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F O R E W O R D 

The A C S SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publ ishing symposia quick ly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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P R E F A C E 

THE ECONOMIC CRISIS of the early 1970s upset petroleum supply and price 
patterns throughout the world and led to an uncertain outlook for carbon 
precursor development. Nevertheless, promising concepts were emerging for 
a wider range of carbon products, including the idea that the "bottom-of-the-
barrer petroleum residues should not be viewed as a disposal problem but as 
a valuable source of heavy molecular species. 

In 1975 the American Chemical Society (ACS) sponsored the first 
symposium on petroleum-derived carbons as part of the 169th National 
Meeting. This first symposium was organized by M . L. Deviney and T. M . 
O'Grady; the strong favorable response of the participants led these 
cochairmen to edit the papers for publication in the A C S Symposium Series. 
This volume (/) has become a standard reference work for carbon scientists 
and organizations with vested interests in the refining of petroleum 
precursors, the fabrication of carbon and graphitic materials, and the use of 
carbon and graphitic materials in our increasingly high-technological 
environment. 

Since 1975, the increased intensity of research on carbon materials and 
precursors has been evidenced by the growth of various conferences on 
carbon, including those conducted biennially by the American Carbon 
Society (2-6) as well as the international conferences in Europe (7-11) and 
Japan (72). The number of published abstracts on carbon materials nearly 
doubled from the 12th American Conference (1975) to the 16th Conference 
(1983). Furthermore, new patterns of petroleum supply have formed a more 
stable basis for carbon precursor development and thus foster an optimistic 
outlook for the development of high-technological carbon products. 

A second symposium on petroleum-derived carbons was held as part of 
the 187th National A C S Meeting. The primary objectives were to discuss 
research progress since the first symposium and to appreciate the potential of 
the higher added-value carbon products that are or could be based on 
petroleum-derived precursors. By inviting selected speakers, we sought to 
cover most topics of interest to the petroleum industry, and the papers 
included in this volume fall into five general categories: 

• Chemistry and industrial processing of carbon precursors 
• Chemical and plastic behavior of the carbonaceous mesophase, which 

is the liquid crystalline phase where the microstructure of coke and 
many other carbon products is established 

• Petroleum coke and coking processes 

vii 
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• Carbon products ranging from conventional materials, such as 
electrodes for the aluminum and steel industries, to new high-
technological applications, such as biomedical implants 

• Carbon fibers and carbon-carbon composite materials 

The topic of graphitic intercalation compounds was intentionally omitted 
because intercalation science has become a major field, encompassing 
disciplines beyond those conventionally associated with petroleum chemistry. 

Thirty papers were presented at the 1984 symposium. Speakers were 
free to develop their topics, but encouraged to focus on their own work and 
to provide full reference lists for readers who wish to pursue particular topics 
in further depth. The twenty-five papers appearing in this volume were 
completed after the symposium so that authors could write with the benefits 
of the questions and discussions at the symposium. One paper entitled 
"Feedstocks for Carbon Black, Needle Coke, and Electrode Pitch," was 
published elsewhere, and readers are referred to that publication (13) for an 
analysis of market trends and an outlook for heavy aromatic oil supplies. 
Two other papers were also published elsewhere, and these appeared 
substantially in the same form as in the symposium preprints (14, 15). 

We believe that three factors contributed to the success these symposia 
have achieved. The first factor is the growing recognition that the high-
carbon "bottom-of-the-barrel" residues offer enormous potential for higher 
added-value carbon products. The second factor is the general appreciation 
that success in the development of carbon products depends on improved 
understanding of carbonization chemistry. These views are certainly well 
justified by the development of such products as high-modulus carbon fibers 
spun from refined petroleum (or coal-tar) pitches. 

The third factor was the attendance of nine well-known carbon 
scientists from Europe and Japan in the 1984 symposium. Support for their 
attendance was obtained by a grant from The Petroleum Research Fund 
supplemented by contributions from the following industrial sponsors: 
Aluminum Company of America, Ashland Petroleum Company, Arco 
Petroleum Products Company, Exxon Research & Development Laborato
ries, G A Technologies Inc., Gulf Canada, Ltd., Gulf Research & Develop
ment Company, Koppers Company, Inc., Mobil Oil Corporation, The 
Standard Oil Company (Ohio), and UOP, Inc. 

The active participation by European and Japanese scientists contrib
uted to the scientific quality of the symposium and provided an international 
perspective that will be increasingly significant to future carbon technology. 
We were particularly impressed by the vigor of Japanese research and 
development on carbon materials in the absence of stimulus by large 
aerospace and defense industries. Reflecting the dedicated activity of many 
workers, the Japanese effort also seems to result from clear recognition by 
government and industry of the important role of carbon products in future 
technology. 

viii 
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In addition to the foregoing industrial sponsors, we also wish to thank 
the reviewers of the papers. Although they must remain anonymous, we wish 
to join a number of authors in expressing gratitude for their contributions by 
careful review, constructive criticism, and good questioning. Finally we 
thank our respective organizations for the opportunity to undertake the 
duties of symposium cochairmen as well as coeditors of the present volume. 

JOHN D. BACHA 
Chevron Research Company 
Richmond, CA 94802 

JOHN W. NEWMAN 
Ashland Petroleum Company 
Ashland, KY 41114 

J. L. WHITE 
The Aerospace Corporation 
Los Angeles, CA 90009 
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1 

The Chemistry of Mesophase Formation 

Harry Marsh and Carolyn S. Latham 

Northern Carbon Research Laboratories, University of Newcastle upon Tyne, Newcastle 
upon Tyne NE1 7RU, England 

The origins and development of the concept of 
carbonaceous mesophase, as derived from discotic 
aromatic nematic liquid crystals, enable applications 
to be made to industrial processes. The world 
availability of pitch materials is such that there 
is an abundance of pitch which produces cokes of 
l i tt le commercial value. A major incentive for 
research into the chemistry of mesophase formation 
is the commercial up-grading of such pitches and 
the development of specialized pitches. Structure 
in cokes is described in terms of optical texture. 
The importance of viscosity of pyrolyzing pitch in 
controlling size of optical texture is stressed. 
Pitch viscosity itself is related to chemical 
composition of the parent material. Those rich 
in oxygen and sulphur tend to produce cokes with 
small sized optical texture; those rich in hydrogen 
tend to produce cokes with large sized optical 
texture related to needle coke formation. Generally, 
cokes with small sized optical texture tend to have 
higher strength, higher reactivity and higher CTE 
values. Cokes with larger sized optical texture, 
e.g. needle cokes, have lower reactivity and CTE 
values. The important role of transferable hydrogen 
in carbonizing systems is stressed. Attention is 
drawn to the fact that inerts or quinoline-insoluble 
material in pitch may not be inert, but can be 
chemically and physically active in the carbonization 
system. Future research and development is outlined. 

The carbonaceous mesophase i s the in termed ia te m a t e r i a l formed d u r i n g 
c a r b o n i z a t i o n o f parent p i t c h and l e a d i n g to the r e s u l t a n t coke. The 
d i s covery and development o f the concept o f mesophase over the l a s t 
twenty years must represent one of the most s i g n i f i c a n t advances i n 
carbon s c i e n c e . Mesophase i s a term borrowed from the sc ience of 
convent iona l l i q u i d c r y s t a l s and means " i n t e r m e d i a t e phase" . The 
term "carbonaceous mesophase" i s d i s t i n g u i s h e d from the term 1 nemat i c 

0097-6156/86/0303-0001$08.25/0 
© 1986 American Chemical Society 
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2 PETROLEUM-DERIVED CARBONS 

l i q u i d c r y s t a l * the former b e i n g a po lymer ized l i q u i d c r y s t a l system. 
Mesophase i s composed of l a m e l l a r molecules the s t r u c t u r e s of which 
are based on the hexagonal network o f carbon atoms o f the graphi te 
l a t t i c e . C u r r e n t l y , carbonaceous mesophases can be produced w i t h a 
range o f s o l u b i l i t i e s , i n e . g . q u i n o l i n e . The term 'mesophase p i t c h 1 

w i t h thermotrop i c p r o p e r t i e s has been i n t r o d u c e d r e c e n t l y . Here the 
carbonaceous mesophase i s formed by c o o l i n g the f l u i d i s o t r o p i c p i t c h . 
P r i o r to the r e c o g n i t i o n of mesophase, the format ion of a n i s o t r o p i c 
coke from a f l u i d phase was descr ibed i n terms of a coking p r i n c i p l e 
(1 ) . 

As e a r l y as 1944, B l a y d e n , Gibson and R i l e y (2) looked for 
s i g n i f i c a n t changes i n s t r u c t u r e between n o n - g r a p h i t i z i n g and 
g r a p h i t i z i n g carbons d u r i n g the c a r b o n i z a t i o n process , u s i n g X-ray 
d i f f r a c t i o n techniques . D i f f r a c t i o n p a t t e r n s were i n t e r p r e t e d i n 
terms of the concept that l a m e l l a r c o n s t i t u e n t molecules w i t h i n the 
c a r b o n i z i n g system formed s tacked u n i t s , c a l l e d c r y s t a l l i t e s . Although 
the X - r a y d i f f r a c t i o n approach showed that e s s e n t i a l d i f f e r e n c e s 
e x i s t e d between the mechanisms o f formation o f n o n - g r a p h i t i z i n g and 
g r a p h i t i z i n g carbons ( d e f i n i t i o n s adopted from the study of 
R o s a l i n d F r a n k l i n (_3)), the method was not s p e c i f i c enough to be able 
to i d e n t i f y c l e a r l y " the cok ing p r i n c i p l e " . Wandless (4 ) , i n 1971, 
was a n t i c i p a t i n g the f u t u r e q u i t e c l e a r l y when he wrote that the b a s i c 
s t r e n g t h of coke i s determined i n the p l a s t i c phase and the very e a r l y 
stages of r e s o l i d i f i c a t i o n . 

Al though T a y l o r (5) d i s c u s s e d the development of o p t i c a l 
p r o p e r t i e s o f a n i s o t r o p i c m a t e r i a l formed d u r i n g c a r b o n i z a t i o n i n 1961, 
and together w i t h Brooks (6) reviewed the concept of l i q u i d c r y s t a l s 
as an in te rmed ia te to coke format ion i n 1968, i t was not u n t i l w e l l 
i n t o the 1970 f s that the p o t e n t i a l o f t h i s knowledge was r e a l i s e d . 

The work o f Brooks and T a y l o r l ed to a resurgence of research 
a c t i v i t y i n t o the c a r b o n i z a t i o n process w i t h the advancement of 
knowledge l e a d i n g to changes and developments w i t h i n the carbon and 
graphi te manufactur ing i n d u s t r i e s . The t a n t a l i s i n g prospect of cheap 
carbon f i b r e s by s p i n n i n g mesophase was one p o s s i b i l i t y , see F i g u r e 1 
(7 ) . A window was opened i n t o the myster ies of the delayed coker (8 ) . 
The m i c r o s t r u c t u r e of carbon-carbon f i b r e composites u s i n g p i t c h 
carbon as the m a t r i x m a t e r i a l became b e t t e r understood , see F igure 2 
(9 ) . Improved i s o t r o p i c g r a p h i t e s of h i g h d e n s i t y could be prepared 
by i s o s t a t i c p r e s s u r i s e d c a r b o n i z i n g t e chn iques . The theory o f coa l 
c o - c a r b o n i z a t i o n processes was advanced c o n s i d e r a b l y , and the use o f 
p i t c h a d d i t i v e s to up-grade e f f e c t i v e coa l rank was understood (10) . 
Aspects o f coke s t r e n g t h and p h y s i c a l p r o p e r t i e s e . g . the thermal 
e x p a n s i v i t i e s of g raph i tes were more f u l l y understood. The r o l e o f 
q u i n o l i n e i n s o l u b l e s (QI ) , both pr imary and secondary, i n p i t c h 
c a r b o n i z a t i o n s was e x p l a i n e d , l e a d i n g to the manufacture of prime 
needle cokes from c o a l - t a r p i t c h (11, 12) by f i l t r a t i o n of the QI 
m a t e r i a l . A knowledge o f the c o n d i t i o n s o f format ion of mesophase 
from coa l l i q u e f a c t i o n products enabled a more p r e c i s e c o n t r o l of 
o p e r a t i n g c ond i t i ons thus p r e v e n t i n g , i n t h i s case, the r e t r o g r e s s i v e 
format ion of mesophase and coke i n pipe-work l e a d i n g to p l a n t c l o sure 
(13) . Improvements became p o s s i b l e i n the manufacture o f baked anodes 
f o r aluminium p r o d u c t i o n as a knowledge of the s t r u c t u r e o f b i n d e r 
coke became a v a i l a b l e and the r e l a t i o n s h i p s between p i t c h p r o p e r t i e s 
and r e s u l t a n t cokes were f u r t h e r c l a r i f i e d . Th i s i n t u r n enabled 
p i t c h producers to beg in to 1 t a i l o r - m a k e 1 p i t c h m a t e r i a l s r e l a t i v e to 
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1. MARSH AND LATHAM The Chemistry of Mesophase Formation 3 

Figure 1. Scanning e l e c t r o n micrograph of f r a c t u r e surface of a 

mesophase p i t c h carbon f i b e r etched with chromic a c i d to reveal 

the r a d i a l arrangement of constituent lamellar molecules. 
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PETROLEUM-DERIVED CARBONS 

Figure 2 . Scanning electron micrograph of a polished surface 

subsequently etched with chromic a c i d , of a carbon f i b e r - p i t c h 

carbon composite showing the o r i e n t a t i o n of a constituent lamellar 

molecules of p i t c h carbon p a r a l l e l to surfaces of the carbon f i b e r . 
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1. MARSH AND LATHAM The Chemistry of Mesophase Formation 5 

a d e s i r e d type o f carbon product (14) . Thus, the decade 1974-1984 
has been one of in tense i n t e r e s t and development of knowledge of many 
aspects of the convers ion of p i t c h m a t e r i a l s , w i t h t h e i r v a r i o u s 
o r i g i n s , to the s t r u c t u r e s o f the many grades o f cokes-

D u r i n g t h i s p e r i o d , u s e f u l reviews were p u b l i s h e d . White (15) 
and Zimmer and White (16) descr ibe the d i s c l i n a t i o n s present i n 
mesophase m i c r o s t r u c t u r e s and t h e i r r e l a t i o n t o coke p r o p e r t i e s . 
Lewis and S inger (17) overview the r o l e and importance o f s t a b l e f ree 
r a d i c a l s i n c a r b o n i z a t i o n processes . F i t z e r et a l (18) prov ide a 
comprehensive d e s c r i p t i o n o f the chemistry i n v o l v e d i n the convers ion 
o f s p e c i f i c o rgan i c compounds t o carbon. Marsh (19-23) and F o r r e s t 
and Marsh (24) r e l a t e the chemistry o f mesophase format ion t o i t s 
p r o p e r t i e s and a p p l i c a t i o n s . The j o u r n a l CARBON p u b l i s h e d an i s s u e 
devoted s p e c i a l l y to s t u d i e s o f mesophase and i t s a p p l i c a t i o n s (25) . 
The w o r l d a v a i l a b i l i t y of p i t c h m a t e r i a l s i s such that there i s an 
abundance o f p i t c h which produces cokes o f l i t t l e i n d u s t r i a l v a l u e . 
A major i n c e n t i v e i n t o research of mesophase i s the commercial u p 
grad ing of such p i t c h e s . 

