heated, various chemical and
physical transformations occur involving the absorption of heat (endothermic) or
evolution of heat (exothermic) [86]. The DSC technique measures the amount of
heat that is involved as a material undergoes either endothermic or exothermic heat
change. The glass-like nature of coal tar pitch is usually demonstrated by the
detection of a glass transition which appeared as a discontinuity in the volume
expansion temperature curve. Stadelhofer [87], determined directly the glass
transition temperature (Tg) of coal tar pitch by using single DSC.
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3.8 Infrared Spectroscopy

Infrared radiation molecular vibrations can be detected and measured by infrared
spectrum. From the organic chemist point of view the most useful molecular
vibration occur in the narrow rang of 2.5-1.6 10* cm which most infrared
spectrometers cover Functional groups have vibration frequencies, characteristic of
that of functional group, within well defined regions of this range. The fact that
many functional groups can be identified by their characteristic vibration frequencies
make the infrared spectrum the simplest, most rapid and often reliable means for

assigning a compound to its class [72].

Infrared spectrometer consist of a source of infrared light emitting radiation
throughout the whole frequency range of the instrument . This light is split into two
beams of equal intensity , and one beam is arranged to pass through the sample to be
examined. If the frequency of a vibration of the sample molecule falls within the
range of the instrument, the molecule may absorb energy of this frequency from the
light. The spectrum is, therefore, scanned by comparing the intensity of the two
beams after one have passed through the sample to be examined. Generally infrared
light is absorbed when the oscillating dipole moment (due to a molecular vibration)
interacts with the oscillating electric vector of the infrared beam. The frequencies
and intensities of the IR band exhibited by a chemical compound uniquely
characterize the material, and its IR spectrum can be used to identify and quantify the
particular substance in an unknown sample[88].A complex molecule has a large
number of vibrational modes which involve the whole molecule. To a good
approximation, however, some of these molecular vibrations are associated with the

vibrations of individual bonds or functional groups and localized vibrations while
other must be considered as vibrations of the whole molecule [72]. Many localized
vibration are useful for identification of functional groups. Classification of localized

vibration may be well demonstrated using the methylene group as showing in Figure

(3.3).
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Figure 3.3 illustrate the various type of localized vibrations [72]

The vibrations of the molecule as a whole give rise to a series of absorption bands at
low energy , below 1500 cm™ . these band makes those localized vibrations which
have frequencies below 1500 cm™ less useful for diagnostic purposes since confusion

of one with the other may occur.

Fourier transform- infrared spectroscopy (FT-IR) is the nowdays accepted technique
for measuring high- quality infrared spectra. FT-IR permitted low-resolution spectra
to be computed in a matter of seconds. This spectrometer measure single-beam
spectra directly, but the most common applications of infrared spectroscopy require

either transmittance or absorbance spectrum of the sample to be measured. The

absorbance spectra (Abs) is subsequently calculated as logiot [89].
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Atypical procedure for measuring Absorption intensity (t) on a Fourier transform
spectrometer is to measure the reference interferogram first and to store it in the
memory of the computer. The sample is then inserted and the sample interferogram
is measured. Fourier transmition of the interferogram, using a computer build into
the machine, converts it into a plot of absorption against wave number which

resembles the usual spectrum obtained by traditional method. The ratio of the
sample and reference spectra is calculated to yield T, which is then usually converted

to absorption. [89-90].



CHAPTER 4

EXPERIMENTAL

4.1 Original Sample

The sample of Goynuk oil shale from Turkey (100 kg) was collected from excavated
open-cast seames, and was crashed and reduced to 5Skg sample. The raw oil shale was
crashed to -400pm +600pm. particle size.  The analysis of the Goynuk oil-shale
used in this study is compiled in Table 4.1 [91].

Table 4.1 Ultimate and proximate analyses of

Goynuk Oil Shale [91].
Moisture (wt %) 6.7
Ash (wt.%) 32.6
Volatile matter (wt.%)  50.1
Fixed carbon (wt.%) 10.6
C (organic) (wt.%) 23.30
H( wt.%) 3.66
N (wt.%) 1.41
S (wt.%) 1.5
1.88

The petroleum sample of Ikizetepe was provided by the Turkish Petroleum

Cooperation. The elemental analysis and some properties are given in Table 4.2.

Table 4.2 Elemental analysis and some selected properties of Ikiztepe petroleum

Sample| Elemental analysis Thin layer chromatography (TLC)*
C H N C/H | Saturate(%) Aromatic(%) Resin (%) Asphaltene(%)
Vo 81.16 10.34 04 0.65 30.7 335 6.5 29.3

*Supplied by the Turkish Petroleum Corporation.
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4.1.1 Preparation of Shale Oil Tar

Shale oil tar GO produced by pyrolysis of goynuk oil shale in a fixed bed retort under
temperatures of 500-550°C, in nitrogen atmosphere. Figure 4.1 gives a schematic
representation of the pyrolysis unit.

The temperature was controlled using thermocouple inside the retort and the liquid
traps were cooled by dry ice. An amount of 100g of sample was used, In all
experimental runs, the retort was heated at 7°C/min. to 550°C. 30 minutes of hold
soak time is used for every experiment. Experiments were carried out in a flowing
nitrogen atmosphere (sweep velocity 3.3 cm/s). Analysis and selected properties of
the shale-oil tar are summarized in Table 4.3. as reported by Ekinci et al [91], The
shale oil tar is highly aliphatic in character (H/C= 1.68) as reported by Onen et al
[92], and appear to contain substantial quantities of both saturated polycondensed
rings structure and long chains of n-alkanes or n-alkyl substituents.

Table 4.3 Analysis and selected properties of Goynuk oil-shale tar

Sample Elemental analysis Fractionation (wt.%)
(wt.%)
Goynuk C H N Pentane | Aliphatic Polar Aromatic
Oil soluble | compounds | compounds | compounds
Shale Tar
849 (1095 |1.33]95 46 18 25
4.2 Pitch Processing

4.2.1 Production of Pitch by Direct Air-Blowing

The oxidation treatment was conducted by heating the shale oil tar in a small
stainless steel reactor under an air flow of 2 V/min. at 295°C, 325°C respectively at
varying time. Stirring was maintained at 240 rpm for all experiments. Figure 4.2

shows a schematic set up of the air-blowing system used.
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Figure 4.1 Schematic representation of pyrolysis system

Air flow meter
Temperature contol
Electrical Motor
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Air- inlet
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Stirrer

Figure 4.2 Schematic set up of air-blowing system.