Mesophase and Coke S t r u c t u r e 

Petro leum and c o a l are the dominant parent sources o f carbons, cokes 
and g r a p h i t e s . Apart from such except ions as the c a r b o n i z a t i o n o f 
sucrose and r e l a t e d m a t e r i a l s , the c a r b o n i z a t i o n systems l e a d i n g to 
g r a p h i t i z a b l e carbons ( f o r d e f i n i t i o n s see Ref . 26) a l l pass through 
a f l u i d phase and a l l produce the l i q u i d crystalTmesophase m a t e r i a l . 
The cokes produced from such m a t e r i a l s , e . g . f i l l e r coke, needle 
coke, shot coke, m e t a l l u r g i c a l coke and f l u i d coke, may not be 
d i s t i n g u i s h a b l e s t r u c t u r a l l y i n a meaningful way by X - r a y d i f f r a c t i o n . 
A power fu l a n a l y t i c a l t o o l i n s t u d i e s o f coke s t r u c t u r e i s the 
p o l a r i z e d l i g h t o p t i c a l microscope (16, 21) w h i c h , whether o p e r a t i n g 
w i t h c r o s s - p o l a r i z e d l i g h t or making use of r e f l e c t i o n i n t e r f e r e n c e 
co lours (27, 28 ) , very d e f i n i t e l y c a t e g o r i z e s carbons a c co rd ing to 
t h e i r o p t i c a l t e x t u r e . T h i s o p t i c a l t e x t u r e i s a measure o f the s i z e 
and coalescence behaviour o f mesophase deve lop ing from the i s o t r o p i c 
parent p i t c h and enables s t r u c t u r e and o r i e n t a t i o n o f l ame l lae 
w i t h i n the mesophase to be e s t a b l i s h e d . A nomenclature (24) used to 
descr ibe o p t i c a l t e x t u r e i n cokes d e r i v e d from petro leum and coa l i s 
i n Table 1. The m i c r o s c o p i c appearance of o p t i c a l t ex ture can be 
q u a n t i f i e d i n an a r b i t r a r y way (29) by making use of an o p t i c a l t e x t 
ure index (OTI) c a l c u l a t e d u s i n g the f o r m u l a : -

OTI = E f . x (OTI) 
where: f . = f r a c t i o n of component 1of o p t i c a l t ex ture i n the o v e r a l l 

appearance o f p o l i s h e d sur faces of the coke 
(OTI) . = an a r b i t r a r y (29) f a c t o r f or each re cogn i zab le component 

of o p t i c a l t ex ture r e l a t e d to the r e l a t i v e s i z e s o f the 
component as i n Table 1. For example, f o r an i s o t r o p i c carbon OTI = 
0; f o r an a n i s o t r o p i c carbon composed e n t i r e l y of domains, OTI = 30. 
A l l o ther a n i s o t r o p i c carbons have OTI va lues i n the range 0-30 b e i n g 
summation of (OTI)^ v a l u e s . Examples of o p t i c a l t ex tures are the 
micrographs of F i g u r e s 3-6. 

There i s a l i m i t a t i o n to the use o f o p t i c a l microscopy i n terms 
of i t s r e s o l u t i o n . The c o r r e l a t i o n of a n i s o t r o p y ( o p t i c a l a c t i v i t y ) 
w i t h g r a p h i t i z a b i l i t y and of i s o t r o p y (zero o p t i c a l a c t i v i t y ) w i t h 
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6 PETROLEUM-DERIVED CARBONS 

F i g u r e 3. O p t i c a l micrograph of a coke surface showing an o p t i c a l 

t e x t u r e of f i n e - g r a i n e d mosaics <1.5 ym diameter , 0TI = 1. 

F i g u r e 4. O p t i c a l micrograph of a coke sur face showing an o p t i c a l 

t e x t u r e of medium-and coarse -gra ined mosaics , 1.5 - 10 ym d iameter , 

0TI = 5. 
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1. MARSH AND LATHAM The Chemistry of Mesophase Formation 1 

F i g u r e 5. O p t i c a l micrograph of a coke surface showing an o p t i c a l 

t e x t u r e of coarse - f l ow a n i s o t r o p y 30-60 ym l e n g t h , 5-10 ym w i d t h , 

OTI = 20. 

F i g u r e 6. O p t i c a l micrograph of a coke surface showing an o p t i c a l 

t e x t u r e of domains, >60 ym, OTI = 30. 
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8 PETROLEUM-DERIVED CARBONS 

Table I . Nomenclature t o Descr ibe O p t i c a l Texture i n Cokes 
Component o f A b b r e v i a t i o n S i z e O p t i c a l 
O p t i c a l Texture Texture 
seen i n Microscopy Index (OTI) 
I s o t r o p i c I No o p t i c a l a c t i v i t y 0 
F i n e - g r a i n e d 
mosaics Mf <1.5 ym 1 
Medium-grained 
mosaics Mm 1 .5 -5 .0 ym 3 
Coarse -gra ined 
mosaics Mc 5 .0 -10 .0 ym 7 
Supra-mos a i cs Ms A l i g n e d mosaics 10 
Smal l domains SD 10 .0 -60 .0 ym 20 
Domains D >60 ym 30 
Medium-flow <3C ym l e n g t h 7 
a n i s o t r o p y MFA <5 ym wid th 
Coarse - f l ow 30-60 ym l e n g t h 20 
an i so t ropy CFA 5 - lQ um w i d t h 

Flow domain >60 ym l e n g t h 
an i so t ropy FD >10 ym w i d t h 30 
n o n - g r a p h i t i z a b i l i t y i s extremely u s e f u l but f a i l s e . g . when examining 
cokes from coals of N a t i o n a l Coal Board rani ; 600-400. I t must be empha
s i s e d that mesophase can a l s o e x i s t when i t i s not v i s i b l e i n the 
o p t i c a l microscope. U n i t s of mesophase can e x i s t , i n p i t c h m a t e r i a l s , 
of s i z e e . g . <0.5 ym diameter . Such a p i t c h would appear to be i s o 
t r o p i c to the o p t i c a l microscope. However, examinat ion of a f r a c t u r e 
sur face o f t h i s coke by scanning e l e c t r o n microscopy (SEM) c l e a r l y 
shows the i n t e r l o c k e d (not coalesced) mode of attachment of these 
u n i t s o f mesophase (30) . Th is i s i l l u s t r a t e d i n Figure 7 where the 
growth u n i t s w i t h i n a coke are 0 .1 ym diameter . Such a coke can be 
descr ibed as i s o t r o p i c (to the p o l a r i z e d l i g h t microscope) but w i t h 
l i m i t e d g r a p h i t i z a b i l i t y . 

The growth u n i t s o f mesophase can be detected of s i z e <0.1 ym 
diameter i n the p i t c h u s i n g t r a n s m i s s i o n e l e c t r o n microscopy (TEM) 
(31) . Th is theme was developed f u r t h e r by Monthioux et a l . (32) and 
Auguie et a l . (33) who examined by TEM and s e l e c t e d area e l e c t r o n 
d i f f r a c t i o n (SAD) the c a r b o n i z a t i o n of heavy petro leum products and 
report on the i n i t i a l s t a c k i n g o f molecules which must represent the 
beginnings of mesophase. I t i s the subsequent growth and coalescence 
of these a s s o c i a t i o n s o f p l a n a r aromatic s t r u c t u r e s which d i c t a t e 
coke p r o p e r t i e s . I f the p o l y m e r i s a t i o n of the p i t c h c o n s t i t u e n t 
molecules occurs t o form n o n - l a m e l i a r molecules then random r e l a t i v e 
o r i e n t a t i o n w i l l develop and the r e s u l t a n t coke becomes t r u l y non -
g r a p h i t i z a b l e ( i s o t r o p i c ) (33) . Hence a l l forms o f carbon can e x i s t 
between n o n - g r a p h i t i z a b l e , g r a p h i t i z a b l e and g r a p h i t i z e d . As repor ted 
(32) , the concept of two d i s t i n c t forms o f carbons can be d i s carded 
because o f the known c o n t i n u i t y o f s t r u c t u r e between the two extremes. 

F i g u r e 8, i s an i n t e r e s t i n g SEM scanning e l e c t r o n micrograph of 
u n i t s of mesophase formed by c o - c a r b o n i z a t i o n o f anthracene and phen-
anthrene (3:7) to 823 K at 300 MPa pressure (19) . The e f f e c t o f 
enhanced pressure i s t o increase the v i s c o s i t y of the mesophase and 
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MARSH AND LATHAM The Chemistry of Mesophase Formation 

F i g u r e 7. Scanning e l e c t r o n micrograph of f r a c t u r e sur face 

coke from Chinese Shuang Ya c o a l , CR 502 (See Ref . 30) . 
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PETROLEUM-DERIVED CARBONS 

F i g u r e 8. Scanning e l e c t r o n micrograph of growth u n i t s of meso-

phase from anthracene-phenanthrene ( 3 : 7 ) , 823 K, 300 MPa pressure 

(See Re f . 19) .  P
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1. MARSH AND LATHAM The Chemistry of Mesophase Formation 11 

to prevent coa lescence . F i g u r e 8 shows mesophase which i s c y l i n d r i c 
a l (narrow) , ovo id and s p h e r i c a l i n shape. The s t a c k i n g o f the 
l a m e l l a r molecules i s p a r a l l e l to a t ransverse s e c t i o n of the 
c y l i n d e r (as i n a stack of c o i n s ) . F i g u r e 8 i l l u s t r a t e s how some of 
the c y l i n d e r s have converted i n t o non-coa lesced s p h e r i c a l shapes (of 
lower sur face energy ) , perhaps because of s m a l l d i f f e r e n c e s i n 
temperature w i t h i n the sample c r i t i c a l l y a f f e c t i n g v i s c o s i t y . 

The r e s u l t a n t o p t i c a l t e x t u r e o f coke i s d i r e c t l y dependent upon 
the v i s c o s i t y of the preced ing mesophase. D i r e c t measurements o f 
v i s c o s i t y of pitch/mesophase systems have been repor ted (34-37) . The 
use o f ho t - s tage o p t i c a l microscopy i s p a r t i c u l a r l y r e v e a l i n g . 
V i s c o s i t y measurements as po in ted out by Nazem (36) can be m i s l e a d i n g 
and have to be i n t e r p r e t e d w i t h c a u t i o n . T h i s i s because r h e o l o g i c a l 
p r o p e r t i e s o f t e n r e f l e c t the two-phase composit ion o f mesophase 
p i t c h e s and/or t h e i r l i q u i d c r y s t a l l i n e n a t u r e . Consequently , they 
are somewhat v i s c o e l a s t i c and cannot always be regarded as Newtonian 
l i q u i d s . In h o t - s t a g e microscopy , a l though q u a n t i f i c a t i o n o f data i s 
not p o s s i b l e , d i r e c t p h y s i c a l p r e s e n t a t i o n of phenomena occurs (38-43). 
The c a r b o n i z a t i o n o f a s e l e c t e d range o f parent p i t c h m a t e r i a l s u s i n g 
ho t - s tage o p t i c a l microscopy demonstrates the r e l a t i o n s h i p between 
v i s c o s i t y and o p t i c a l t e x t u r e . As d i s cussed by Yokono and Marsh (44) 
the p h y s i c a l proper ty o f v i s c o s i t y of mesophase has a dominant r o l e 
i n determining o p t i c a l t ex ture o f cokes. The diagram o f F i g u r e 9 
summarises e s s e n t i a l c o n s i d e r a t i o n s . For p i t c h systems ( r e l a t i v e l y 
r i c h i n oxygen and su lphur ) which possess ( r e l a t i v e l y ) the h ighes t 
v i s c o s i t i e s and the shor tes t range of temperature at minimum v i s c o s 
i t y , the r e s u l t a n t coke possesses the smal les t s i z e o f o p t i c a l texture . 
Converse ly , f or p i t c h systems ( r e l a t i v e l y r i c h i n hydrogen) which 
show the lowest v i s c o s i t i e s and have the widest range of temperature 
a t minimum v i s c o s i t y , the r e s u l t a n t coke possesses the l a r g e s t s i z e 
of o p t i c a l t e x t u r e . 

Chemical Aspects o f Formation of Mesophase 

Although the great m a j o r i t y o f petroleum and coa l -based p i t c h 
m a t e r i a l s , as w e l l as model compounds such as p o l y v i n y l c h l o r i d e , 
acenaphthylene, decacyclene and p o l y n u c l e a r aromatic hydrocarbons , 
form a n i s o t r o p i c g r a p h i t i z a b l e carbons, i t i s an almost imposs ib l e 
task t o p r e d i c t the type o f o p t i c a l t e x t u r e o f a coke from an elemen
t a l a n a l y s i s of the p i t c h . The s i z e , shape and r e a c t i v i t y o f p e r i -
condensed p o l y n u c l e a r aromatic molecules i n the products of p y r o l y s i s 
of a p i t c h p l a y a more important r o l e i n determin ing o p t i c a l t e x t u r e . 

A major s tumbl ing b l o ck to an understanding i n depth o f the 
chemistry o f convers ion of p i t c h to coke i s the extreme chemical 
complexity of p i t c h compos i t i on . Even w i t h a d e t a i l e d knowledge o f 
p i t c h composit ion based on e . g . chromatographic a n a l y s e s , n u c l e a r 
magnetic resonance (NMR) thermal a n a l y s i s , mass spectrometry and 
e l e c t r o n s p i n resonance (ESR) , the i n f i n i t e number o f p o s s i b l e 
r e a c t i o n steps l e a d i n g to mesophase growth w i l l always be e l u s i v e (22) . 
Rather the ' g e n e r a l 1 p r o p e r t i e s o f p i t c h composit ion r a t h e r than 
s p e c i f i c molecu lar a n a l y s i s and c h a r a c t e r i z a t i o n prov ide a more 
usable base . 

I t i s i n t e r e s t i n g t o observe that the e l a b o r a t e , d e t a i l e d and 
ex tens ive s t u d i e s of Lewis and Singer (17) are e s s e n t i a l l y r e s t r i c t e d 
to what ( r e l a t i v e l y ) could be c a l l e d s imple systems ( e . g . c a r b o n i z a t i o n 
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12 PETROLEUM-DERIVED CARBONS 

of anthracene) - although the conc lus ions o f these s t u d i e s show they 
are f a r from be ing s i m p l e . Cokes o f l a r g e s t s i z e of o p t i c a l t e x t u r e , 
produced from mesophase of minimum v i s c o s i t y and maximum thermal 
s t a b i l i t y , are produced from p o l y n u c l e a r aromat ic hydrocarbons . Lewis 
(45) i n a study of such model compounds showed the importance o f 
molecu lar rearrangements and dehydrogenative p o l y m e r i z a t i o n s i n the 
o v e r a l l c a r b o n i z a t i o n p r o c e s s . In the c a r b o n i z a t i o n of acenaphthylene 
(I) (F igure 10) r a t h e r complex rearrangements occur to give zethrene 
( I I ) . In the c a r b o n i z a t i o n of anthracene ( I I I ) , molecu lar s i z e 
increases by dehydrogenative p o l y m e r i z a t i o n wi thout molecu lar r e 
arrangements to form dibenzoperylene (IV) (46, 47 ) . 

Lewis and S inger (17) s t u d i e d the r a d i c a l chemistry o f p y r o l y s i s 
o f a wide range o f model o r g a n i c compounds. Most ESR s t u d i e s are of 
systems which have been heated to temperatures above which mesophase 
i s formed. An i n i t i a l study by Marsh et a l . (48) r e p o r t e d that i n a 
mixed mesophase-pitch system, the free r a d i c a l s observable by ESR were 
predominantly w i t h i n the mesophase and l a t e r s t u d i e s reviewed by 
Lewis and S inger (17) support t h i s . The ESR approach there fo re does 
not examine s i g n i f i c a n t l y the s h o r t - l i v e d t r a n s i e n t r e a c t i v e r a d i c a l s 
l e a d i n g to the l a r g e r d i s c o t i c molecules which pass i n t o the mesophase 
(from the l i q u i d c r y s t a l sCate) . Rather the technique examines the free 
r a d i c a l chemistry of s t a b l e free r a d i c a l s w i t h i n mesophase, s t a b i l i z e d 
by resonance w i t h i n the e x t e n s i v e aromat ic network o f carbon atoms. 
Yokono et a l . (49) , u s i n g h i g h - p r e s s u r e h i g h temperature ESR i n the 
e a r l y stages of c a r b o n i z a t i o n of p i t c h , monitor t r a n s i e n t r a d i c a l 
removal by hydrogen. Lewis and Kovac (50) s t a t e that s i z e o f molecule 
or r a d i c a l i s more important to mesophase growth than the p r o p e r t i e s 
ass igned to r a d i c a l s . These authors noted that a d d i t i o n s of r a d i c a l s 
der ived from benzanthrene and naphthanthrene d i d not induce the forma
t i o n of mesophase when melted w i t h o ther p o l y n u c l e a r hydrocarbons . 

An important c lue to the re levance of r a d i c a l chemistry p r i o r to 
mesophase format ion comes from the study of S inger and Lewis (51) who 
observed t h a t , i n the c a r b o n i z a t i o n of e thylene t a r p i t c h (which leads 
to a s m a l l e r s i z e o f o p t i c a l t ex ture i n r e s u l t a n t coke ) , both the 
c o n c e n t r a t i o n and r a t e of b u i l d - u p of r a d i c a l s are l a r g e r than for 
a pe t ro l eum-der ived p i t c h . As d i scussed be low, lower concentrat ions 
of r a d i c a l s l ead to l a r g e r s i z e d o p t i c a l t e x t u r e s . The r e l a t i o n s h i p s 
between t r a n s i e n t and s t a b l e r a d i c a l s have yet to be e s t a b l i s h e d . 

As the p y r o l y s i s of model , p o l y n u c l e a r hydrocarbon compounds 
r e p r e s e n t s , p o s s i b l y , the u l t i m a t e i n a b i l i t y t o form the l a r g e s t and 
most s t a b l e of mesophase molecules l e a d i n g to the domains (Table 1) of 
o p t i c a l t ex ture i n cokes, then s m a l l e r s i z e s of o p t i c a l t e x t u r e can 
be e x p l a i n e d by processes which r e s t r i c t o r i n h i b i t p o l y m e r i z a t i o n to 
l a r g e r molecule s i z e s . Converse ly , i t may be p o s s i b l e t o inc rease the 
s i z e o f the o p t i c a l t e x t u r e o f coke by s u i t a b l e a m e l i o r a t i v e treatments 
to a p i t c h . 

The f o l l o w i n g i s a d i s c u s s i o n o f f a c t o r s which can be used t o 
c o n t r o l or i n f l u e n c e the s i z e of o p t i c a l t e x t u r e of cokes by manipu
l a t i o n of the parent p i t c h composit ion and c a r b o n i z a t i o n t reatment . 

Rates of C a r b o n i z a t i o n . I t i s reported (52) that decreased ra tes of 
c a r b o n i z a t i o n enhance the s i z e o f r e s u l t a n t o p t i c a l t e x t u r e s . Th is 
e f f e c t i s concerned w i t h the t h e r m o l y s i s o f parent coa l or p i t c h and 
rates of e v o l u t i o n of v o l a t i l e m a t t e r , some o f w h i c h , i f r e t a i n e d , 
promote the f l u i d i t y (decrease the v i s c o s i t y ) of the system and hence 
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1. MARSH AND LATHAM The Chemistry of Mesophase Formation 13 

P y r o l y s i s temperature 

F i g u r e 9. Diagram of p o s s i b l e v a r i a t i o n of v i s c o s i t y of p y r o l y s -

i n g systems w i t h temperature of p y r o l y s i s . System A: p y r o l y s i s o f 

c o a l t o g ive coke o f f i n e - g r a i n e d mosaics , ~1 ym diameter ; 

System B: p y r o l y s i s of c o a l - p i t c h b lend w i t h good m o d i f i c a t i o n of 

coa l by p i t c h to g ive coke w i t h c oarse -g ra ined mosaics , <10 pm 

diameter ; System C: p y r o l y s i s of p i t c h t o g ive coke w i t h o p t i c a l 

t e x t u r e of domains >60 ym d iameter , (See R e f . 44 ) . 
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14 PETROLEUM-DERIVED CARBONS 

promote the s i z e of o p t i c a l t e x t u r e . This study (52) i s o f changes 
w i t h i n one system o n l y . 

Heat Treatment Temperature and Soak Time. A study of Mochida and 
Marsh (53) i n d i c a t e s , u n l i k e c l a s s i c a l k i n e t i c s , that time and 
temperature f o r mesophase format ion are not interdependent . The 
reason f o r t h i s i s the c o n t r o l l i n g i n f l u e n c e of v i s c o s i t y (not found 
f o r r e a c t i o n s i n the gas or s o l u t i o n phase) . Maximum s i z e of o p t i c a l 
t e x t u r e and coalescence r e s u l t s i f the mesophase i s formed under 
c o n d i t i o n s which prov ide a minimum v i s c o s i t y as q u i c k l y as p o s s i b l e . 
P r o b a b l y , r a t e c o n t r o l l i n g processes for mesophase growth are not the 
dehydrogenated p o l y m e r i z a t i o n r e a c t i o n s . There fore , the a t t a i n m e n t , 
r e l a t i v e l y q u i c k l y , of temperature o f ~400°C has prov ided the 
necessary s i z e of molecule and consequently the r e s u l t a n t mesophase 
shews minimum v i s c o s i t y because i t i s at a h i g h temperature (~400°C). 
Mesophase formed at lower ( r e l a t i v e ) temperatures can have a h i g h e r 
v i s c o s i t y and coalescence behaviour can be r e s t r i c t e d . 

Pressure of C a r b o n i z a t i o n . The e f f e c t of a p r e s s u r i z e d c a r b o n i z a t i o n 
i s t o create a c l osed system p r e v e n t i n g loss of v o l a t i l e m a t e r i a l s . 
Hence, carbon y i e l d s i n c r e a s e . F u r t h e r , the m a t e r i a l normal ly l o s t 
as v o l a t i l e s i n open systems i s now r e t a i n e d and the e f f e c t o f t h i s , 
by reduc ing turbulence and bubble f o rmat i on , i s to enhance the s i z e 
o f r e s u l t a n t o p t i c a l t e x t u r e s . H i i t t i n g e r and Rosenblat t (54) r epor t 
such e f f e c t s when gas pressures up to 15 MPa pressure (150 bar) were 
a p p l i e d to the c a r b o n i z a t i o n of a c o a l - t a r p i t c h . I f h i g h e r pressures 
are used , the pressure be ing a p p l i e d h y d r a u l i c a l l y to the c a r b o n i z a 
t i o n system, then the e f f e c t o f pressures a t , s a y , 300 MPa, i s t o 
enhance the v i s c o s i t y o f the t o t a l system and t h i s prevents c o a l e s c 
ence o f the mesophase. The r e s u l t a n t appearance of the carbon has 
been desc r ibed as f b o t r y o i d a l f (55, 56) and an example i s F igure 8. 

Composit ion of Parent P i t c h . Once the chemical composit ion of the 
c a r b o n i z i n g system moves away from the comparative s i m p l i c i t y o f 
p o l y n u c l e a r aromatic hydrocarbons to that of i n d u s t r i a l p i t c h e s , then 
the p y r o l y s i s chemistry i n c o r p o r a t e s e f f e c t s caused by the presence 
o f heteroatoms (0, Ν and S) and a l k y l and naphthenic groups. I n 
genera l terms, the system becomes more 1 r e a c t i v e 1 c r e a t i n g h i g h e r 
concentrat ions of r a d i c a l s de tec tab le by ESR. T h i s i n t u r n , leads to 
enhanced c r o s s - l i n k a g e s and p o l y m e r i z a t i o n o f molecu lar c o n s t i t u e n t s 
of any mesophase which i s formed, and t h i s causes enhanced v i s c o s i t y 
and a r e d u c t i o n i n s i z e o f o p t i c a l t e x t u r e . 

The review of Marsh and Walker (22) p laces emphasis upon the 
r e l a t i o n s h i p s between molecu lar s t r u c t u r e and s i z e o f r e s u l t a n t 
o p t i c a l t e x t u r e . C e r t a i n l y , the presence of r e a c t i v e groups a t tached 
t o aromatic n u c l e i , e . g . p h e n o l i c , c a r b o x y l i c and the presence o f 
heteroatoms, a l l lead to decreased s i z e of o p t i c a l t e x t u r e . A 
p r i n c i p a l c onc lus i on of such s t u d i e s i s the d i f f i c u l t y o f p r e c i s e 
p r e d i c t i o n of o p t i c a l t e x t u r e for a g iven c a r b o n i z i n g system. Th is 
i s because i t i s d i f f i c u l t to q u a n t i f y , p r e c i s e l y , f o r such many and 
d i v e r s e systems b e i n g c a r b o n i z e d , the c r i t i c a l balance which has t o 
be mainta ined between the r a t e of c a r b o n i z a t i o n , c o n t r o l l e d by the 
r e a c t i v i t y of components o f c a r b o n i z i n g systems (to inc rease the 
average s i z e of c o n s t i t u e n t m o l e c u l e s ) , and the v i s c o s i t y of the 
r e s u l t a n t p i t c h necessary for the movement and o r i e n t a t i o n o f these 
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1. MARSH AND LATHAM The Chemistry of Mesophase Formation 15 

l a r g e r molecules t o adopt the s t r u c t u r e of the d i s c o t i c nemâtic 
l i q u i d c r y s t a l l e a d i n g to mesophase. Too h i g h a r e a c t i v i t y o r 
v i s c o s i t y both could r e s u l t i n the format ion of the n o n - g r a p h i t i z a b l e 
i s o t r o p i c coke, the system h a v i n g s o l i d i f i e d before any mesophase 
could be formed. 

Analyses o f P i t c h . Modern a n a l y t i c a l f a c i l i t i e s o f h i g h - p r e s s u r e 
l i q u i d chromatography, g e l permeation chromatography, Î^C and 
n u c l e a r magnetic resonance and mass spec t rometry , a s s o c i a t e d w i t h IR 
and UV spectroscopy enable a t o t a l mo lecu lar c o n s t i t u e n t a n a l y s i s o f 
p i t c h composit ion to be ob ta ined . The use of such i n f o r m a t i o n could 
then p o s s i b l y be the route to p r e d i c t i o n of p i t c h q u a l i t y on c a r b o n i 
z a t i o n . I t would appear that such an approach would not be s u c c e s s f u l 
( i g n o r i n g the cost f a c t o r f or such d e t a i l e d a n a l y s i s ) . The p i t c h 
cannot be cons idered as an assembly o f molecules which p y r o l y s e 
independent ly o f each o ther . The p i t c h carbonizes as a m u l t i - p h a s e 
system and exper ience today would i n d i c a t e the i m p o s s i b i l i t y o f 
p r e d i c t i n g a l l i n t e r a c t i o n s , p h y s i c a l and chemica l . 

I r r e s p e c t i v e o f the chemistry o f dehydrogenative p o l y m e r i z a t i o n 
necessary to form the d i s c o t i c molecules l e a d i n g t o l i q u i d c r y s t a l s , 
the p y r o l y z i n g p i t c h system has to m a i n t a i n the necessary f l u i d i t y 
(low v i s c o s i t y ) . That i s , p a r t of the p i t c h , d u r i n g the i n i t i a l 
stages o f mesophase growth, has to p l a y the r o l e o f s o l v e n t . T h i s 
permits the necessary movement o r d i f f u s i o n o f l a r g e r s i z e d molecules 
i n the growth process o f the mesophase forming mo lecu les . There a l s o 
e x i s t s the p o s s i b i l i t y tha t p a r t of the p i t c h system may be s o l u b l e 
i n the mesophase and t h i s ac ts as an i n t e r n a l p l a s t i c i z e r w i t h i n the 
mesophase so reduc ing i t s v i s c o s i t y and enhancing coalescence and a 
l a r g e r s i z e o f o p t i c a l t e x t u r e (57) . 

Thus, i n genera l terms , p i t c h m a t e r i a l may be considered as b e i n g 
made up o f three types o f components: (a) the low molecu lar weight 
f r a c t i o n which acts as a so lvent d u r i n g the p e r i o d of the c a r b o n i z a t i o n 
process and w h i c h , towards the complet ion o f the format ion of meso
phase, e i t h e r becomes i n c o r p o r a t e d i n t o the mesophase by p y r o l y s e s to 
the d i s c o t i c , mesophase-forming molecule or v a p o r i z e s ; (b) a h i g h e r 
molecu lar weight f r a c t i o n which i s c e n t r a l t o format ion of mesophase 
from the p i t c h , i . e . , the mesomorphic p i t c h f r a c t i o n d i s cussed by 
Chen, E i l e n b e r g and Die fendor f (58) , (c) a f r a c t i o n which i s i n s o l u b l e 
i n benzene and t e t r a h y d r o f u r a n (59) w h i c h , when carbonized independ
e n t l y , g ives an i s o t r o p i c , n o n - g r a p h i t i z a b l e carbon. However, i t can 
be a s s i m i l a t e d when i n the p i t c h by mesophase wi thout apparent d e t r i 
ment. W i t h i n a s i n g l e p i t c h system, c ons idera t i ons o f s o l u t e / s o l v e n t 
app ly . With some t h e r m a l l y processed p i t c h e s an i s o t r o p i c q u i n o l i n e -
i n s o l u b l e f r a c t i o n can be i s o l a t e d (60) . The parent p i t c h does not 
possess t h i s f r a c t i o n . 

Thus, one approach to understanding the chemistry o f p y r o l y s i s 
o f p i t c h l e a d i n g to mesophase i s not to make a complete molecu lar 
a n a l y s i s but to s o l v e n t f r a c t i o n a t e the p i t c h u s i n g s o l v e n t s o f 
i n c r e a s i n g s o l u b i l i t y parameters (58) . An e a r l y study o f f r a c t i o n a 
t i o n and NMR a n a l y s i s o f f r a c t i o n s i s t h a t of Smith et a l . (61) . 
Bâcha et a l . (62) used cyclohexane, acetone, to luene and t e t r a h y d r o 
furan to f r a c t i o n a t e petro leum p i t c h e s and r e l a t e d the p r o p e r t i e s o f 
the f r a c t i o n s to o p t i c a l t e x t u r e of r e s u l t a n t cokes. For As'hland A240 
p i t c h the to luene e x t r a c t e d f r a c t i o n showed a h i g h e r temperature o f 
mesophase format ion than the t e t r a h y d r o f u r a n f r a c t i o n . The c a r b o n i z a -
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16 PETROLEUM-DERIVED CARBONS 

t i o n behaviour of p i t c h e s i s d i s cussed i n terms of composit ion as 
measured by so lvents of known s o l u b i l i t y parameters (63) . 

Marsh et a l . (60, 64) examined o p t i c a l t e x t u r e s of cokes from 
c a r b o n i z a t i o n s o f s o l u b l e and i n s o l u b l e f r a c t i o n s o f c o a l - e x t r a c t 
s o l u t i o n s as w e l l as c ond i t i ons of e x t r a c t i o n . G e n e r a l l y , the l ow-
molecu lar -we ight f r a c t i o n s o f the c o a l - e x t r a c t s o l u t i o n produced 
cokes w i t h l a r g e r s i z e d o p t i c a l t e x t u r e s than the coke from the parent 
c o a l - e x t r a c t s o l u t i o n . The h i g h e r - m o l e c u l a r - w e i g h t f r a c t i o n s produced 
cokes w i t h s m a l l e r s i z e d o p t i c a l t e x t u r e . I s o t r o p i c coke was produced 
from m a t e r i a l which was i n s o l u b l e i n benzene and t e t r a h y d r o f u r a n . 
W i t h i n the parent c o a l - e x t r a c t s o l u t i o n the minor component of s m a l l e r 
molecules extends a "dominant p a r t n e r e f f e c t " (21) by p r o v i d i n g the 
necessary p h y s i c a l f l u i d i t y of the system and p o s s i b l y some chemical 
s t a b i l i t y (see below, on Hydrogen T r a n s f e r R e a c t i o n s ) . 

Kakuta et a l . (65) f r a c t i o n e d petro leum feedstocks and noted 
that the s a t u r a t e f r a c t i o n which had a low a r o m a t i c i t y gave a coke 
w i t h a needle-coke s t r u c t u r e . A r e l a t i o n s h i p was ob ta ined between 
the chemical s t r u c t u r a l parameters of the f r a c t i o n s and X - r a y peak 
i n t e n s i t y of the g r a p h i t i z e d cokes d e r i v e d there from. Coke q u a l i t y 
r e l a t e d to the number of condensed aromatic r i n g s and s u b s t i t u t e d 
s ide c h a i n groups of the raw m a t e r i a l s . Seshadr i et a l . (66) compared 
the aromatic and asphaltene f r a c t i o n s o f a decant o i l and of an 
ethylene p y r o l y s i s t a r by an NMR technique . The average molecule i n 
these f r a c t i o n s d i f f e r e d i n c e r t a i n s t r u c t u r a l u n i t s and t h i s may 
account f o r t h e i r d i f f e r e n t behaviour on p y r o l y s i s . T h i s study 
i n d i c a t e s that comparable f r a c t i o n a t i o n procedures do not n e c e s s a r i l y 
separate comparable mo lecu lar components and the need f o r f u r t h e r 
a n a l y s i s s t i l l e x i s t s . F o r example, a r o m a t i c i t y may i n d i c a t e good 
cok ing a b i l i t y , but only i f contained w i t h i n c e r t a i n l i m i t s o f 
molecu lar s i z e . Weinberg and Yen (67) analyzed c o a l - l i q u i d s o l v e n t 
f r a c t i o n s and examined m i c r o s c o p i c a l l y the r e s u l t a n t cokes. When 
d i f f e r e n t f r a c t i o n s had comparable a r o m a t i c i t i e s , determined by NMR 
(68) , then mesophase growth was suppressed i n the m a t e r i a l w i t h more 
oxygen. 

Chen et a l . (58) combine t h e i r r e s u l t s i n t o a master p l o t d e p i c t 
i n g o p t i c a l t e x t u r e o f coke aga ins t molecu lar weight o f e x t r a c t , 
c a r b o n i z a t i o n temperature and t i m e . T h i s master p l o t i n d i c a t e s not 
only how s i z e of r e s u l t a n t o p t i c a l t e x t u r e i s developed but a l s o i t s 
growth c h a r a c t e r i s t i c s . The toluene i n s o l u b l e f r a c t i o n of s i g n i f i c 
a n t l y broader molecu lar weight d i s t r i b u t i o n formed coalesced mesophase 
at 375°C i n <0.5 h ; lower molecu lar weight f r a c t i o n s formed spheres 
o f mesophase. Higher molecular weight f r a c t i o n s formed h i g h p e r c e n t 
ages o f very s m a l l spheres o f mesophase <1.0 ym diameter . Chen et a l . 
(58) cons ider temperature c o e f f i c i e n t s o f domain growth ( coalesced 
mesophase) to be the same as f o r v i s c o s i t y (69) . 