67

The air-blowing was continued for 45 to 60 minutes. The rate of heating was carried
out at 5°C/min. until the desired temperature was achieved then was maintained at
the selected period of time. The reaction residues were designated as GA2 and GAS
for reaction temperature of 295°C and 325°C respectively for a fixed time of
45 minutes and reaction residues designated as GA6 and GA3 for reaction
temperature of 295°C and 325°C respectively for a fixed period of 60 minutes.

4.2.2 Production of pitch by vacuum distillation

Turkish petroleum tar and Goynuk tar were vacuum distilled under 10 mmHg and
temperatures of 325°C for 60 minutes in order to obtain bottom products. Vacuum

distillation was adopted, to avoid decomposition of products at high boiling point.

Figure 4.3 gives a schematic representation of the vacuum distillation unit . Prior to
conducting vacuum distillation, all the glass joints, stopcocks, and hose connections
were thoroughly lubricated with a vacuum type lubricant. In addition, the system
was tested for leaks before every experiment. When the system hold the desired
vacuum, the assembly was ready to use. Yields of the experiments were calculated
from the weight of bottoms products remaining in the flask reactor. The pitches
produced under these conditions were designated as VD1and GD1 respectively.

4.2.3 Production of pitch by solvent extraction
4.2.3.1 HI-THFS fraction

The hexane insoluble, tetrahydrofuran soluble( HI-THFS) fraction was isolated from
two air-blowing residues of Goynuk tar namely GA2 and GA3 by soxhlet extraction
of the hexane insoluble with THF solvent, following which the solvent was removed
from the extract by rotary evaporation. To ensure complete removal of traces of
solvent ,the solvent was further placed in a vacuum oven. The extracted pitches are
then designated as GA2 -F and GA3-F



68

Water outiet

Vacuum guage

Water condenser

Figure 4.3 Vacuum distillation unit.

4.2.3.2 HI-BS (asphaltene) Fractions

The hexane insoluble, benzene soluble (HI-BS) fraction was isolated from air-
blowing residues of Goynuk tar namely GA3, GAS, GA6 and the vacuum residues of
Goynuk tar and Turkish petroleum tar GD1 and VD1 respectively by soxhlet
extraction of the hexane insoluble with benzene solvent, following which the solvent
was removed from the extract by rotary evaporation. To ensure complete removal of
traces of solvent, the samples were further placed in a vacuum oven. The extracted
pitches are then designated as GA3 -S, GAS -S, GAG6 -S for the air-blown residues
and GD1 -S and VD1 -S for the vacuum distillation residues respectively. Table 4.4

gives the notation of all the pitches produced by various methods ..
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Table 4.4 Notation for the parent and derived pitches used

GO Goynuk pyrolysis tar.

GA2 Air-blowing residual product of G0 at 295°C for 45 minutes.
GA3 Air-blowing residual product of GO at 295°C for 60 minutes.
GAS Air-blowing residual product of G0 at 325°C for 45 minutes.
GA6 Air-blowing residual product of GO0 at 325°C for 60 minutes.
GA3-S Asphaltene fraction of GA3 pitch (HI-BS).

GAs-S Asphaltene fraction of GAS pitch (HI-BS).

GA6-S Asphaltene fraction of GA6 pitch (HI-BS).

GD1 Vacuum residual product of GO at 325°C and 10 mmHg.
GD1-S Asphsltene fraction of GD1 pitch (HI-BS).

GA2-F Hexane insoluble-tetrahydrofuran soluble (HI-THFS) of GA2
GA3-F Hexane insoluble-tetrahydrofuran soluble (HI-THFS) of GA;
Vo IkiztepeTurkish petroleum tar.

VD1 Vacuum residual product of VO at 325°C and 10 mmHg.
VDI1-S Asphaltene fraction of GD1 pitch (HI-BS).

4.3 Sample Analysis and Characterization
4.3.1 Solubility of Pitches

The parents Goynuk shale oil tar and petroleum tar, the air blown and vacuum
residues pitches were extracted successively with hexane, benzene and pyridine into
hexane-soluble (HS), hexane insoluble -benzene soluble (HI -BS), Benzene
insoluble-pyridine soluble (BI-PS), and pyridine insoluble (PI).

4.3.2 Elemental Analysis

Carbon, hydrogen and nitrogen were determined in a Carlo Erba 1106 Analyzer.
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4.3.3 Extrogaphy

Two samples were selected for extrographic fractionation. They were air-blown
residues of Goynuk tar at 295°C and 325°C for 45 minutes (GA2 and GAS)
respectively. Goynuk tar GO was also selected as reference. The purpose of using
this technique is to characterize the various Goynuk oil shale derived pitches
obtained at different operating conditions obtained and to visualize the changes in the
chemical composition during air-blowing treatment.

4.3.3.1 Apparatus and Chemicals

A glass column Figure 4.4 packed with the sample adsorbed on silica gel was used
for fractionation. Silica gel (63-200 um) was previously activated by heating at
120°C and its activity was adjusted by adding appropriate quantities of water. The
solvents were treated before use with molecular sieve (0.3-0.4 nm) to remove traces

of water.