The w o r l d a v a i l a b i l i t y o f p i t c h m a t e r i a l s i s such t h a t there i s 
an abundance of p i t c h which produces cokes o f l i t t l e i n d u s t r i a l v a l u e . 
The economic pressures w i t h i n the i n d u s t r y are to upgrade the commer
c i a l va lue o f these p i t c h e s . Three ways o f doing t h i s appear as 
p o s s i b i l i t i e s : - ( i ) from f r a c t i o n a t i o n s e p a r a t i o n o f p i t c h systems to 
s e l e c t molecu lar spec ies (a process of "mo lecu lar cropping" ) most 
amenable t o format ion of mesophase. ( i i ) to add, by b l e n d i n g , m a t e r i a l s 
which have been proven to up-grade the q u a l i t y of r e s u l t a n t cokes. 
This i s e q u i v a l e n t to a d i l u t i o n of u n s u i t a b l e contents (as ( i ) above) 
but a l s o there may be s i g n i f i c a n t changes induced i n the p y r o l y s i s 
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1. MARSH AND LATHAM The Chemistry of Mesophase Formation 17 

(see d i s c u s s i o n o f the dominant p a r t n e r e f f e c t ) (Ref. 2 1 ) ; ( i i i ) t o 
modify chemica l l y by a l k y l a t i o n , hydrogénation, e t c . tïïë" chemical 
composit ion of the p i t c h such t h a t the r e s u l t a n t p y r o l y s i s chemistry 
leads to improved coke q u a l i t y . 

I n d u s t r i a l p r a c t i c e ( u s u a l l y of a p r o p r i e t a r y nature) may 
combine a l l three o f these approaches (14) . 

Stud ies of b l e n d i n g o f i n d u s t r i a l l y based p i t c h m a t e r i a l s are 
l i m i t e d . Yokono e t a l . (7Ό) i n a p r e l i m i n a r y p u b l i c a t i o n , s t u d y i n g 
c a r b o n i z a t i o n behaviour by proton r e l a x a t i o n measurements us ing 
F o u r i e r - T r a n s f o r m NMR, observed that s p i n - l a t t i c e r e l a x a t i o n times 
and free s p i n concentrat ions of blends o f p i t c h d i d not f o l l o w the 
a d d i t i v e r u l e (Figure 11 ) . The s p i n - l a t t i c e r e l a x a t i o n time passed 
through a maximum and the s p i n c o n c e n t r a t i o n through a minimum. The 
p o s i t i o n s o f these maximum and minimum e f f e c t s r e l a t e d to an increased 
s i z e o f o p t i c a l t e x t u r e . Such s tud ies as these are o f major i n d u s t 
r i a l re levance as they are examining the c e n t r a l mechanisms l e a d i n g 
to formation of mesophase. 

Chemical M o d i f i c a t i o n s t o P i t c h . The e a r l i e r attempts to improve the 
commercial value o f p i t c h res idues must have been e s s e n t i a l l y 
e x p l o r a t o r y r e s e a r c h . Sanada et a l . (71) i n 1973 methylated the 
h y d r o x y l groups o f 3 , 5 - d i m e t h y l phenol formaldehyde r e s i n and n o t e d , 
on c a r b o n i z a t i o n , the formation of spheres of mesophase, the o r i g i n a l 
r e s i n g i v i n g an o p t i c a l t e x t u r e of mosaics i n r e s u l t a n t carbons . 
Mochida et a l . (72) carbon ized naphthalene , anthracene and pyrene 
w i t h aluminium c h l o r i d e , sodium and potass ium and examined the 
s t r u c t u r e o f the r e s u l t a n t carbons by o p t i c a l microscopy and h i g h 
r e s o l u t i o n , f r i n g e - i m a g i n g t r a n s m i s s i o n e l e c t r o n microscopy (TEM). 
The c a t a l y t i c a c t i o n o f p o l y m e r i z a t i o n by the a l k a l i metals was so 
severe t h a t i s o t r o p i c carbon was formed. That i s , the i n c r e a s e i n 
molecu lar weight occurred too soon i n the c a r b o n i z a t i o n process so 
p r e c l u d i n g an ex is tence of a f l u i d phase necessary f o r the format ion 
o f mesophase. The aluminium c h l o r i d e was l e s s severe and a n i s o t r o p i c 
carbon r e s u l t e d , the s i z e of o p t i c a l t e x t u r e b e i n g s m a l l e r f o r pyrene 
(mosaic) than anthracene carbons ( f l o w ) . The TEM f r i n g e s , d e s c r i p t 
i v e o f mo lecu lar o r d e r i n g w i t h i n the carbons , were s m a l l e r f o r pyrene 
carbon than the anthracene carbon, a r e s u l t i n agreement w i t h the 
study o f Marsh et a l . ( 21 , 73) i n d i c a t i n g s m a l l e r , l e s s ordered 
molecules w i t h i n the s m a l l e r s i z e d o p t i c a l t e x t u r e s compared w i t h 
molecular s t a c k i n g i n cokes of l a r g e r s i z e d o p t i c a l t e x t u r e . Mochida 
e t a l . (72) then went on to examine the c o - c a r b o n i z a t i o n o f the 
h e t e r o c y c l i c compounds c a r b a z o l e , phenazine and a c r i d i n e w i t h the 
Lewis a c id -a lumin ium c h l o r i d e . Whereas i n the absence of the 
c a t a l y s t these compounds would have vapor i sed from the system, i n 
the presence of the c a t a l y s t carbons of needle -coke appearance were 
formed from carbazole and phenaz ine , w i t h f i n e - g r a i n e d mosaics 
(Table 1) be ing observed i n the coke from the a c r i d i n e . 

S u l p h u r , o r s u l p h u r - c o n t a i n i n g h e t e r o c y c l i c s induce the formation 
of cokes of s m a l l s i z e d o p t i c a l t e x t u r e (22) \ Mochida et a l . (75) 
examined the c a r b o n i z a t i o n behav iour , i n the presence of aluminTum 
c h l o r i d e s , o f d ipheny l s u l p h i d e , thioxanthene and t h i a n t h r e n e , 
F i g u r e 12. The c a t a l y s t up-grades the s i z e of o p t i c a l t e x t u r e . 
Mochida et a l . (75) d i s c u s s p o l y m e r i z a t i o n mechanisms and ra tes 
l e a d i n g to mesophase as w e l l as su lphur e l i m i n a t i o n . 
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PETROLEUM-DERIVED CARBONS 

I I I I I 
A: 100 75 50 25 0 
B: 0 25 50 75 100 

B l e n d i n g r a t i o / wt % 

Figure 11 . V a r i a t i o n of s p i n l a t t i c e r e l a x a t i o n time and sp i n 

concentration f o r carbonization of blends of two petroleum pitches 

(See Ref. 70). 

- 0 — 0 - T^ = spin l a t t i c e r e l a x a t i o n time i n msec. 
18 - 1 

-Δ—Δ- Τ = spin concentration χ 10 g 

Θ^Θ (°c® @o® 
D i p h e n y l e n e T h i o x a n t h e n e T h i a n t h r e n e 
s u l p h i d e 

Model compounds used i n carbonizations (75). 

Pyrene 

Figure 12. 
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1. MARSH AND LATHAM The Chemistry of Mesophase Formation 19 

Mochida et a l . (76) repor t that i n c a r b o n i z a t i o n s of s e v e r a l 
h e t e r o c y c l i c compounds c o n t a i n i n g n i t r o g e n , su lphur and oxygen, the 
presence o f the heteroatoms markedly a f f e c t s o p t i c a l t e x t u r e of 
r e s u l t a n t cokes. When co - carbonized w i t h aluminium c h l o r i d e the 
heteroatoms exer t a less marked e f f e c t where heteroatom e v o l u t i o n 
becomes important . A g a i n , Mochida et a l . (76) emphasise that the 
ra te o f the c a r b o n i z a t i o n p r o c e s s , by i n f l u e n c i n g v i s c o s i t y , i s 
dominant i n determin ing o p t i c a l t e x t u r e s of cokes and r e l a t e d p h y s i c a l 
p r o p e r t i e s , i . e . CTE. 

Mochida et a l . (77) s t u d i e d b l e n d i n g by c o - c a r b o n i z i n g h e t e r o 
c y c l i c compounds w i t h anthracene , and 9 ,10-d ihydroanthracene 
c a t a l y z e d by aluminium c h l o r i d e . Smal l a d d i t i o n s of anthracene 
(~20 wt %) s i g n i f i c a n t l y up-graded the s i z e o f o p t i c a l t e x t u r e s 
c on f i rming the Dominant P a r t n e r E f f e c t p o s t u l a t e d by Marsh et a l . (21) 
i n which minor c o n s t i t u e n t s o f a c a r b o n i z i n g system s i g n i f i c a n t l y 
up-grade coke q u a l i t y . 

In s t u d i e s running p a r a l l e l t o c a r b o n i z a t i o n w i t h c a t a l y s t s , 
Mochida et a l . (78, 81) s t u d i e d the s e p a r a t i o n of parent feedstocks 
i n t o benzene -so lub le (BS) and benzene - inso lub le f r a c t i o n s ( B I ) and 
attempted c o - c a r b o n i z a t i o n o f blends of these f r a c t i o n s . In a d d i t i o n , 
c e r t a i n f r a c t i o n s were hydrogenated or a l k y l a t e d and these a l k y l a t e d 
f r a c t i o n s themselves hydrogenated. Mochida et a l . (78-81) were 
l o o k i n g f o r ' c o m p a t i b i l i t y 1 between f r a c t i o n s , that i s the a b i l i t y 
of a b l e n d o f f r a c t i o n s to carbonize t o a need le - coke . The commer
c i a l a p p l i c a t i o n of good c o m p a t i b i l i t y cou ld i n v o l v e the use of low 
percentage a d d i t i o n s o f an a c t i v e f r a c t i o n (component) t o produce a 
good need le - coke . 

T h i s approach to p i t c h b l e n d i n g s t u d i e s appeared to be s u c c e s s 
f u l . C a r e f u l and extended s t u d i e s are o b v i o u s l y e s s e n t i a l . 

The conc lus ions a v a i l a b l e a r e : -
( i ) Hydrogénation improves s i g n i f i c a n t l y the c o - c a r b o n i z a t i o n 
c o m p a t i b i l i t y o f so lvent r e f i n e d c o a l w i t h benzene i n s o l u b l e f r a c t i o n s 
which give i s o t r o p i c coke. 
( i i ) Good c o m p a t i b i l i t y can be a t t r i b u t e d i n p a r t t o naphthenic 
s t r u c t u r e s . 
( i i i ) A l k y l a t i o n destroys the c o - c a r b o n i z a t i o n c o m p a t i b i l i t y o f BS 
f r a c t i o n s sugges t ing poor c o m p a t i b i l i t y i n p i t c h e s could be assoc iated 
w i t h a l k y l a t i o n i n c o n s t i t u e n t p i t c h mo lecu les . 
( i v ) Hydrogénation o f the a l k y l a t e d m a t e r i a l r e s t o r e d the c o m p a t i b i 
l i t y . 

E f f e c t s upon o p t i c a l t e x t u r e of cokes of other a d d i t i v e s to 
p i t c h have been r e p o r t e d . Evans and Marsh (82) added anhydr ides , 
Otani and Ôya (83) added f e r r i c c h l o r i d e and Murty et a l . (840 added 
m e t a l s . 

The Role of T r a n s f e r a b l e Hydrogen. In attempts t o up-grade e f f e c t i v e 
coa l rank ( i . e . i n c r e a s e the s i z e o f o p t i c a l t e x t u r e of r e s u l t a n t 
coke) by p i t c h a d d i t i o n based on the Dominant P a r t n e r E f f e c t (21) , 
Mochida e t a l . (85, 86) found i t imposs ib le t o p r e d i c t the a b i l i t y 
o f the i n d u s t r i a l p i t c h e s to modify c o a l c a r b o n i z a t i o n s (up-grade 
s i z e of o p t i c a l t e x t u r e ) u s i n g e lemental analyses and f r a c t i o n a t i o n 
t e chn iques . Those p i t c h e s w i t h e x c e l l e n t mod i fy ing a b i l i t y must 
possess e f f e c t i v e mo le cu lar s t r u c t u r e s which were d i f f i c u l t to r e c o g 
n i s e . In a separate s t u d y , Marsh and Neavel (87) d i s cussed the 
common stage i n mechanisms o f coa l l i q u e f a c t i o n and of ao - carbon izat ion 
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20 PETROLEUM-DERIVED CARBONS 

of c o a l b l e n d s . The r o l e of hydrogen i n l i q u e f a c t i o n i s one of t r a n s 
f e r to r e a c t i v e r a d i c a l s , so s t a b i l i z i n g the r a d i c a l /molecule and 
p r e v e n t i n g the r e t r o g r e s s i v e r e a c t i o n s of coke formation (13). The 
suggest ion was made (87) of the hydrogen-donor f a c i l i t y o f a p i t c h 
a d d i t i v e to coa l be ing the c o n t r o l l i n g f a c t o r i n the modi fy ing a b i l i t y 
o f the p i t c h a d d i t i v e t o i n c r e a s e the e f f e c t i v e rank o f the c o a l (10, 
88). T h i s , i n t u r n , leads to the suggest ion that cokes w i t h o p t i c a l 
t e x t u r e s o f domain were formed from p y r o l y z i n g systems i n which 
hydrogen t r a n s f e r r e a c t i o n s have a s i g n i f i c a n t r o l e i n s t a b i l i z i n g 
r e a c t i v e s p e c i e s , thereby f a c i l i t a t i n g the formation of the p o l y -
n u c l e a r aromatic molecules l e a d i n g to mesophase (F igure 13). 

The most powerful a n a l y t i c a l methods a v a i l a b l e t o con f i rm t h i s 
theory are NMR and ESR. Yokono et a l . (89, 90)used both NMR and ESR 
to e l u c i d a t e c o a l s t r u c t u r e and the composit ion of c o a l e x t r a c t s . 
S p i n - l a t t i c e and s p i n - s p i n r e l a x a t i o n times f o r protons were measured 
as w e l l as carbon a r o m a t i c i t y u s i n g h i g h r e s o l u t i o n gated decoup l ing 
13c s p e c t r a (90). Miyazawa et a l . (91) examined the e a r l y stages o f 
c a r b o n i z a t i o n w i t h a h i g h temperature , i n s i t u , probe of a p u l s e d 
FT-NMR spectrometer . These authors report an e x c e l l e n t r e l a t i o n s h i p 
between the temperature dependence o f l i n e - w i d t h at h a l f - h e i g h t of 
p r o t o n s p e c t r a l bands (ΔΙΠ) and the o p t i c a l t e x t u r e of the mesophase. 
The l i n e ^ w i d t h i s cons idered to be i n f l u e n c e d p r i n c i p a l l y by the 
proton d i p o l e - d i p o l e i n t e r a c t i o n s which r e f l e c t the degree o f f l u i d i t y 
( m o b i l i t y ) of the p y r o l y z i n g system. 

Miyazawa et a l . (92) r e l a t e d ra tes o f decrease o f a l i p h a t i c 
hydrogen protons d u r i n g p y r o l y s i s o f ethylene t a r p i t c h t o formation 
o f mesophase. Yokono e t a l . (9 3) used the model compound anthracene 
to monitor the a v a i l a b i l i t y of t r a n s f e r a b l e hydrogen. C o - c a r b o n i z a 
t i o n s of p i t c h e s w i t h anthracene suggested that extents o f formation 
of 9,10 -dihydroanthracene cou ld be c o r r e l a t e d w i t h size of o p t i c a l 
t e x t u r e . The method was then a p p l i e d t o the c a r b o n i z a t i o n behaviour 
of hydrogenated ethylene t a r p i t c h (94) . Th i s p i t c h , hydrogenated at 
573 K , had a pronounced proton donor a b i l i t y and produced, on 
c a r b o n i z a t i o n , a coke of f l ow-type an i so t ropy compared w i t h the 
coarse -gra ined mosaics (<10 \im d ia) of coke from untreated p i t c h . 

Ôbara et a l . (95) c o - carbonized a petro leum p i t c h which gave a 
coke of mosaic s i z e of o p t i c a l t e x t u r e w i t h the s t r o n g Lewis a c i d 
c a t a l y s t , aluminium c h l o r i d e , w h i c h promoted the s i z e of the o p t i c a l 
t e x t u r e and extents of hydrogen t r a n s f e r t o added anthracene. A 
c o r r e l a t i o n was e s t a b l i s h e d between s i z e of o p t i c a l t e x t u r e of the 
r e s u l t a n t cokes and extents of format ion of 9 ,10 -dihydroanthracene 
p l u s evolved hydrogen gas . 