4.3.3.2 Fractionation of Pitches

Fractionation of pitches into classes of compounds of different functionality and
molecular size were carried out by extrography with a sequence of six solvents of
increasing polarity using a sample/gel ratio of 1/20. 1 grams of each pitch < 0.20
mm in particles size, was solubilized or suspended in methane dichloride, and a 20 g
of silica gel (63-200 pum) added to the solution. After mixing the methane dichloride
was removed by vacuum distillation in a rotary evaporator and the solid residue was
dried under nitrogen. The dried material was packed in a glass column. At the
bottom of the column 18 g of silica gel was also inserted to avoid over lapping of
fractions [93]. The sequence of solvent used and corresponding eluted fractions were
: 150 ml n-hexane (Fr-I) ; 220ml 64% n-hexane/ 36% benzene (Fr-II) ; 225 ml
chloroform (Fr-III); 300 ml 95% chloroform/ 5% diethyl ether (Fr-IV), and 325 ml
93% chloroform7% ethanol (Fr-V) and 325 ml pyridine (Fr-VI).
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Figure 4.4 Experimental device for extrography, 1. Solvent tank; 2. column; 3.glass
wool; 4.silica gel; 5. Centered glass plate [93].
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The solvent volumes were those consumed until no further material was eluted [79].
Figure 4.5 describe sequence, composition and volume of eluents, and composition
of fractions to be obtained.

4.3.4 Infrared Spectroscopy

FTIR spectra of air blown residues, vacuum residues, and their asphaltene fractions
(HI-BS) and the THFS soluble of two selected samples were obtained with KBr
pallets in a MATTSON 1000 spectrometer. Two pallets of each sample (sample /
KBr =2/200) were used to minimize experimental errors. Samples were formed of
approximately 200 mg of dried spectrometric grade KBr and 2 mg of sample. The
sample and salt mixture was finely pulverized and thoroughly mixed for 5 minutes.
The mixture was placed in a 13 mm KBr die and pressed under vacuum in a
hydraulic laboratory press. A load of 9000 kg was applied each time for 5 minutes.
Each sample was scanned 16 times at a resolution of 4 cm™ . Relative intensities of
various bands and differences in the spectrum between the air-blown residual
products were calculated and evaluated using relative absorption intensities of

various band

4.3.5 Thermogravimetric Analysis

To additional information on the decomposition of the various pitches as a function
of temperature, simultancous thermogravimetric analysis TGA-DTG measurements
were conducted in a Du Pont TGA-951, with a TA-9100 data processing system,
under nitrogen atmosphere and at heating rate of 30°C/min. over the temperature
interval 25-890°C. Sample of pitches with a mass of ~ 15 mg and particle size of
<0.212 mm were placed on platinum crucibles 5 mm in diameter and 5 mm in height.
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



73

(T
: ¢

o

Figure 4.5 Sequence, composition and volume of elutes and composition of fractions
to be obtained [79].

4.3.6 Measurement of ' H N.M.R. and 1*C N.M.R.

Samples for the ' H and C n.m.r. experiments were prepared in 5 mm tubes.

Tetramethylsilane (TMS) was used in the ' H nmr. as reference and
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BCn.m.r. The TMS in CDCl; provided lock signal for ! H, and the solvent CDCls
provided the lock signal for the C n.m.r. spectra. A Bruker ACL 200 spectometer
was used for the ' H spectra with the pulse width at 3.80 us and sweep width of 6024
Hz, 0-11 ppm. The °C spectra were obtained using the same spectrometer as ' H at
room temperature, the pulse width was set at 330 ps, the pulse angle at 90°, the
sweep width 13888 Hz, 0-200 ppm and a delay of 1 second between pulses was
applied. For'>C n.m.r. spectra, the inverse gated decoupling method was used. The
conditions were set to enable comparative data to be obtained. It is knownthat in a
full boiling range shale oil there are organic free radicals present act as paramagnetic

relaxation agents[93].
4.3.6.1 N.M.R. Interpretation

The proton spectra were divided into the regions of interest based upon the chemical
shifts of specific proton types according to [94,95]. The chemical shift range for the
'H and P°C regions used in integration of the spectral areas is listed in Table 4.5. The
integrated areas of these regions (both * Hand *C) were used to obtain the following

average relative parameters [94]:

Total H = (Angar+ AHmar+ AHol+ AH o tAHp+ Al y)
Har = (Atigar+ Afi mar )/ Total H

Hol = Ay o/ Total H

H o = Ag o/ Total H

Hp =App/ Total H

H, = A,/ Total H

Hy =Hq+Hp+Hp

Car = Acy / (ACy + ACy)

Ca =Acy/(ACy + ACy)
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Table 4.5 The regions used in integration of the spectral areas of BCand 'Hnmr.
[94].

Definitions Chemical shift range
(ppm from TMS)

'Homr

H on condensed di and polyaromatic rings (AHgar)

H on monoaromatic rings (AH mar)

H on olefinic groups (AH)

H on carbons a to aromatic system (AH o)

H on 2° and 3° carbons in aliphatic chains and naphthenic

'-‘OION
AoQo
OSOONND

NARAN

rings (AH ) 1.0-2.1
H on 1° methyl groups ( AH,) 0.5-1.0
BCnmr.
C in aromatic rings (ACar) 110-160
C in aliphatic chains and naphthenic rings (ACa) 0-50

4.3.7 Glass Transition Measurements

The Differential Scanning Calorimetry (DSC) has been used to measure the glass
transition of the selected pitch precursor, namely GA6-S. Two different techniques
were applied to determine the glass transition using DSC.

4.3.7.1 Method 1

This method was carried according to Barr and Lewis [86]. The DSC measurement
of the selected sample was obtained with a DuPont 951 Thermal analyzer in
combination with a 9100 DSC unit. Sample weighing 30 mg in sealed aluminum pan
was heated in flowing nitrogen at a rate of 7°C min”. An empty aluminum pan was
used as a reference. Pitch was heated to temperature slightly above Tg to fuse the
sample and then cooled rapidly (quenched) with liquid nitrogen prior to scanning for
thermal transition.
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4.3.7.2 Method 2

In this method the DSC measurement of the selected sample was carried using 5.5
mg using the same equipment, with a TA- data processing system, under heating rate
of 10°C min'. The glass transition (Tg) was determined at half height of
displacement [96].