The above concepts have been a p p l i e d w i t h cons iderab le success 
t o coa l -based systems as d i s t i n c t from petro leum-der ived carbons . 
The sub jec t area i s extens ive and beyond the scope o f t h i s paper. 
However, s e v e r a l re ferences are a v a i l a b l e which prov ide a l e a d i n t o 
t h i s sub jec t area (96-101). In both petro leum p i t c h and c o a l - t a r 
p i t c h the presence o f h y d r o - a r o m a t i c i t y and methylene l inkages may 
prov ide the hydrogen f o r the t r a n s f e r r e a c t i o n s . The removal o f 
hydrogen from such l i n k a g e s does not i n i t s e l f produce s t a b l e r a d i c a l s . 

The Role o f Iner t s i n P i t c h 

I n d u s t r i a l p i t c h o f ten contains components which are i n s o l u b l e i n 
q u i n o l i n e , i . e . QI m a t e r i a l . T h i s QI m a t e r i a l can conven ient ly be 
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1. MARSH AND LATHAM The Chemistry of Mesophase Formation 21 

Size of o p t i c a l 
texture 

1 " • 
Rate of p o l i m e r i z a t i o n or r e a c t i v i t y 

F i g u r e 13. A diagrammatic r e p r e s e n t a t i o n of how s i z e of o p t i c a l 

t e x t u r e of coke i s r e l a t e d to r a t e s of p o l y m e r i z a t i o n or r e a c t i v i t y 

of c o n s t i t u e n t m o l e c u l e s . 
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22 PETROLEUM-DERIVED CARBONS 

p l a c e d i n t o s e v e r a l t y p e s . Pr imary QI i s u s u a l l y found i n c o a l - t a r 
p i t c h e s , i s a product of the c a r b o n i z a t i o n / d i s t i l l a t i o n p r o c e s s , i s 
p a r t i c u l a t e , u s u a l l y <1 ym d iameter , r e s u l t i n g from c r a c k i n g processes 
i n the vapour phase and resembles carbon b l a c k . Petro leum p i t ches 
u s u a l l y have low values of pr imary QI . Secondary QI occurs i n 
p i t c h e s f o l l o w i n g thermal treatment and i s e s s e n t i a l l y made up o f 
spheres of mesophase, wi thout coa lescence , <10 ym diameter . A l so i n 
p i t c h there are to be found specimens o f p y r o l y t i c carbon , of coke 
dust and ' d i r t 1 p a r t i c l e s . A t e r t i a r y type o f Q I , r e p r e s e n t i n g 
molecular components s o l u b l e i n the p i t c h but not i n q u i n o l i n e , i s 
descr ibed by Marsh et a l . (60) . These QI m a t e r i a l s are u s u a l l y 
r e f e r r e d to as the 1 i n e r t 1 contents o f p i t c h e s . 

T h i s i s a se r i ous misnomer as these i n e r t c o n s t i t u e n t s o f p i t c h 
are c e r t a i n l y not i n e r t d u r i n g the c a r b o n i z a t i o n processes . I t i s 
w e l l - e s t a b l i s h e d that the s i z e of the o p t i c a l t e x t u r e of a coke can 
be reduced by the presence w i t h i n the p i t c h o f pr imary QI m a t e r i a l 
(102-105). The QI m a t e r i a l w i t h i n the p i t c h becomes adsorbed on the 
sur faces o f the growth u n i t s o f mesophase. This thereby p r o h i b i t s 
coalescence of these growth u n i t s i n t o the l a r g e r s i z e d o p t i c a l 
t e x t u r e s . When t h i s process i s viewed by ho t - s tage o p t i c a l m i c r o s 
copy (106) t h i s l a ck o f coalescence i s seen t o reduce markedly the 
flow c h a r a c t e r i s t i c s o f the mesophase - i t becomes almost s t a t i c . 
This i n f l u e n c e s the s t r u c t u r a l features o f the mesophase which 
remains more d i s o r d e r e d , a p o i n t made by Cranmer et a l . (43 ) . 
S t a d e l h o f e r (107) found that the presence o f QI d i d not change r a t e s 
of format ion o f mesophase. Romovacek et a l . ( 108) cons ider that 
p y r o l y t i c p a r t i c l e s i n p i t c h (primary QI) r e t a r d the development o f 
mesophase and suppress coa lescence . Decrease i n s i z e of o p t i c a l 
t e x t u r e , as brought about by ^ c h a n i c a l 1 m o d i f i c a t i o n as d i s t i n c t 
from 1 chemica l 1 m o d i f i c a t i o n of p i t c h p r o p e r t i e s can i n c r e a s e both 
the s t r e n g t h and r e a c t i v i t y to o x i d i s i n g gases of the r e s u l t a n t coke , 
as r e c e n t l y put forward by Markovic et a l . (109) . 

The presence of i n e r t s can o v e r r i d e chemical f a c t o r s w i t h i n 
p i t c h e s undergoing p y r o l y s i s . In f a c t , Marsh et a l . (110) p o s t u l a t e 
that the chemistry o f p o l y m e r i z a t i o n w i t h i n mesophase may be dependent 
upon the flow p r o p e r t i e s o f the mesophase. Hence, i n e r t s may 
i n f l u e n c e p y r o l y s i s chemistry because they can r e s t r i c t movement of 
mesophase. 

Ôbara et a l . ( I l l ) i n v e s t i g a t e d the i n f l u e n c e o f s i l i c a ge l 
(<325 mesh) as an i n e r t a d d i t i v e on the c a r b o n i z a t i o n r e a c t i o n s o f 
A240 p i t c h by o p t i c a l microscopy , measurements of t r a n s f e r a b l e 
hydrogen, h igh- temperature ESR and h i g h temperature ^H-NMR. A d d i t i o n s 
of s i l i c a ge l have the e f f e c t o f reduc ing the s i z e of the o p t i c a l 
t e x t u r e o f mesophase which appears i n the e a r l y stage o f c a r b o n i z a 
t i o n . The h i g h e r the c o n c e n t r a t i o n o f s i l i c a g e l i n p i t c h , the less 
i s the amount of t r a n s f e r a b l e hydrogen (H D H ^) f o r A240 p i t c h . The 
s p i n c o n c e n t r a t i o n of p i t c h increases w i t h i n c r e a s i n g s i l i c a g e l 
content . Measured values o f ΔΗι, u s i n g h i g h temperature ^H-NMR, 
suggest that the mo lecu lar motions i n the p i t c h become r i g i d w i t h the 
a d d i t i o n of s i l i c a g e l . There i s thus an e f f e c t of s i l i c a g e l on the 
p h y s i c a l p r o p e r t i e s and chemical r e a c t i v i t y o f c a r b o n i z i n g p i t c h . 

Future Research and Development 

The l a s t twenty years have seen an a p p r e c i a t i o n of the o r i g i n s of 
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1. MARSH AND LATHAM The Chemistry of Mesophase Formation 23 

an i so t ropy or g r a p h i t i z a b i l i t y i n carbons and the beginnings of the 
understandings o f i t s f o rmat i on . 

The complexity of f o rmat ion of mesophase must not be under
e s t i m a t e d . With the except i on of a few model compounds, i t i s the 
i n d u s t r i a l p i t c h which i s the source of mesophase. Such m a t e r i a l s 
c o n t a i n thousands of r e a c t i v e molecules and there i s an i n t e r d e p e n d 
ence i n the c a r b o n i z a t i o n system which c u r r e n t l y i s known t o us but 
not ana lyzed i n depth. T h i s i s an area f o r f u r t h e r r e s e a r c h . Forma
t i o n of mesophase i s f u r t h e r compl icated because i t i n v o l v e s chemistry 
w i t h i n a f l u i d / p l a s t i c system of i n c r e a s i n g v i s c o s i t y . And i n the 
delayed coker , v o l a t i l e r e l e a s e and l i q u i d turbulence are yet a d d i t i o n 
a l f a c t o r s i n i n f l u e n c i n g f i n a l s t r u c t u r e i n mesophase. 

Summary of Known Methods of P r e p a r a t i o n of Mesophase. At the time of 
w r i t i n g , i t appears that a major o b j e c t i v e o f research i n t o the 
chemistry of mesophase format ion i s to o b t a i n mesophase at as low a 
temperature as p o s s i b l e and t o have a s o l u b l e mesophase, e . g . i n 
1,2,4 t r i c h l o r o b e n z e n e (112) . The a p p l i c a t i o n s of such mesophase(s) 
must be i n the p r o d u c t i o n of g r a p h i t i z a b l e p i t c h f i b r e s . However, 
t h i s d i r e c t i o n of research could have a p p l i c a t i o n s i n many other areas 
of carbon /graphi te p r o d u c t i o n . Therefore i t i s a p p r o p r i a t e , now, t o 
make a l i s t of known methods o f p r e p a r a t i o n of mesophase (113) . 

Bu lk processes of c a r b o n i z a t i o n can be "stopped 1 1 at an appropr ia te 
stage and mesophase separated from the remain ing p i t c h by so lvent 
e x t r a c t i o n . Spheres of mesophase can then be i s o l a t e d . However, from 
the v iewpoint of s p e c i a l i s e d i n d u s t r i a l usage, e . g . s p i n n i n g / m o u l d i n g 
(not t r a d i t i o n a l coke-making) such mesophase can be s a i d t o be " o v e r 
cooked". I t i s not r e a d i l y s o l u b l e i n g e n e r a l l y a v a i l a b l e s o l v e n t s ; 
i t does not represent a minimum i n i t s v i s c o - e l a s t i c p r o p e r t i e s . 

C r y s t a l l i z a t i o n of Mesophase. As mentioned above, there e x i s t s an 
approach which s e l e c t s s o l v e n t f r a c t i o n s from p i t c h m a t e r i a l s as be ing 
s u i t a b l e for manufacture of carbon a r t i f a c t s . Th i s i s ' t r i a l and 
e r r o r ' molecular e n g i n e e r i n g . I f the s e l e c t e d cropped feedstock i s 
s u i t a b l e then i t i s p o s s i b l e : -

( i ) t o heat the feedstock to a temperature below that at which 
spheres are n o r m a l l y seen, 

( i i ) t o cool t h i s i s o t r o p i c p i t c h , of pre -determined heat treatment 
temperature , such that spheres of mesophase c r y s t a l l i z e o u t . 
Because temperatures have been kept low ( r e l a t i v e t o t r a d i t i o n a l 

sys tems) , t h i s mesophase i s formed u t i l i z i n g the e s t a b l i s h e d thermo-
t r o p i c p r o p e r t i e s o f nematic l i q u i d c r y s t a l s . Such 'spheres of 
c r y s t a l l i z a t i o n ' can there fore be d i s s o l v e d i n the p i t c h (by re-heating) 
or i n other s o l v e n t s . They tend to have a lower v i s c o s i t y than 
t r a d i t i o n a l l y made mesophase. 

P r e c i p i t a t i o n of Mesophase. I f the m o d i f i e d , cropped feedstock i s 
s u i t a b l e then i t i s p o s s i b l e : -

( i ) t o heat feedstocks to a temperature below that at which spheres 
are normal ly seen, 

( i i ) t o cool t h i s i s o t r o p i c p i t c h , h e a t - t r e a t e d a p p r o p r i a t e l y , t o 
c r y s t a l l i z e out spheres of m a t e r i a l , 

( i i i ) t o separate these spheres from r e s i d u a l p i t c h , 
( i v ) to d i s s o l v e the spheres i n a so lvent o f h i g h s o l u t i o n power 

( s o l u b i l i t y parameter ) , e . g . q u i n o l i n e , 
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24 PETROLEUM-DERIVED CARBONS 

(v) t o g r a d u a l l y remove the so lvent i n a d i s t i l l a t i o n process 
caus ing the p r e c i p t a t i o n of p i t c h - b a s e d l i q u i d c r y s t a l m a t e r i a l . 

This m a t e r i a l has the p r o p e r t i e s of good s o l u b i l i t y and of low 
v i s c o s i t y . 

These methods, d e s c r i b e d above, are t o produce m a t e r i a l ( s t i l l 
l o o s e l y c a l l e d mesophase) which e s s e n t i a l l y i s a feedstock f or other 
process developments. This "mesophase" prepared at temperatures 
below normal c a r b o n i z a t i o n temperatures can be c a l l e d low temperature 
mesophase p i t c h (LTMP). The term mesophase p i t c h has crept i n t o the 
vocabulary o f t h i s sub jec t and i s thought t o r e f e r main ly to mesophase 
as a feedstock . I t s an i so t ropy can be de tec tab le by p o l a r i z e d l i g h t 
o p t i c a l microscopy . 

L y o t r o p i c Mesophase 

I t i s p o s s i b l e t o develop f u r t h e r the s p e c i f i c i t y o f T molecu lar 
e n g i n e e r i n g 1 as f o l l o w s : -

( i ) use the low temperature mesophase p i t c h (LTMP) as desc r ibed i n 
paragraphs above, 

( i i ) s e l e c t i v e l y e x t r a c t molecu lar spec ies from the LTMP by use o f 
e . g . benzene t o give b e n z e n e - i n s o l u b l e (BI) , 

( i i i ) prepare new systems by b l e n d i n g BI w i t h BS i n r a t i o s d i f f e r e n t 
from that i n the o r i g i n a l LTMP. In t h i s way some f u r t h e r 
o p t i m i z a t i o n of feedstock p r o p e r t i e s / s u i t a b i l i t y of LTMP can 
be ach ieved . 

Current Mesophase Research . With a view to p r o d u c t i o n of carbon 
f i b r e s and of g r a p h i t e / c a r b o n a r t i f a c t s o f s p e c i a l i z e d use , the 
research programmes appear t o be o r i e n t a t e d towards : -
(1) . O p t i m i z a t i o n of cropping o r molecu lar e n g i n e e r i n g o f the 
molecular c o n s t i t u e n t s o f p i t c h e s a v a i l a b l e i n d u s t r i a l l y . Th is 
e s s e n t i a l l y i s the c r e a t i o n of new parent feedstocks by s e p a r a t i o n / 
b l e n d i n g t e c h n i q u e s . 
(2) . Upgrading the p r o p e r t i e s o f parent feedstocks by chemical 
methods : -

( i ) hydrogénations 
( i i ) a l k y l a t i o n s 

( i i i ) p o l y m e r i z a t i o n s 
( i v ) a r o m a t i z a t i o n s , e t c . 

(3) the format ion of mesophase p i t c h or low temperature mesophase 
p i t c h (LTMP) accord ing to d e t a i l s g iven above. 
(4) Analyses o f chemical compositions o f parent p i t c h e s t o opt imize a 
p i t c h o r i g i n so l e a d i n g to o p t i m i z a t i o n o f mo lecu lar e n g i n e e r i n g 
t e chn iques . Th i s i n v o l v e s cons iderab le a n a l y t i c a l work of s e p a r a t i o n 
and a n a l y s i s by GC/MS, NMR ^IR, e t c . . 
(5) The es tab l i shment of r e l a t i o n s h i p s between molecu lar s i z e s / s h a p e , 
and s t r u c t u r e of compounds i n p i t c h e s and s o l u b i l i t i e s i n so lvents of 
known s o l u b i l i t y parameters . 
(6) the es tab l i shment o f r e l a t i o n s h i p s between the v i s c o s i t y of 
mesophase and i t s s t r u c t u r e w i t h the sur face energy a s s o c i a t e d w i t h 
the c o n t a i n i n g f l u i d phase. 

Conclus ions 

I n d u s t r i a l l y a v a i l a b l e p i t c h m a t e r i a l s are extremely complex chemical 
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I. MARSH AND LATHAM The Chemistry of Mesophase Formation 25 

m i x t u r e s . D e t a i l e d chemical analyses i n terms of c h a r a c t e r i z a t i o n o f 
molecu lar spec ies may not be rewarding i n terms o f e f f o r t r e q u i r e d . 

P i t c h m a t e r i a l s may best be c h a r a c t e r i z e d i n terms of compositions 
o f mo lecu lar weight f r a c t i o n s o r s o l u b i l i t y f r a c t i o n s . 

Po ly nuc l ear hydrocarbons, e . g . anthracene , form mesophase by 
dehydrogenative p o l y m e r i z a t i o n r e a c t i o n s . F u n c t i o n a l groups and 
heteroatoms h i n d e r mesophase growth. 

P i t c h m a t e r i a l s can be improved w i t h regard t o coke q u a l i t y by : 
(a) so lvent or d i s t i l l a t i o n s e p a r a t i o n t e c h n i q u e s ; 
(b) chemical m o d i f i c a t i o n of the p i t c h , e . g . hydrogénation; 
(c) j u d i c i o u s s e l e c t i o n of b l e n d i n g procedures ; 
(d) r e l a t i n g p i t c h p r o p e r t i e s to o p t i c a l t e x t u r e and q u a l i t y of 

r e s u l t a n t cokes . 
A major f a c t o r t o cons ider i n p i t c h c a r b o n i z a t i o n s i s the 

f a c i l i t y f o r hydrogen t r a n s f e r r e a c t i o n s . These s t a b i l i z e o therwise 
r e a c t i v e r a d i c a l spec ies and permit the growth of mesophase i n a f l u i d 
of low v i s c o s i t y . H y d r o a r o m a t i c i t y and methylene l inkages are able to 
t r a n s f e r hydrogen wi thout c r e a t i n g r a d i c a l s . 