4.3.8 Spinning

Spinning was conducted at ITU chemical engineering pyrolysis laboratory. The
spinning technique was simply conducted by placing small amount of the hard glassy
pitch in a glass dish followed by heating the selected pitch precursors to 30°C %5
above its melting point temperature. Following which a fine rod or/ pen was dipped
into the molten sample then pulled up ward uniformly. For each sample the
experiment was repeated three time to ensure reproducibility of carbon fibre

spinability. All tested pitch precursors showed reasonable spinability.



CHAPTER 5

RESULTS AND DISCUSSION

5.1 Solubility and Elemental analysis

Fundamental to the understanding of the properties of pitches is an accurate chemical
characterization of the precuisor. Solvent fractionation, extraction and elemental
analysis have been used widely as useful methods for pitch characterization. Solvent
fractionation and extraction are used to divide the pitch into a broad range of
constituents. In recent development solvent fractionation is used effectively as a
method of modifying the chemical structure of pitch prior and during processing of
carbon fibres. The suitability of the various Goyniik oil-shale tar pitches and
Ikiztepe petroleum pitches for the production of carbon materials such as carbon
fibre and activated carbon fibre are characterized by solubility and elemental

analysis.
5.1.1 Solubility of Goynuk Tar and Derived Pitches

The results of solubility of all samples under varying conditions of temperature and
time are given in Table 5.1. Light fractions of hexane-soluble (HS) significantly
decreased with air-blowing, while higher insoluble fractions such as benzene-
insoluble (BI) and pyridine insoluble (PI) increased only few percentages due to the
aliphatic nature of Goyniik tar. Among the air-blowing pitches the maximum
decrease of hexane soluble (HS) was observed for GA6. While the decrease of
hexane soluble in Goyniik vacuum distillate GD1 obtained at similar experimental

conditions was lower.
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Table 5.1 Solubility of Goyniik air-blown and vacuum distillation residues

Sample Solubility (wt.%)
Code
HS HI-BS BI-PS PI
GO 95.5 33 1.1 0.1
GA2 65.5 313 3.1 0.5
GAS 53.9 38.6 6.7 0.7
GA3 55.9 36.9 6.3 0.6
GA6 46.7 40.0 11.1 1.7
GD1* 64.5 334 1.9 0.1
GD1*: Vacuum residue at 325°C for 60 minutes ( 10 mmHg).
W Hs
BB Hi-Bs
O a-ps
A

Figure 5.1 Solubility spectrum of the various pitches
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These differences can be explained by conversion of some percentage of hexane
soluble fractions into asphaltenes (HI-BS) and insoluble components. The solubility
spectrum of the various pitches are shown in Fig. 5.1.

This increase was clearly those expected based on the removal of some of the lower
molecular weight constituents. In contrast under similar conditions the asphaltene
fractions (HI-BS) and benzene insoluble content of air blowing pitch GA6 was much
higher than would be predicted from enrichment alone.

From solubility results it is concluded that the chemical reaction occurred during air-
blowing has transformed some of the light fractions to heavier fractions. This effect
was the greatest for the sample blown at 325°C for 60 minutes (GA6). On the other
hand, the pyridine solubility was insignificant for air- blown and almost unchanged
for vacuum distillation. This finding is consistent with Goyniik characteristics as it is
highly aliphatic in nature mainly as alkyl side chain.

5.1.2 Elemental Analysis of Goyniik Tar and Derived Pitch

Elemental analysis, along with the chemical compositions of the untreated Goynuk
feed (GO) and various pitches produced by air- blowing, are given in Table 5.2. The
Table indicates some variation in the elemental contents of the pitches, but the most
pronounced differences were seen in the hydrogen and nitrogen contents.
Comparatively high nitrogen content of the Goyniik shale oil pitches can be
attributed to the high heteroatom content of their precursors. The carbon contents of
the whole materials are rather similar, but there is some variation in the hydrogen
contents. As expected the pitches obtained at low air-blowing temperature or times
were invariably found to contain more hydrogen than the pitches at higher oxidation
temperature and/or time. It is therefore suggested that a process of dehydrogenation
during air-blowing has taken place, which can be linked with cyclization and/or

armortization [97].
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The variation of atomic C/H ratios of the various pitches calculated from elemental
analysis results Table 5.2 and Figure 5.2 showed an increase after air blowing. It is
generally known that the higher the carbon-to- hydrogen ratio, the greater the degree
of ring condensation, regardless of weather the rings are aromatic or naphthenic in
character [98].

Table 5.2 Elemental analysis and selected properties of Goyniik tar and air-derived
itches

Sample Air-blowing Elemental analysis Atomic ratio
Code wt.%
T Yie. t C H N | C/H | N/C(100)
GO 8490 1095 1.33 | 0.65 1.35

GA2 295 296 45 | 8335 9.75 1.65 | 0.70 1.69
GAS 325 234 45 | 8420 895 1.65 | 0.78 1.68
GA3 295 253 60 | 84.00 950 1.65 | 0.74 1.68
GA6 325 190 60 | 8435 8.75 1.80 | 0.80 1.83

T: Temperature (°C), Yie: Yield (wt.%), t: Time (min.).

Figure 5.2 Variation of C/H ratio of the various Goyniik oil shale derived pitches.
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Air-blowing residual product at 325°C at 60 (GA6) and 45 minutes (GAS)
respectively showed significant increase of C/H atomic ratios, indicating a marked
dehydrogenation. In contrast the C/H ratio of the blown product GA2 at low
oxidation temperature was smaller. The low C/H ratio of GA2, is consistent with
their being highly paraffenic in nature. The high degree of aromaticity of GA6 and
GAS5 can be explained by their relative increase of C/H atomic ratio. A slight
increase in the percentage of nitrogen is due to distillation occurring during air
blown. The distillate contains relatively fewer amounts of nitrogen, resulting in
overall enrichment of nitrogen in the blown ﬁroduct. Generally an increase in C/H
ratio is thought to be caused by an increase in aromaticity and dehydrogenation that
is more relevant in air treatment [39]. Pitches prepared for this study show different
degree of polymerization, condensation, as deduced from their C/H ratio and

solubility values.

The yield of the air- blown residue of tar at 325°C for 60 minutes (GA6) was 19 %
indicating a significant distillation during air-blowing Table (5.2). In contrast the
air-blown sample at 295°C for 45 minutes (GA2) showed the largest yield (29.6%).
In general the yield of air-blown residues decreased proportionally with the rise of
both the temperature and time. The higher air blowing temperature rapidly raised the
viscosity, C/H atomic ratio and softening point in shorter period given a lower yield
of the blown tar. For example, 60 minutes was necessary at 295 °C to get a yield of
25.3%, while it took only 45 minutes at 325 °C to get approximately similar yield of
23%.

5.1.3 Elemental Analysis of HI-BS (Asphaltene) Fractions

As shown in Table (5.1) the asphaltene fraction distribution is markedly increased
with severity of air-blowing. The pitches (GA2, GA3, GAS and GA6) show a wide
range of distribution of asphaltene (31-40 wt.%). The asphaltene fraction GA6-S of
air-blowing pitch at 325°C for 1 hour comprises almost 40% of row pitch, compared
to the asphaltene fraction GD1-S of vacuum distillation pitch at similar temperature

and time at value 0f 33.4%
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This in fact shows that for Goyniik derived pitch, by air blowing is a more
convenient and efficient process to increase asphaltene content compared to vacuum
distillation. Generally high asphaltene content in a pitch often results in high carbon
yield when the pitch is converted to fiber.

Table 5.3 gives the elemental analysis of the asphaltene fractions of the selected
residual products. Comparison of asphaltene fractions with their respective feedstock
shows that the carbon content of the whole material and their asphaltene fractions are
rather similar. There are, however, significant variation in the hydrogen contents.
The asphaltene fractions, showed less hydrogen content, than their respective
feedstocks. As Goyniik tar derived pitches contains more aliphatic hydrogen
probably as alkyl side chain. The decrease in hydrogen in asphaltene fraction is due
to the removal of aliphatic hydrogen rich compounds ie. hexane soluble fraction.
This is also confirmed by their higher C/H ratios as seen in Fig. (5.2). Considering
the numerical values of C/H ratios of various samples it should e noted that Goyniik
oil-shale derived pitch GA6-S has the highest degree of aromatization and aromatic
condensation followed successfully by GA5-S, GA3-S and GD1-S. The nitrogen

content seems to concentrate in asphaltene fractions.

Table 5.3 Elemental analysis and selected properties of asphaltene fractions

Sample Elemental analysis Atomic ratio
Code wt.%
C H N C/H N/C(100)
GA5 -S 82.00 7.35 215 0.90 2.24
GA3-S 82.90 8.13 2.26 0.85 2.32
GA6 -S 82.92 6.95 2.46 0.98 2.44
GD1 -8 76.80 7.57 2.46 0.74 2.74
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Figure 5.3 Comparison the variation of C/H ratio of asphaltene fractions with their
respective feed stocks.

5.1.4 Elemental Analysis of HI-THFS Soluble Fractions

Comparison the HI-THFS fractions GO-F, GA2-F and GA3-F with their respective
feed stocks GA2 and GA3 show a significant reduction in hydrogen . The hydrogen
content was reduced from 10.90 to 7.9 wt% for GO and from 9.75 to 7.55 wt% for
GA2 and from 9.50 wt% to 6.80 wt% for GA3 as reported in Table 5.4. This
variation in hydrogen contents was reflected by the significant increase of C/H
atomic ratios Table 5.4. The nitrogen content seems to concentrate in heavy
fractions. However the nitrogen content of the extracted pitches decreased slightly
with severity of air-blowing. GO-F showed the highest nitrogen cut while GA3-F
showed the smallest cut. This because during air blowing some heteroatoms are lost
resulting in the generation of polycyclic and neutral heterocyclic aromatic
hydrocarbons (see also extrography section 5.2). As the fraction HI-THFS include
the asphaltene and more heavier fractions such as benzene insoluble aromaticity is
expected to be higher than both the original feed stock and their asphaltene fractions
as shown in Figure 5.4.
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Table 5.4 Elemental analysis and selected properties of HI-THFS fraction asphaltene
fractions and their respective feedstocks

Sample Elemental analysis Atomic ratio
Code wt.%
C H N CH N/C(100)
GO 84.90 10.90 1.33 0.65 1.35
GA2 83.35 9.75 1.65 0.70 1.69
GA3 84.00 9.50 1.65 0.74 1.68
GO-F 74.7 7.3 2.8 0.78 3.21
GA2 -F 78.90 7.55 2.35 0.87 2.50
GA3 -F 78.90 6.80 2.00 0.97 2.17
GO0-S 76.7 7.3 3.55 0.87 3.96
GA3 -S 82.90 8.13 2.26 0.85 2.32

Aromaticity (C/H) ratio

GO-F

n
o
O

GA2 -F
GA3 -F
GA3 -S

Figure 5.4 Comparison the Variation of C/H ratio of feed stocks G0, GA2 and GA3,
with their THFS fractions and with asphaltene fractions GO-S and GA3-S.
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5.1.5 Elemental Analysis of Turkish Petroleum Derived Pitches

The elemental analysis of the Ikiztepe petroleum-tar VO, vacuum distillate VD1 and
its respective asphaltene, VDI1-S and the Goyniik oil-shale tar derived pitches are
given in Table (5.5)

Table 5.5 Elemental analysis and selected properties of Goyniik tar and
Ikiztepe petroleum vacuum residues at similar operating modes.