I n e r t m a t e r i a l i n p i t c h , the QI m a t e r i a l , i s not an i n e r t 
c o n s t i t u e n t and i t s behaviour should be noted s e r i o u s l y , both w i t h 
regard to the improvement and to the detriment of coke p r o p e r t i e s . 
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2 
Chemical Characterization and Preparation 
of the Carbonaceous Mesophase 

Isao Mochida and Yozo Korai 

Research Institute of Industrial Science, Kyushu University 86, Kasuga, Fukuda, 816, 
Japan 

The development of mesophase carbon fiber provides a 
major incentive for both basic and practical investiga
tions of the chemistry of the carbonaceous mesophase. 
Recent work on the properties and structural chemistry 
of the mesophase is surveyed, with emphasis on the 
chemical structures formed in the pyrolysis of pure 
compounds, interactions between molecules in the 
carbonization of practical pitch materials, and the 
preparation of mesophase pitches. Naphthenic 
intermediates play useful roles in improving anisotropy 
and solubility and in reducing viscosity. The growing 
knowledge of such mechanisms as hydrogenation, 
oxidation, dealkylation, and solvent fractionation opens 
increasingly precise approaches to control the molecular 
order, viscosity, and reactivity of mesophase pitch. An 
example is the use of hydrogenation to improve the 
fusibility and solubility of mesophase pitch, and under 
certain conditions, to prepare "dormant mesophase", an 
isotropic pitch that becomes anisotropic under stress. 

The o p t i c a l a n i s o t r o p y observed i n most carbon m a t e r i a l s r e f l e c t s 
the ordered s t a c k i n g of g r a p h i t e - l i k e m i c r o c r y s t a l l i n e u n i t s tha t 
has been recognized to be e s s e n t i a l i n determining t h e i r 
p r o p e r t i e s . P i t c h - b a s e d carbon f i b e r , e l e c t r o d e and m e t a l l u r g i c a l 
cokes , and carbons f o r n u c l e a r r e a c t o r s are c h a r a c t e r i z e d by t h e i r 
a n i s o t r o p i c t e x t u r e s i n c e t h i s s t r u c t u r a l f a c t o r i s fundamental ly 
r e l a t e d to t h e i r mechanica l , thermal , e l e c t r o n i c , and chemical 
p r o p e r t i e s ( 1 - 5 ) . 

The o p t i c a l a n i s o t r o p y has been shown by Brooks and T a y l o r 
(5) to be b u i l t i n through the carbonaceous mesophase, the l i q u i d 
c r y s t a l l i n e s t a t e formed d u r i n g the l i q u i d - p h a s e c a r b o n i z a t i o n of 
those organic m a t e r i a l s that can be pyro lyzed and h e a t - t r e a t e d to 
the g r a p h i t i c s t a t e . The mesophase i s the c r i t i c a l i n t e r m e d i a t e 
s t a t e i n which the q u a l i t y of carbon products i s determined . The 
chemistry of i t s c h a r a c t e r i z a t i o n , p r e p a r a t i o n , and c o n t r o l i s 
most r e l e v a n t to modern c a r b o n i z a t i o n techno logy . 

0097-6156/86/0303-0029$06.00/0 
© 1986 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
2



30 PETROLEUM-DERIVED CARBONS 

The technology of mesophase-pitch-based carbon f i b e r has 
s t i m u l a t e d the r a p i d development of the chemistry of mesophase 
behav ior and p r e p a r a t i o n . The c a r b o n i z a t i o n schemes and 
mechanisms l e a d i n g to o p t i c a l a n i s o t r o p y v i a the mesophase, the 
c o n t r o l of c a r b o n i z a t i o n w i t h emphasis on the p r e p a r a t i o n of 
sp innab le mesophase, and the mesophase t r a n s i t i o n and r e a c t i v i t y 
i n r e l a t i o n to the s t r u c t u r e of i t s c o n s t i t u e n t molecules are 
summarized i n t h i s paper . 

C a r b o n i z a t i o n Schemes and Mechanisms 

When aromatic m a t e r i a l s ( i n c l u d i n g c o a l , c o a l t a r , petroleum r e s i 
dues, and bitumens) are heated i n i n e r t atmosphere under ambient 
p r e s s u r e , some of t h e i r components undergo p y r o l y t i c r e a c t i o n s to 
produce r a d i c a l fragments , a l though many c o n s t i t u e n t s may 
d i s t i l l . Some r a d i c a l fragments decompose to produce l i g h t e r 
components which are a l s o evo lved , but others recombine w i t h 
r e a c t i v e molecules to y i e l d l a r g e r mo le cu les . Such r e a c t i o n s are 
repeated u n t i l f i n a l l y s o l i d coke appears i n the r e a c t o r . The 
v i s c o s i t y of the r e a c t i n g l i q u i d phase increases because of the 
i n c r e a s e i n molecu lar w e i g h t . 

The l a r g e aromatic molecules i n t e r a c t through π - π e l e c t r o n 
f o r ces and segregate from the m a t r i x of s m a l l e r molecules to 
produce a n i s o t r o p i c spheres . The a n i s o t r o p i c spheres grow i n 
d iameter , coalesce to form broader i s o chromat i c reg ions i n s p i t e 
of the i n c r e a s i n g v i s c o s i t y , and f i n a l l y s o l i d i f y i n t o a n i s o t r o p i c 
coke . Th i s s e r i e s of steps l e a d i n g to o p t i c a l a n i s o t r o p y i s 
observed i n the quenched mesophase specimens shown i n F igure 1, 
a l though some e f f e c t s due to quenching may be i n c l u d e d . Hot -s tage 
micrography shows s i m i l a r i n s i t u progress dur ing c a r b o n i z a t i o n 
( 6 - 8 ) . Th i s c a r b o n i z a t i o n mechanism may be de f ined as a "sphere 
mechanism"· 

S ince the o p t i c a l a n i s o t r o p y r e f l e c t s the ordered s t a c k i n g of 
aromatic mo le cu les , the a n i s o t r o p i c spheres and the coa lesced 
reg ions (which can be q u i t e v i s cous but deformable) are i n the 
l i q u i d c r y s t a l l i n e s t a t e dur ing the c a r b o n i z a t i o n process . T h e i r 
quenched s t a t e can be descr ibed as " l i q u i d c r y s t a l g l a s s " 
accord ing to Die fendor f (9). 

The p r e s e n t ' a u t h o r s found another p y r o l y s i s mechanism l e a d i n g 
to o p t i c a l a n i s o t r o p y ( 1 0 ) , i n which no d e f i n i t e l i q u i d phase was 
observable d u r i n g the c a r b o n i z a t i o n . In some carbonaceous sub
s t a n c e s , such as s e m i - a n t h r a c i t e c o a l , o p t i c a l a n i s o t r o p y over 
broad regions develops promptly at c e r t a i n temperatures from the 
h i g h l y v i scous s t a g e . The component l a y e r s appear to be s t a c k e d , 
and are rearranged by heat - t reatment to show o p t i c a l a n i s o t r o p y . 
Such a mechanism can be c a l l e d the "preordered l a y e r -
t r a n s f o r m a t i o n mechanism". 

The r e a c t i o n schemes of c a r b o n i z a t i o n have a l s o been i n v e s t i 
gated ( 1 1 - 1 5 ) . The molecular s t r u c t u r e of the c a r b o n i z a t i o n 
i n t e r m e d i a t e s can i n f l u e n c e s t r o n g l y the o p t i c a l a n i s o t r o p y of the 
r e s u l t a n t coke . The c a r b o n i z a t i o n in termed ia tes have been 
repor ted f o r the p y r o l y s i s of acenaphthylene, which provides a 
r a r e example of atmospheric c a r b o n i z a t i o n of a pure o r g a n i c 
chemica l ( 1 1 ) . The c a r b o n i z a t i o n scheme i s i l l u s t r a t e d i n F i g u r e 
2 . The in termedia tes I I , I I I , and VI are proposed based on 
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2. MOCHIDA AND KORAI Characterization and Preparation of the Mesophase 31 

F i g u r e 1. Three steps i n the development of o p t i c a l a n i s o t r o p y 
v i a the mesophase. (a) N u c l e a t i o n of mesophase s p h e r u l e s . (b) 
Growth and coalescence of mesophase. (c) Flow a n i s o t r o p y . 

F igure 2. C a r b o n i z a t i o n scheme f o r acenaphthylene 
Reproduced w i t h permiss ion from re ference 12. 
Copyr ight 1979 IPC Business P r e s s , L t d . 
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32 PETROLEUM-DERIVED CARBONS 

u l t r a v i o l e t spectroscopy (UV) , n u c l e a r magnetic resonance (NMR), 
and vapor phase osmometry (VPO). Comparison of the c a r b o n i z a t i o n 
r e a c t i v i t y of acenaphthylene ( I ) and decacyclene (VI) i n d i c a t e s 
the complex i ty of such r e a c t i o n schemes. Decacyclene always forms 
as an i n t e r m e d i a t e i n the p y r o l y s i s of acenaphthylene. In f a c t , 
decacyclene i s s t a b l e at 500°C, whereas acenaphthylene develops 
o p t i c a l a n i s o t r o p y at lower p y r o l y s i s temperatures ( 1 2 ) . These 
r e s u l t s suggest a r o l e f o r r e a c t i v e in termed ia tes which are not 
i n c l u d e d i n the major steps of the r e a c t i o n scheme and may a l s o 
imply that a minor component can o f t en a f f e c t the f i n a l r e s u l t s of 
c a r b o n i z a t i o n . 

F i g u r e 3 desc r ibes r e a c t i o n schemes f o r naphthalene c a r 
b o n i z a t i o n c a t a l y z e d by m e t a l l i c potassium or by aluminum c h l o r i d e 
(13 ,14 ) ; these c a t a l y s t s produce c o n t r a s t i n g i s o t r o p i c and a n i s o 
t r o p i c carbons , r e s p e c t i v e l y . The in te rmed ia te s t r u c t u r e s are 
s i m i l a r except f o r more naphthenic s t r u c t u r e induced i n the A l C l ^ -
c a t a l y z e d c a r b o n i z a t i o n . The r o l e of naphthenic s t r u c t u r e s 
l e a d i n g to o p t i c a l a n i s o t r o p y has been recognized i n many 
examples, and t h e i r i n t r o d u c t i o n can improve the a n i s o t r o p i c 
development, as desc r ibed l a t e r . Higher f u s i b i l i t y , lower m e l t i n g 
temperature , and h igher s o l u b i l i t y of the in te rmed ia te molecules 
may be obta ined by the format ion of p a r t i a l l y naphthenic 
s t r u c t u r e s (15 ) · 

Since the v i s c o s i t y i n c r e a s e i n the l a t e r stages of c a r 
b o n i z a t i o n i n f l u e n c e s mesophase development, any f a c t o r i n f l u 
enc ing the v i s c o s i t y of the c a r b o n i z i n g system may a f f e c t meso
phase development. The r a t e (16,17) and atmosphere ( 18) of 
c a r b o n i z a t i o n are important f a c t o r s . C o e x i s t i n g substances are 
a l s o i n f l u e n t i a l even i f they are not carbonized ( 19) · The 
carbonaceous sources are o f t en mixtures of complex components so 
that t h e i r mutual i n t e r a c t i o n i s important f o r understanding the 
c a r b o n i z a t i o n behavior of p i t c h m a t e r i a l s . The authors in t roduced 
" c o m p a t i b i l i t y " (20,21) among the c a r b o n i z i n g components to 
d e s c r i b e t h i s s i t u a t i o n . The components perform the i n t e r a c t i o n s 
of l i q u i d - l i q u i d m i x i n g , s o l v a t i o n , and s o l v o l y s i s and i n f l u e n c e 
the c a r b o n i z a t i o n by modi fy ing the c a r b o n i z a t i o n r a t e , the 
i n t e r m e d i a t e s t r u c t u r e s and compos i t i on , and the v i s c o s i t y of the 
system ( 2 2 ) . The concept of c o m p a t i b i l i t y i s not only u s e f u l i n 
understanding c a r b o n i z a t i o n r e a c t i o n s i n p r a c t i c a l m a t e r i a l s , but 
a l s o to improve the q u a l i t y of a product by proper a d d i t i v e s . 
C a r b o n i z a t i o n r e a c t i o n s are a l s o i n f l u e n c e d s t r o n g l y by the 
s t a r t i n g s t r u c t u r e and s t r u c t u r a l d i s t r i b u t i o n s i n c e they govern 
the c a r b o n i z a t i o n r e a c t i v i t y and the c a r b o n i z a t i o n phase ( 2 3 -
25 ) . A complex mixture i s more p r o p e r l y desc r ibed by i t s 
s t r u c t u r a l d i s t r i b u t i o n than by i t s average s t r u c t u r e . 

C o n t r o l of C a r b o n i z a t i o n to Mesophase 

An important g o a l i s to be ab le to produce a carbon m a t e r i a l w i t h 
w e l l - d e f i n e d p r o p e r t i e s from a g iven carbonaceous p r e c u r s o r . 
Based on c a r b o n i z a t i o n mechanisms, some concepts concerning the 
c o n t r o l of a n i s o t r o p i c development from a g iven s t a r t i n g m a t e r i a l 
can be developed. There are two p r i n c i p a l approaches: 

1. Design of c a r b o n i z a t i o n c o n d i t i o n s . 
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MOCHIDA AND KORAI Characterization and Preparation of the Mesophase 

F i g u r e 3. Sequences of condensat ion r e a c t i o n s l e a d i n g to carbon 
from naphthalene ( I ) us ing potassium or aluminum c h l o r i d e c a t a 
l y s t s . Reproduced w i t h permiss ion from re ference 14. 
Copyr ight 1976 Pergamon P r e s s , I n c . 
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34 PETROLEUM-DERIVED CARBONS 

2. Design of s t a r t i n g m a t e r i a l i n c l u d i n g s t r u c t u r a l 
m o d i f i c a t i o n . 

The f i r s t approach i n c l u d e s c a t a l y t i c (13-17) and p r e s s u r i z e d c a r 
b o n i z a t i o n (23-25) · C a t a l y s t s may be used to c reate naphthenic 
s t r u c t u r e i n the condensat ion r e a c t i o n . Heat ing r a t e i s another 
important f a c t o r ( 2 6 ) . The authors have a l s o emphasized the 
importance of c o c a r b o n i z a t i o n ; c a r b o n i z a t i o n r e a c t i o n s tend to be 
governed by minor components (F igure 4 ) . Marsh et a l . (27) 
d e f i n e d such a s i t u a t i o n as the "dominant par tner e f f e c t " . By a 
s u i t a b l e a d d i t i v e , the c a r b o n i z a t i o n r e a c t i o n can be modi f ied to 
produce a d e s i r e d o p t i c a l t e x t u r e . The a r o m a t i c i t y and hydrogen-
donat ing a b i l i t y of the a d d i t i v e are recognized to be important 
f o r the modi fy ing a b i l i t y of the a d d i t i v e ( 2 8 - 3 0 ) . 

The extent of m o d i f i c a t i o n i n the c o c a r b o n i z a t i o n process i s 
a l s o i n f l u e n c e d by the p r i n c i p a l c a r b o n i z i n g substances ( 2 8 - 3 1 ) . 
The authors in t roduced the term " c o c a r b o n i z a t i o n s u s c e p t i b i l i t y " 
to d e s c r i b e t h i s s i t u a t i o n . The presence of oxygen-conta in ing 
f u n c t i o n a l groups , which i s o f t e n observed i n c o a l - d e r i v e d p i t c h , 
i s one of the major f a c t o r s which i n f l u e n c e the s u s c e p t i b i l i t y 
( 3 1 ) . The m o l e c u l a r - s i z e d i s t r i b u t i o n of aromatic and p a r a f f i n i e 
components i n the feedstock i s another f a c t o r ( 2 8 ) . The combined 
e f f e c t of modi fy ing a b i l i t y and s u s c e p t i b i l i t y on the r e s u l t a n t 
o p t i c a l t e x t u r e i s i l l u s t r a t e d s c h e m a t i c a l l y i n F i g u r e 4. 

The second approach i n c l u d e s s e p a r a t i o n of u n d e s i r a b l e com
ponents and chemical m o d i f i c a t i o n of the s t r u c t u r e . A n t i - s o l v e n t 
techniques may be a p p l i e d to remove q u i n o l i n e - i n s o l u b l e p a r t i c l e s 
(QI) from c o a l t a r p i t c h p r i o r to delayed cok ing ( 3 2 ) . V a r i o u s 
k inds of chemical m o d i f i c a t i o n , thermal and c a t a l y t i c t r e a t m e n t s , 
and t h e i r combination are p o s s i b l e ( 3 3 - 3 6 ) . These treatments may 
perform d e a l k y l a t i o n , c r a c k i n g , condensat ion , hydrogénation, and 
h y d r o c r a c k i n g . The authors have repor ted t h a t p a r t i a l 
hydrogénation can enhance c a r b o n i z a t i o n y i e l d as w e l l as 
a n i s o t r o p i c development. P a r t i a l l y hydrogenated pyrene (produced 
us ing L i - e t h y l e n e d i a m i n e ) carbonized under atmospheric pressure 
w h i l e pyrene d i d not ( 3 7 ) . Some t y p i c a l hydrogenated pyrenes are 
i l l u s t r a t e d i n F i g u r e 5. Among these hydropyrenes , 1 ,6- and 1 ,8-
dihydropyrene y i e l d carbons by thermal o l i g o m e r i z a t i o n at a coke 
y i e l d of about 20%. O x i d a t i v e pretreatment at 150°C was e f f e c t i v e 
i n i n c r e a s i n g the coke y i e l d to as h igh as 35% without decreas ing 
the s i z e of o p t i c a l t e x t u r e , w h i l e some naphthenic p a r t i a l s t r u c 
t u r e s u r v i v e d even a f t e r o x i d a t i v e or oxygenative o l i g o m e r i z a t i o n 
as shown i n F i g u r e 6 (33 ) · 

Based on the c r e a t i o n of naphthenic s t r u c t u r e s i n the 
condensat ion r e a c t i o n , the m o d i f i c a t i o n by aluminum c h l o r i d e 
i n c r e a s e d carbon y i e l d and improved the p o t e n t i a l f o r a n i s o t r o p i c 
development. O x i d a t i v e pretreatment u s u a l l y impairs a n i s o t r o p i c 
development a l though i t in c reases carbon y i e l d . The o x i d i z e d 
p i t c h i s a l s o modi f i ed by aluminum c h l o r i d e ( 34 ) ; t h i s may be used 
to prepare a d d i t i v e s (38) and mesophase p i t c h e s ( 3 9 ) . I t should 
be noted that these processes a l l o w the c a t a l y s t to be r e a d i l y 
separated ( i n c o n t r a s t to c a t a l y t i c c a r b o n i z a t i o n ) s ince the 
modi f ied product i s s t i l l e i t h e r s o l u b l e i n some so lvents or 
f u s i b l e . 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
2



2. MOCHIDA AND KORAI Characterization and Preparation of the Mesophase 35 

ω 
u 
D •u κ 
u ι dominant partner 

1 0 0%Pitch blend 100% 
Β A 

F i g u r e 4. Schematic diagram to i l l u s t r a t e three p o s s i b l e 
e f f e c t s of c o c a r b o n i z a t i o n on the development of o p t i c a l 
a n i s o t r o p y . A , a d d i t i v e ; B , p r i n c i p a l c a r b o n i z i n g substance . 

F i g u r e 5. Some t y p i c a l s t r u c t u r e s of hydrogenated pyrenes ( p r e 
pared us ing L i and e t h y l e n e d i a m i n e ) . *H-NMR i d e n t i f i c a t i o n : 1, 
3.2 ppm; 2, 6.5 - 7.0 ppm; 3, 7.0 - 8.0 ppm; 4, 5.5 - 6.0 ppm; 
5, 4.0 ppm; 6, 3.0 ppm; 7, 2.5 ppm; 8, 2.0 ppm. 
Reproduced w i t h permiss ion from re ference 33 . 
Copyr ight 1982 Pergamon P r e s s , I n c . 
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36 PETROLEUM-DERIVED CARBONS 

F i g u r e 6. (a) O l i g o m e r i z a t i o n mechanisms of hydrogenated 
pyrene: l a , r a d i c a l - c o u p l i n g o l i g o m e r i z a t i o n ; l b , o l e f i n i c o l i 
g o m e r i z a t i o n ; I I , o x i d a t i v e o l i g o m e r i z a t i o n ; I I I , oxygenative 
o l i g o m e r i z a t i o n (x = o l i g o m e r i z a t i o n i n i t i a t o r ) · (b) Micrograph 
of coke from hydropyrene. 
Reproduced w i t h permiss ion from reference 33. 
Copyr ight 1982 Pergamon P r e s s , I n c . 
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2. MOCHIDA AND KORAI Characterization and Preparation of the Mesophase 37 

P r e p a r a t i o n of Mesophase P i t c h 

Mesophase p i t c h , a precursor f o r h igh performance carbon f i b e r , 
must be sp innab le at moderate temperatures , h i g h l y o r i e n t e d , 
r e a c t i v e f o r o x i d a t i o n , and of h igh cok ing v a l u e , a l though these 
f a c t o r s are sometimes c o n f l i c t i n g . The g e n e r a l approaches to 
prepare such a mesophase p i t c h can be c l a s s i f i e d i n t o three 
c a t e g o r i e s : 

1. P r e p a r a t i o n from a p p r o p r i a t e s t a r t i n g substances . 
2 . E x t r a c t i o n or s e p a r a t i o n of the a p p r o p r i a t e f r a c t i o n 

d u r i n g or a f t e r the p r e p a r a t i o n . 
3 . M o d i f i c a t i o n of o r d i n a r y mesophase. 
Acenaphthylene and tetrabenzophenazine (40) are known to be 

a p p r o p r i a t e s t a r t i n g m a t e r i a l s ; hydrogenated or c a t a l y t i c a l l y c o n 
densed aromatic hydrocarbons and p i t c h e s are a l s o s u i t a b l e ( 41 ) . 
In thermal treatment of p i t c h , i t i s s t i l l a ques t i on whether 
s h o r t res idence times at h igh temperatures or l ong res idence times 
at low temperatures are p r e f e r a b l e . In any case , the r e a c t i o n 
should be homogeneous. The s o l v e n t may thus be i m p o r t a n t . 

Examples of the second approach are d e s c r i b e d i n patents from 
Union Carbide (42) and Exxon ( 4 3 ) , i n which the s e p a r a t i o n i s made 
dur ing or a f t e r the p r e p a r a t i v e c a r b o n i z a t i o n . Aromatic 
hydrocarbons l a r g e enough f o r a n i s o t r o p i c development, but not to 
exceed a t h r e s h o l d s i z e , are prepared by the removal of l i g h t e r 
f r a c t i o n s . By the so lvent approach, heavy f r a c t i o n s can a l s o be 
e l i m i n a t e d i f they are produced. 

A l a s t approach i s the hydrogénation of mesophase. 
Hydrogénation us ing L i - e t h y l e n e d i a m i n e (44) and hydrogen t r a n s f e r 
from t e t r a h y d r o q u i n o l i n e (32) have been r e p o r t e d . More 
convent i ona l hydrogénation i s a l s o p o s s i b l e ( 4 5 , 4 6 ) . The authors 
have reported that the combinat ion of a l k y l a t i o n and hydrogénation 
of mesophase increases the y i e l d of s o l u b i l i z e d mesophase ( 4 7 ) . 
Hydrogen t r a n s f e r at h igh temperature f o r shor t contact time can 
be e f f e c t i v e ( 4 8 ) . "Dormant mesophase", i n which the i s o t r o p i c 
p re cursor d i s p l a y s a n i s o t r o p y a f t e r s t r e s s i n g , has been prepared 
by the hydrogénation of mesophase (44 ) ; t h i s t r a n s f o r m a t i o n may 
prov ide another example of the preordered l a y e r t r a n s f o r m a t i o n 
mechanism. P h y s i c a l mix ing (b lending) can a l s o inc rease the 
f u s i b i l i t y of mesophase, thus i n d i c a t i n g the importance of s t r u c 
t u r a l d i s t r i b u t i o n . 

S t r u c t u r e and Phase T r a n s i t i o n of Mesophase 

The molecu lar s t r u c t u r e and c o n s t i t u t i o n of the a n i s o t r o p i c 
mesophase sphere have been analyzed (49 ,50 ) · NMR, UV, IR, and 
o ther modern techniques are a p p l i e d a f t e r the mesophase s o l u b i l i t y 
i s enhanced by n o n - d e s t r u c t i v e hydrogénation or r e d u c t i v e 
a l k y l a t i o n . A model s t r u c t u r e i s i l l u s t r a t e d i n F i g u r e 7 (49,50) 
where aromatic sheets 6 to 15 Â i n extent are connected d i r e c t l y 
or through methylene bonds to form l a r g e molecules w i t h molecu lar 
weights i n the range of 400 to 4000. This wide molecu lar weight 
d i s t r i b u t i o n i s important s ince i t may be r e s p o n s i b l e f o r the 
ordered s t a c k i n g of s m a l l e r molecules through π - π i n t e r a c t i o n , 
the extent of i n s o l u b i l i t y i n q u i n o l i n e , and the h igh v i s c o s i t y at 
e l eva ted temperatures . 
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38 PETROLEUM-DERIVED CARBONS 

The o p t i c a l t e x t u r e of mesophase and r e s u l t a n t carbons i s 
observed r e a d i l y by means of a r e f l e c t e d p o l a r i z e d l i g h t m i c r o 
scope and may be c l a s s i f i e d accord ing to the shape and s i z e of the 
i sochromat i c u n i t s . Such a c l a s s i f i c a t i o n i s u s e f u l to eva luate 
the p r o p e r t i e s of mesophase and carbons such as needle cokes . The 
mesophase has been de f ined as the in te rmed ia te s t a t e which shows 
o p t i c a l a n i s o t r o p y and i s q u i n o l i n e - i n s o l u b l e at room temperature 
(5,51) ( l i q u i d c r y s t a l g l a s s ) , a l though i t i s a v i s cous l i q u i d 
c r y s t a l d u r i n g the c a r b o n i z a t i o n process ( 6 ) . 

Recent advances i n the technology of carbon f i b e r have 
r e v i s e d the d e f i n i t i o n of mesophase. I t s nature as a l i q u i d 
c r y s t a l has been emphasized. Die fendor f proposed a phase diagram 
of carbonaceous mesophase analogous to that of c onvent i ona l 
nematic l i q u i d c r y s t a l s (9). The schematic phase diagram of 
F i g u r e 8 summarizes the thermal behavior of the mesophase. At 
p r e s e n t , the a b s c i s s a cannot be p r e c i s e l y d e f i n e d , a l though 
Die fendor f has used the content of meso-species and non-meso-
spec ies accord ing to c o n v e n t i o n a l l i q u i d c r y s t a l theory (9). The 
r e a l mesophase c o n s i s t s of complex molecules that may i n t e r a c t ; 
hence the a b s c i s s a may need to take the s t r u c t u r a l d i s t r i b u t i o n 
i n t o account . The phase diagram i n F i g u r e 8 c o n s i s t s of i s o t r o p i c 
l i q u i d , a n i s o t r o p i c l i q u i d c r y s t a l , and l i q u i d c r y s t a l g l a s s . The 
phase boundaries correspond to the m e l t i n g and g l a s s t r a n s i t i o n 
temperatures . The a n i s o t r o p i c l i q u i d c r y s t a l w i l l not o f t e n 
e x h i b i t the i s o t r o p i c l i q u i d s t a t e when the temperature r i s e s 
s ince the p y r o l y s i s r e a c t i o n s u s u a l l y form n o n - f u s i b l e coke, as 
u s u a l l y observed i n needle coke p r o d u c t i o n . The l i q u i d c r y s t a l 
and l i q u i d c r y s t a l g l a s s may d i s p l a y the v a r i o u s morphologies 
summarized i n Table I of the paper by Marsh and Latham (52 ) . 
I n t e r c o n v e r s i o n among the morphologies of the g l a s s i s a l lowed v i a 
i s o t r o p i c l i q u i d and l i q u i d c r y s t a l s t a t e s as shown by the 
f o l l o w i n g scheme: 

A n i s o t r o p i c l i q u i d A n i s o t r o p i c l i q u i d 
c r y s t a l • c r y s t a l g l a s s 

( v a r i a b l e morphologies) ( v a r i a b l e morphologies) 

t • 
p r o h i b i t e d 

I s o t r o p i c l i q u i d ^ I s o t r o p i c g l a s s 

The i n t e r c o n v e r s i o n i n c l u d e s r e c r y s t a l l i z a t i o n and rearrangement 
by a n n e a l i n g . The i n t e r c o n v e r s i o n processes are rate -dependent , 
and v a r i o u s morphologies (even i s o t r o p y from the p o t e n t i a l l y 
a n i s o t r o p i c components) may r e s u l t , depending on the 
r e c r y s t a l l i z a t i o n r a t e . In g e n e r a l , slow ra tes tend to enlarge 
the u n i t s i z e . This a l s o suggests that the i s o t r o p i c p i t c h may be 
spun to a n i s o t r o p i c f i b e r i f the c o o l i n g and ex tens i on permit 
a n i s o t r o p i c development. 

Substances which show o p t i c a l a n i s o t r o p y and are s o l u b l e i n 
q u i n o l i n e or even i n t e t r a h y d r o f u r a n (THF) have been prepared 
( 5 3 ) . Thus, s o l u b i l i t y and o p t i c a l a n i s o t r o p y are now considered 
d i s t i n c t phenomena. This i s important s i n c e the carbon f i b e r 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
2



2. MOCHIDA AND KORAI Characterization and Preparation of the Mesophase 39 

Molecular 

F i g u r e 7. Models f o r the c o n s t i t u e n t molecules of mesophase 
spheres . Reproduced w i t h permiss ion from re ference 20. 
Copyr ight 1977 IPC Business P r e s s , L t d . 

1iquid 

glass 

F i g u r e 8. A schematic phase diagram f o r the carbonaceous meso
phase. 
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40 PETROLEUM-DERIVED CARBONS 

precursor should be h i g h l y o r i e n t e d and at the same time sp innab le 
( p l a s t i c ) without decomposit ion at the a p p r o p r i a t e temperature 
p r i o r to the c a r b o n i z a t i o n . The molecules of h igh s o l u b i l i t y or 
f u s i b i l i t y may d i f f e r c o n s i d e r a b l y i n t h e i r s i z e s and f u n c t i o n a l 
groups from those i l l u s t r a t e d i n F i g u r e 7. 

The authors have prepared s o l u b l e mesophase p i t c h e s from 
petroleum p i t c h (A240) and c o a l t a r p i t c h e s (CTP) , a p p l y i n g e s sen 
t i a l l y the method reported by the Union Carbide group (42 ) , and 
have analyzed the chemical s t r u c t u r e s of the c o n s t i t u e n t mole
c u l e s . A240 h e a t - t r e a t e d at 380°C f o r 30 h r . and CTP h e a t - t r e a t e d 
a t 380°C f o r 25 h r . developed a n i s o t r o p i c contents of more than 90 
v o l % . Accord ing to the m a t e r i a l balance a c o n s i d e r a b l e p o r t i o n of 
both the THF S (THF-so lub le ) and THFI-PS ( T H F - i n s o l u b l e p y r i d i n e -
s o l u b l e ) f r a c t i o n s , i n a d d i t i o n to the PI ( p y r i d i n e - i n s o l u b l e ) 
f r a c t i o n from both A240 and CTP, e x h i b i t e d o p t i c a l a n i s o t r o p y . 
However, on ly the THFI-PS f r a c t i o n from A240 e x h i b i t e d a n i s o t r o p y 
as r e c r y s t a l l i z e d ( F i g u r e 9 ) , a l though both PI f r a c t i o n s were 
a n i s o t r o p i c . Some s t r u c t u r a l parameters f o r the THFS and THFI-PS 
f r a c t i o n s from the mesophase p i t c h e s , analyzed accord ing the 
Brown-Ladner method ( 5 4 ) , are summarized i n Table I . The 
a r o m a t i c i t y values (fa") f o r the THFS and THFI-PS f r a c t i o n s from 
A240 were s i g n i f i c a n t l y s m a l l e r than those from CTP, w h i l e the 
average molecu lar weights of the A240 were d e f i n i t e l y l a r g e r than 
those of the CTP f r a c t i o n s . Both Rnus (naphthenic r i n g number per 
u n i t s t r u c t u r e ) and σ (number of s u b s t i t u t i o n groups per u n i t 
s t r u c t u r e ) of the A240 f r a c t i o n s were a l s o l a r g e r than those of 
the CTP f r a c t i o n s . The naphthenic and a l k y l groups enhance the 
s o l u b i l i t y and f u s i b i l i t y through more i n t i m a t e i n t e r a c t i o n w i t h 
so lvent molecules and somewhat l o o s e r i n t e r m o l e c u l a r i n t e r a c t i o n 
w i t h i n the mesophase. The h igher molecu lar weight favors 
molecu lar a s s o c i a t i o n of l ayered s t a c k i n g to e x h i b i t a n i s o t r o p y . 
Thus, the degree of a n i s o t r o p y of the THFI-PS f r a c t i o n s 
r e c r y s t a l l i z e d from A240 and CTP may r e f l e c t the s t r u c t u r e of 
t h e i r components. Smal ler molecules from CTP, molecules which do 
not develop an i so t ropy by themselves , were l o c a t e d i n l a y e r s of 
the i n s o l u b l e f r a c t i o n , which d i s p l a y e d a n i s o t r o p y before the 
f r a c t i o n a t i o n . 