Sample Elemental analysis Atomic ratio
Code wt/%
C H N CH N/C(X100)

GO 84.90 10.95 1.33 0.65 1.35
GD1-S 76.80 7.57 2.46 0.74 2.74
GAG6-S 82.92 6.95 2.46 0.98 2.44

Vo 81.16 10.34 04 0.65 0.4

VD1 75.92 8.32 0.82 0.76 0.82
VD1-S 90.61 8.66 0.82 0.87 0.82

The Table indicates some variation in the elemental analysis contents, but the most
pronounced differences were seen in the nitrogen content N/C Figure 5.5. The
Goyniik tar GDO and its asphaltene fraction GD1-S showed higher Nitrogen content
(N/C) at values of 1.35 and 2.74 respectively compared to values of 0.4 and 0.82 for
Ikiztepe petroleum VO and its asphaltene VDI1-S. In comparing the vacuum
distillation derived pitches for both Ikiztepe petroleum and shale-oil (Table 5.5), it
can be seen that the petroleum derived pitches showed higher aromaticity than
Goyniik pitch produced by vacuum distillation (GD1) as indicated by the increase of
C/H ratio. However under similar conditions the asphaltene fraction of the Goyniik
derived pitch by air-blowing GA6-S showed higher degree of aromaticity than both
GD1-S and VD1-S consistent with its lower hydrogen content. This increase in C/H
ratio is thought to be caused by an increase in aromaticity and dehydrogenation as a
result of air-blowing. The carbon content was maximum for the petroleum
asphaltene (90.61%).
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GO GD1-§ Vo VD1-8

Figure 5.5 Changing in nitrogen content during preparation of pitch precursors from
Goyniik oil-shale tar and Ikiztepe petroleum.

The elemental analyses of the various materials studied and their asphaltene
fractions indicate salient differences among the chemical composition within the
studied materials and with their asphaltene fractions. Additional information on the
molecular nature of these materials was sought by using extrography, TGA and
DTA, GPC, glass transition (Tg), FT-ir and NMR.

5.2 Extrography

Important information about the chemical characteristics of pitches can be obtained
by extrography. From the various pitches two were selected for extrographic
fractionation, on the basis of significant differences in their chemical composition as
a result of air-blowing at different temperature. They were GA2 and GAS5. The
parent Goyniik oil-shale tar GO was selected as a base for comparison. Figure 5.6
and Table 5.6 show the percentages within fractions I to VI obtained by extrography
of the selected pitches. The histograms of the fractions for the three materials show
that the Goyniik tar GO contains significant amounts of aliphatic hydrogen, separated
out in fraction I (Fr-I), a low content in fraction II and III and the largest amounts of
phenols and basic nitrogen compounds (fractions IV and V).
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Table 5.6 Relative distribution of fractions obtained by extrography of pitches GO,
GA2 and GAS.

Sample Air-blown Fractions
Code conditions wt.%
T | t Fr-l |[Fr-Il |Fr-Il |Fr-IV |Fr-V | Fr-VI
GO 4482 123 18.13 1595 143 0.05

GA2 295 45 145 171 46.14 751 758 048
GAS5 325 45 6.11 1321 5805 596 859 219

Frl I il RV Vv VI

Figure 5.6 Relative distribution of the fractions of GO, GA2 and GAS.
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The GO should be the most reactive of the studied material. The high reactivity may
originate from their aliphatic natures [16,86]. GA2 and GAS5 pitches obtained from
the same Goyniik oil-shale tar under different air-blowing treatment conditions can
be compared. GA2 contains a significant amounts in the content of light polycyclic
aromatic hydrocarbons (Fr-II).

GAS contains the highest proportion of neutral heterocyclic compounds separated out
in fraction III (Fr-IlI). Both GA2 and GAS showed a decrease in aliphatic
hydrocarbons and in phenolic and basic nitrogen compounds separated out in
fractions, I, IV and V respectively.

This means that during air-blowing some heteroatoms are lost and lighter fractions
distilled and/or converted to heavier fractions resulting in generation of polycyclic

aromatic and neutral heterocyclic hydrocarbons.

The increase in aromaticity with severity of air-blown is also confirmed by the
increase in C/H calculated from elemental analysis. Extrography technique shows
differences in chemical composition between the various Goyniik oil-shale derived

pitches

5.3 Characterization of pitches by thermal analysis TGA-DTG

The differences in content of the various pitches should be confirmed by thermal
analysis, as they are related with typical parameters from the thermoanalytical
techniques, such as 10% weight loss temperature (T10), 50% weight loss temperature
(T50), the total weight loss (TG), as well as the temperature of maximum weight loss
rate (DTG), and the subsequent yield of coke. Thermogravimetric records the weight
loss as a function of temperature during the exposure of the studied samples to
flowing nitrogen. In general weight loss is attributed to the physical removal of low
molecular weight volatile in the original materials.

The weight loss and derivative of weight loss curves of Goyniik derived pitches and
Ikiztepe petroleum pitches are shown in Figures 5.7 and 5.8 respectively.
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Figure 5.9 (position a, and b) show the percentage weight remaining (TG) as a
function of temperature for Goyniik oil-shale and Ikiztepe petroleum derived pitches
respectively. The Figure shows interesting differences. In the case of the parent
Goyniik oil-shale tar GO the total weight loss was maximum at a value of 96.5% and
its higher than its derived pitches at any temperature. This is also reflected by the
low temperature at 10% and 50% weight loss. This result is expected as GO contains
significant amount of aliphatic hydrogen as indicated by solubility and extrography.

In the case of Goyniik derived pitches the TGA curves for the air blowing pitches
and their extracted asphaltene (HI-BS) Fig 5.9 (position a) are quite parallel to each
other, as expected for pitches obtained from the same tar by the same preparation
method.. As seen in Figure 5.9 (position a) all Goyniik samples undergo weight loss
in a single step covering the 200-600°C interval; above 600°C the weight loss is
much smaller. The magnitude of weight loss at 890°C varied from one pitch to
another. The most interesting parameters obtained from TGA curves of the studied
samples are given in Table 5.7. The Goynik oil-shale derived pitch at mild
oxidation GA2 constitutes the most outstanding case among all studied pitches, as it
undergoes a much larger total weight loss as they are lighter on average. This may
be due to the insufficient temperature or time of heat treatment and air-blown,
resulting in less polymerization [85] and/or due to the thermal instability of its
constituents. On the other hand at higher air-blowing temperature as in the case of
GAG6 pitch the weight loss is lower than GA2, as reflected by its higher temperature
at 10% and 50% weight loss. This indicate that GA6 pitch contains much less lighter
components, and higher heavier components in agreement with the high content of
carbon yield, suggesting higher degree of polymerization than GA2. In the case of
pitches prepared by solvent extraction (HI-BS), the 10% and 50% weight loss start at
higher temperature than their respective feed stocks resulting in lower total weight

loss as shown in Table 5.7.
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This is probably due to that the asphaltene is the highest molecular, most highly
aromatic part of a pitch and as such it tends to be the most stable or least volatile as
reflected by its high carbon yield. Qualitatively the higher the aromaticity and the
degree of condensation (larger molecular weight) and larger unit structure may be
responsible for the decreased weight loss and the increased carbon yield [36]. From
the results it is evident that the weight loss of a pitch decrease with increase in the
aromaticity as indicated in Table 5.7. The GA6-S sample exhibited the lowest
weight loss. This agrees with the fact that this pitch has the highest aromaticity

(C/H) among all samples.

Table 5.7 Results of pyrolysis of pitches obtained by thermal analysis.

Sample C/H | Weight loss(%) Temp. at 10% Temp. at 50%
(-AW%) Weight loss (°C) Weight loss (°C)
at 890°C (T10) (Tso) -

GO 0.65 96.7 125 255

GA2 0.70 78.6 264 -

GAS 0.78 72.9 318 -

GA6 0.80 65.7 322 -

GA3-S 0.85 66.3 378 495

GAG6-S 0.98 58.3 420 530

Vo 0.65 89.6 190 430

VD1 0.76 65.7 445 515

VD1-8 0.87 59.9 435 525

Figure 5.9 (position b) shows TG curves for ikiztepe petroleum tar and pitches,
namely, VO, VD1 and VDI1-S. In the case of VO The 10% and 50% weight loss
temperature start at about 190°C and 430°C respectively. The magnitude of weight
loss at 890°C varied from 89.6 % (VO0) to 59.9% (VD1-S) as shown in Table 5.7. It
should be noted that VDO its derived pitches lose less weight than those
corresponding to Goyniik derived pitches as reflected by its higher 10% and 50%

weight loss temperature.
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The asphaltene fractions of both Goynuk and Petroleum derived pitches gave lower
weight loss than their respective feedstock, as indicated by the increase of
temperature at 10 and 50% weight loss. This is could be attributed largely to the

lesser percentage of low molecular weight volatile.

Differential calculation of the weight loss was conducted automatically to give the
rate of weight loss shown as derivative thermogravimetry (DTG) curves in
Figure 5.10. DTG curves of Figure 5.10 show that the temperature corresponding to
the maximum rate of devolatilization (Tmax) for the various pitches, in the interval
200-600°C, shifts to higher temperatures with air-blowing severity. The shift of the
temperature for maximum weight loss rate to higher temperatures as consequence of
air-blowing and vacuum distillation is clearly revealed by values shown in
Table (5.8). The petroleum-derived pitches show higher temperature for maximum
rate of weight loss than Goynuk derived pitches. The DTG curves indicate that the
weight loss up to 400°C is basically due to the distillation constituents of MW<300
and of light components, whereas the weight losses at higher temperatures are mainly
due to constituents with MW >300 with smaller contributions from the heaviest
fractions [85].

Table 5.8 Temperature of maximum weight loss rate for Goynuk and Petroleum
derived pitches.

Sample C/H | Weight loss(%) | maximum rate of weight | Coking
(-AW%) loss temp. (°C) yield (%)
at 890°C (Tmax)

GO 0.65 96.7 281 3.3

GA2 0.70 78.6 - 21.4

GAS 0.78 72.9 - 27.1

GA6 0.80 65.7 - 34.3

GA3-S 0.85 66.3 470 33.7

GA6-S 0.98 58.3 493 41.7

Vo 0.65 89.6 481 10.4

VDI 0.76 65.7 502 34.3

VDI1-S 0.87 59.9 498 40.1
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Figure 5.10 DGA curves for (a) Goynik oil-shale derived pitches (D) Ikiztepe
petroleum derived pitches
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The coking capacity of the studied pitches Table 5.8 and Figure 5.11 as measured by
the carbon yield (CY) obtained by pyrolysis at 890°C, for Goyniik derived pitches
was increased from 3.3 wt.% to a value of 34.4. It is also noted that the coking yield
increase with increasing severity of air blowing . The major influence of air-blowing
on CY is revealed by the big differences between the values obtained at different air-
blowing temperature of the same Goyniik oil-shale tar. For example the GA6 pitch
obtained at air-blown temperature of 325°C gave higher carbon yield than GA2 pitch
obtained at blowing temperature of 295°C. The carbon yield for the pitches produced
from Ikiztepe petroleum was higher than those produced from Goynuk oil-shale tar
pitches. This is probably due to the fact that the petroleum originated tar contains
less nitrogen, hydrogen and non-carbon elements. It is of value to point out that the
asphaltene fractions (HI-BS) exhibited higher carbon yield than their respective feed
stocks. This is probably due to that the asphaltene is the highest in molecular weight,
most highly aromatic part of a pitch and as such, it tends to be the most thermally
stable or least volatile resulting in a significant increase of coking yield. Among the
air-blown pitches GA6-S pitch which is prepared by solvent extraction (HI-BS) of
air-blown product GA6 carried the largest quantity of coking yield. The different
coke yield of GA3-S and GA6-S in spite of their similar molecular weight may be
due to their different size of their unit structure [36]. Figure 5.12 describe the
relationship between the coking );ield (CY%) at 890°C, and the aromaticity (C/H
ratio) for the studied samples. As can be seen the coking yield increase
proportionally with increase in C/H ratio. This indicate that both air-blowing and
vacuum distillation promises to be effective methods for increasing both aromaticity

and coking yield percent.

The apparent activation energy (Ea) of the various pitches are listed in Table (5.9).
The activation energy values were obtained automatically from the TGA date using
single curve differential method equation. Similar calculation was conducted by
Collett et al [97]. Differential plot of the thermogravimetric data from the Goynuk
derived pitches at two different air-blowing temperatures curve for calculating

activation energy is represented in Figure 5.13.
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Differences in reactivity of both Goyniik and Ikiztepe petroleum derived pitches
were found, being higher for Goyniik derived pitches than Ikizetepe petroleum
pitches. Table 5.7 show that, at the initial stage of pyrolysis and at 50% burn-out,
Goyniik derived pitches show temperatures lower than- Ikizetepe petroleum. This is
in fact an indication which reflects the higher reactivity of Goyniik derived pitches
compared to Ikiztepe petroleum.

The apparent activation energy (Ea ), increases with severity of air-blowing and it is
always higher for petroleum derived pitches and lower than pitches derived from as
seen from Table 5.9. The greater reactivity of Goyniik derived pitches may be due to
their inherent aliphatic structure and or/ to the catalytic effect of ash contents. These
finding were also reported by Fei et al and others [5,16,86]. Fernandez et al [100]
attributed the low reactiveity of a coke to the higher resistance to oxidation of
Ql/coke interface.

5.4 Qualitative Molecular weight distribution by GPC

Gel permeation chromatography (GPC) is the most applicable method to the analysis
of large molecular components of pitch materials. The molecular size distribution
within a number of Goyniik derived pitches was obtained using tetrahydrofuran as a

solvent.

The molecular size profiles obtained from the GPC of the Goyniik derived pitches at
various operating conditions, the HI-BS (asphaltene) and THFS fractions, are shown
in Figures 5.14,5.15-5.16.

Gel-permeation chromatograms of the various Goyniik blown pitches are illustrated
in Figure 5.14. The low oxidation temperature pitch GA2 has the narrowest
molecular size distribution profile Figure 5.14 (position a). GA2 show only single
peak assigned to low molecular weight distribution. On the other hand with air-
blowing severity, the GPC curves of GA6, show a wider molecular size distribution.
Shoulder appears in both GA3 and GA6 pitches which belongs to higher molecular
weight Fig. 5.14 (position b and c).
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Table 5.9 Activation energy of the various studied
samples based on sirg.izle curve differential method

Sample Activation energy (Ea)
(kJ/mole)

GO 7.907

GA2 13.8

GAS5 25.7

GA6 59.139

GA6-S 115.442

Vo 86.934

VD1 132.522

VD1-S 149.198
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Figure 5.13 Differential plot of thermogravimetric data fromGA2 and GAS pitches
for calculating activation energy
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The GPC profiles for the blown residue clearly indicate an increase in the molecular
weight with increasing the severity of air-blowing. The air-blowing sample GA6 as
indicated by the appearance of a wider shoulder seems to contain much higher
molecular weight than GA2 and GA3.

GPC molecular size distribution profiles of pitch GAS and its respective asphaltene
fractions GAS-S and GO-S are compared in Figure 5.15. Where the asphaltene
fraction GAS5-S, show Two distinct peaks which assigned to low and medium
molecular weight distribution. This indicate that the asphaltene fractions have higher
molecular size distribution than their respective feed stock GAS. The different GPC
profiles of GAS-S and GAO-S in spite of their similar molecular weight may be due
to their different size of their unit structure, which may be introduced to the pitch
during air-blowing.

The THES fractions of the original shale oil tar and blown residues at 295°C for 45
and 60 minutes, namely, GO-F GA2-F and GA3-F respectively are shown in Figure
5.16. The Figure clearly shows that the GA3-F contains insignificant low molecular
weight distribution, and considerable higher molecular weight. GO-F shows only two
distinct peaks assigned to low and medium molecular weight distribution. On the
other hand the GA2-F show three peaks, which are assigned to low, medium and
high molecular size distribution.

From the GPC profiles it is concluded that air blowing residues at various operating
conditions have resulted in increasing the molecular size of the original tar. The
higher molecular size seems to increase with severity of air blown. This fact is
clearly illustrated in Figure 5.14 where the molecular size distribution of air-blowing
residues at various operating conditions, showed different molecular size
distribution. Higher molecular weight distributions increase in the order of increasing
air-blowing temperature and time. Both asphaltene and THFS fractions show higher
molecular size distribution than their respective feed stocks.
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Molecular weight distribution

Figure 5.14 GPC molecular weight profiles for Goyniik oil-shale derived pitches
(a) GA2 (b) GA3 and (c) GAS.

GAs-S

©

Figure 5.15 Comparison of GPC molecular weight distribution profiles of GO-S and
GAS and its respective asphaltene fraction GAS-S.
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GAyF

Figure 5.16 GPC molecular weight profiles of the blown pitches GA2,GA3 and
THFS fraction of GA2 (GA2-F).
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5.5 Glass transition

From the discussion of the elemental analysis and TGA and DTG of the various
pitches, the asphaltene fraction GA6-S was expected to be good precursor for
production of carbon fiber. The pitch GA6-S shows optimum characteristics in term
of aromaticity (C/H) and carbon yield content (CY) among all pitches originated
from Goynilk shale oil tar. Therefore GA6-S was selected for measuring the glass
transition (Tg).

Using the Barr and Lewis method [86], distinct glass transition was observed in DSC
scans of air-blowing sample GAG6-S pitch. Figure 5.17 shows repetitive DSC scans
of the selected sample. The initial scan exhibited an endotherm as expected in the
vicinity of Tg with maximum at 62°C. The second scan, which was made
immediately after cooling the sample rapidly from 100°C to -10°C shows a well -
defined Tg with an onset temperature of 42°C. The endothermic peak is no longer
visible in the thermogram of the quenched pitch sample.
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Figure 5.17 DSC curve for GA6-S pitch (a) first heat, (b) second heat on quenched
sample. (Sample size 30 mg: atmosphere, N2 : heating rate 7°C min™).
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The glass transition determined at half height of the displacement Fig. 5.18 has a
value of 46°C, while the value of the maximum endothermic was 76°C. Both
methods showed an increase of glass transition in comparison with the Goyniik tar
(GO) that is liquid at room temperature. The glass transition temperature (Tg) of
Goyniik derived pitch GA6-S was also compared with a commercial coal tar and
petroleum pitches. Table 5.10 lists Tg for several isotropic coal tar and petroleum
pitches as well as for pitéh made from Goyniik oil shale (GA6-S).
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Figure 5.18 Glass transition temperature of GA6-S pitch