Table I . S t r u c t u r a l Ind i ces of THFS and THFI-PS F r a c t i o n s 

f a Rnus σ AMW 
A240:380°C, 30 h . 

THFS 
THFI-PS 

0.84 
0.88 

0.1 
5.7 

0.19 
0.19 

540 
1800 

CTP: 380° C, 25 h . 

THFS 
THFI-PS 

0.86 
0.96 

0.0 
0.0 

0.14 
0.12 

380 
860 

f a : a r o m a t i c i t y 
Rnus: naphthenic r i n g number per u n i t s t r u c t u r e 

σ: number of s u b s t i t u t i o n groups per u n i t s t r u c t u r e 
AMW: average molecu lar weight 
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MOCHIDA AND KORAI Characterization and Preparation of the Mesophase 

F i g u r e 9. O p t i c a l micrographs o f r e c r y s t a l l i z e d THFI-PS 
f r a c t i o n s from a) A240- and b) CTP-der ived mesophase p i t c h e s . 
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42 PETROLEUM-DERIVED CARBONS 

Mesophase R e a c t i v i t y 

Mesophase i s s u s c e p t i b l e to chemical r e a c t i o n s other than those 
induced by p y r o l y s i s . M o d i f i c a t i o n s to enhance f u s i b i l i t y or 
s o l u b i l i t y f o r e a s i e r s p i n n i n g (see P r e p a r a t i o n of Mesophase 
P i t c h ) and to induce thermoset t ing f o r c a r b o n i z a t i o n wi thout 
de format ion are both p r a c t i c a l steps i n carbon f i b e r manufacture . 

The r e a c t i v i t y for hydrogénation i s governed both by the 
r e a c t i v i t y of hydrogénation sources and the s u s c e p t i b i l i t y of the 
mesophase. G e n e r a l l y , mesophase prepared at h igher temperature i s 
more d i f f i c u l t to hydrogenate, probably due to the e x t e n s i v e l y 
condensed s t r u c t u r e of the c o n s t i t u e n t s ( 5 5 ) . Never the less 
s e l e c t i v e hydrogénation i s r e q u i r e d f o r e f f e c t i v e m o d i f i c a t i o n . 
Al though the heterogeneous c a t a l y s t system has seldom been a p p l i e d 
f o r the hydrogénation of mesophase, i t may be a p p l i c a b l e i f a 
proper so lvent i s s e l e c t e d . 

A l k y l a t i o n enhances the s o l u b i l i t y of mesophase, but the 
a l k y l groups tend to be t h e r m a l l y e l i m i n a t e d (56) and thus 
c o n t r i b u t e l i t t l e to the f u s i b i l i t y . A l k y l a t i o n p r i o r to the 
hydrogénation i s thus very e f f e c t i v e to inc rease the y i e l d of 
mod i f i ed mesophase, as d e s c r i b e d above ( 4 7 ) . 

O x i d a t i v e treatments can be a p p l i e d to remove hydrogen from 
or to Introduce oxygen i n t o the mesophase ( 3 4 , 5 7 , 5 8 ) , thus l e a d i n g 
to f u r t h e r condensat ion of mesophase c o n s t i t u e n t molecules 
( o x i d a t i v e condensation) s u f f i c i e n t f o r t h e r m o s e t t i n g . The 
r e a c t i o n should be performed at temperatures below the s o f t e n i n g 
p o i n t and thus proceeds at a slow r a t e . Mesophase r e a c t i v i t y may 
o r i g i n a t e from the c o n s t i t u e n t m o l e c u l e s . Naphthenic hydrogen i s 
known to be much more r e a c t i v e than aromat ic hydrogen, as 
i n d i c a t e d by hydrogenated pyrene (33 ) · The benzy l group may be 
a l s o s u s c e p t i b l e . Thus the i n t r o d u c t i o n of a s u f f i c i e n t number of 
such groups f o r the i n d u c t i o n of thermoset t ing p r o p e r t i e s may be 
u s e f u l to shor ten the i n f u s i b i l i z a t i o n procedure . 

Oxygen may be i n c o r p o r a t e d i n t o the mesophase (57,58) · 
Incorporated oxygen i s l o s t as carbon monoxide or d i o x i d e i n the 
c a l c i n a t i o n step so that the oxygenation r e a c t i o n should be 
m i n i m i z e d . The p r e c i s e c o n t r o l of such mesophase m o d i f i c a t i o n 
r e a c t i o n s may be a f u t u r e problem. 
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The Pitch-Mesophase-Coke Transformation As Studied 
by Thermal Analytical and Rheological Techniques 

B. Rand 

Department of Ceramics, Glasses, and Polymers, University of Sheffield, Sheffield 
S1O 2TZ, United Kingdom 

Some recent "in situ" continuous shear rheological meas
urements are discussed; the complexity of the behaviour 
is outlined and the factors that may influence the appar
ent viscosity are considered. During transformation to 
coke the mesophase pitch is regarded as an emulsion with 
each phase continuously changing in composition and in 
rheological behaviour and in particular in the tempera
ture dependence of viscosity. Finally a transformation 
diagram is outlined that describes the transformation to 
coke and shows the regions of chemically stable liquids. 
This diagram also enables changes in the properties of 
the pyrolysis residue to be related to the weight loss 
at each stage of pyrolysis. 

The p y r o l y s i s of p i t c h occurs with considerable loss of v o l a t i l e 
matter and produces marked changes i n the ph y s i c a l properties of the 
p y r o l y s i s residue. Thermogravimetric a n a l y s i s i s widely used to 
follow the evolution of the v o l a t i l e s w h i l s t the changes i n the 
structure of the p y r o l y s i s residue have l a r g e l y been studied by 
o p t i c a l microscopy, as ou t l i n e d by Marsh and Cor n f o r d Q ) and White(^) 
in the f i r s t symposium on "Petroleum Derived Carbons". However, as a 
r e s u l t of developments i n processing mesophase p i t c h into high-grade 
carbon products, there i s now increasing i n t e r e s t in c h a r a c t e r i s i n g 
the changes i n other p h y s i c a l properties of the p y r o l y s i s residue as 
the p i t c h i s transformed through the mesophase state to coke. 
Perhaps the most profound change i s i n the r h e o l o g i c a l behaviour of 
the residue. In general, on heating, a p i t c h passes from the state 
of an organic g l a s s , through i t s glass transformation zone to form a 
l i q u i d phase, which passes through the mesophase transformation 
before hardening to an 11 e l a s t i c " coke. Attempts to study these 
changes i n r h e o l o g i c a l behaviour have been few, and, as yet, our 
understanding of the r h e o l o g i c a l c h a r a c t e r i s t i c s of the p y r o l y s i s 
products i s far from complete. This a r t i c l e discusses c e r t a i n 
aspects of the rheology of mesophase p i t c h that have led to a method 
whereby one simple r h e o l o g i c a l parameter can be combined with 
thermogravimetric data to produce a schematic representation of the 
p y r o l y s i s procedure, a s o - c a l l e d 'Transformation Diagram 1. 

0097-6156/86/0303-0045$06.00/0 
© 1986 American Chemical Society 
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46 PETROLEUM-DERIVED CARBONS 

Thermogravimetry of P i t c h P y r o l y s i s 

F i t z e r et al.(_3) discuss i n some d e t a i l the a p p l i c a t i o n of 
thermo-gravimetry to the p y r o l y s i s of p i t c h . The c h a r a c t e r i s t i c 
parameters that can be obtained, such temperature of decomposition 
( i . e . , onset of weight l o s s ) , temperatu.e of maximum r a t e of weight 
l o s s , r a t e of weight l o s s as a fu n c t i o n of extent of weight loss , and 
t o t a l weight l o s s ( i . e . , coke y i e l d ) , are a l l a f f e c t e d by the 
experimental c o n d i t i o n s employed, which must be standardised to 
enable comparison between d i f f e r e n t p i t c h e s . 

V a r i a t i o n s i n experimental c o n d i t i o n s a l s o a f f e c t k i n e t i c 
parameters that can be obtained by a p p l i c a t i o n of the non-isothermal 
k i n e t i c techniques, as shown by Hii t t i n g e r (4,5). C o l l e t t and Rand(6j 
showed, using four d i f f e r e n t methods of a n a l y s i s , that the apparent 
a c t i v a t i o n energy E a for the v o l a t i l i z a t i o n from p i t c h e s of d i f f e r e n t 
types could increase from about 60 to 200 k J mole -^ as the heating 
rate or extent of p y r o l y s i s increased and Hayward et al07,É3)came to 
s i m i l a r c o n c l u s i o n s . These k i n e t i c parameters are of doubt f u l 
s i g n i f i c a n c e and merely r e f l e c t the f a c t that the processes leading 
to v o l a t i l i z a t i o n of species from a molten p i t c h become more 
energetic as the temperature increases, probably because the balance 
between s t r a i g h t evaporation of molecules and cracki n g r e a c t i o n s 
followed by evaporation of v o l a t i l e fragments i s a l t e r e d i n favour of 
the l a t t e r . The increase i n E a implies that when p i t c h samples from 
the same source, p r e v i o u s l y heat treated to various extents at the 
same heating r a t e , atmosphere, e t c . , are reheated under the same 
co n d i t i o n s to complete the c a r b o n i z a t i o n the l a t e r stages of the 
p y r o l y s i s process are d i f f e r e n t . This seems u n l i k e l y and i s thus an 
a r t e f a c t of the k i n e t i c method of a n a l y s i s . 

One of the problems of t h i s kind of k i n e t i c a n a l y s i s i s that the 
thermogram i s f i t t e d to an equation of the form 

f ( a ) = kt = k XT (1) 

where 0t i s the f r a c t i o n of t o t a l weight l o s s that has occurred at 
time t and temperature T. This procedure obscures the f a c t that the 
t o t a l weight l o s s i s a f u n c t i o n of the previous extent of p y r o l y s i s 
of the p i t c h m a t e r i a l p r i o r to i t s thermogravimetric a n a l y s i s , see 
Figure l a . In Figure l b the weight l o s s data from Figure l a are 
r e p l o t t e d i n terms of the v o l a t i l e content γ, which i s the f r a c t i o n 
of the p y r o l y s i s residue that comprises p o t e n t i a l l y v o l a t i l e species 
(defined as γ = (V/χ - V/ĵ O/Ŵ , where Wf i s the sample weight at 
temperature Τ and Wp i s the weight at some f i n a l temperature, e.g., 
800°C). The points are brought together at high temperature (Figure 
l b ) i n d i c a t i n g that the previous heat treatment has not s u b s t a n t i a l l y 
changed the l a t e r stages of p y r o l y s i s . However, although t h i s type 
of p l o t i s more meaningful than that shown i n Figure l a , i t i s l e s s 
amenable to l i n e a r i z a t i o n and determination of a k i n e t i c parameter. 
The v o l a t i l e content c o r r e l a t e s w e l l with toluene and q u i n o l i n e 
i n s o l u b l e s f o r many samples from Ashland A240 p i t c h , pyrolysed e i t h e r 
at d i f f e r e n t heating rates or is o t h e r m a l l y at d i f f e r e n t 
temperatures(9,10) as shown i n Figure 2. 

The above d i s c u s s i o n i l l u s t r a t e s some problems i n d e t a i l e d 
k i n e t i c a n a l y s i s of non-isothermal thermogravimetry of p i t c h and 
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RAND The Pitch-Mesophase-Coke Transformation 

Figure 2. R e l a t i o n s h i p between v o l a t i l e content and i n s o l u b l e 
contents f o r A240 petroleum p i t c h samples produced by isothermal 
or dynamic heating c o n d i t i o n s . 
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Library 

1155 16th St., N.W. 
Washington, D.C 20036 
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48 PETROLEUM-DERIVED CARBONS 

emphasises the importance of s t a n d a r d i z a t i o n i n experimental 
c o n d i t i o n s for comparative work. The v o l a t i l e content i s suggested 
to be a u s e f u l measure of the extent of p y r o l y s i s , and t h i s , although 
rather s i m p l i f i e d , w i l l be u t i l i z e d l a t e r . There i s a need to be 
able to define such a parameter i n order to compare p y r o l y s i s 
products and to enable t h e i r p r o p e r t i e s to be r e l a t e d to the extent 
of v o l a t i l i z a t i o n . The advantage of t h i s p a r t i c u l a r one i s that i t 
can be extended i n t o the mesophase range where the p y r o l y s i s products 
are not e n t i r e l y s o l u b l e i n s o l v e n t s . 

Rheology of P i t c h and Mesophase P i t c h 

As o u t l i n e d e a r l i e r , the r h e o l o g i c a l p r o p e r t i e s of p i t c h and 
mesophase p i t c h are important i n the processing of these m a t e r i a l s to 
carbon products. The rheology of i s o t r o p i c p i t c h w i l l be considered 
b r i e f l y and then the e f f e c t s of p y r o l y s i s to mesophase w i l l be 
described. 

I s o t r o p i c P i t c h . At low temperatures, p i t c h i s an organic glass 
(11), and i t s glass t r a n s i t i o n temperature Tg can be determined by 
standard techniques such as d i f f e r e n t i a l thermal a n a l y s i s , e.g., DTA 
or DSC (12-14), or by the change i n thermal expansion c o e f f i c i e n t . 
Above the glass t r a n s i t i o n temperature the v i s c o s i t y decreases 
r a p i d l y with i n c r e a s i n g temperature, and hence the rheology of 
pitch-coke mixes i s st r o n g l y dependent upon the r e l a t i v e values of Tg 
and ambient temperature. The gla s s t r a n s i t i o n temperature i s r e l a t e d 
to molecular composition, and, i n g e n e r a l , as the v o l a t i l e content 
decreases and the concentration of aromatic high-molecular-weight 
species i n c r e a s e s , the Tg w i l l i n c r e a s e . However, Tg w i l l a l s o be 
stro n g l y a f f e c t e d by small amounts of low molecular weight o i l s , 
e t c . , that may be blended i n t o the p i t c h . The Tg can be regarded as 
the temperature at which the v i s c o s i t y i s 1 0 ^ p a.s and i t i s u s u a l l y 
of the order of 60 degrees lower than the r i n g and b a l l s o f t ening 
point where the v i s c o s i t y i s of the order of 10^ Pa.s (15-17). 

At temperatures above the s o f t e n i n g p o i n t , i s o t r o p i c p i t c h o f t e n 
d i s p l a y s Newtonian flow c h a r a c t e r i s t i c s (18,19), but t h i s may w e l l 
depend upon the concentration of any i n s o l u b l e p a r t i c l e s ( i . e . , 
primary QI i n the case of c o a l t a r based m a t e r i a l s ) present w i t h i n 
the p i t c h . A high concentration of QI could lead to non-Newtonian 
character as a r e s u l t of the p a r t i c l e - p a r t i c l e a t t r a c t i v e f o r c e s . 
Figure 3 shows η -Τ curves f o r a v a r i e t y of p i t c h m a t e r i a l s and t h e i r 
p y r o l y s i s products. P y r o l y s i s increases the Tg of the system and 
s h i f t s the v i s c o s i t y - t e m p e r a t u r e curve to higher temperatures. 

Although a number of equations have been used to describe the 
temperature dependence of v i s c o s i t y of p i t c h systems (15) , the 
Wi l l i a m s , Landel, Ferry equation (WLF) has received r e l a t i v e l y l i t t l e 
a t t e n t i o n . 

C1 (T-T g) 
l o g η = l o g η - ( 2) 

g C 2 + T-Tg 

(η and T)g are r e s p e c t i v e l y the v i s c o s i t i e s at temperatures Τ and Tg, 
w h i l s t C i and C2 are c o n s t a n t s ) . C o l l e t t et a l . (15) showed that 
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3. RAND The Pitch-Mesophase-Coke Transformation 49 

t h i s equation, which i s widely used to account for the temperature 
dependence of v i s c o s i t y and v i s c o e l a s t i c parameters of polymer 
systems, can be applied to the v i s c o s i t i e s of p i t c h and mesophase 
p i t c h . I t has also been used to describe the v i s c o e l a s t i c constants 
of bitumens (20,22). The equation i s u s e f u l in the c h a r a c t e r i z a t i o n 
of p i t c h i n that, in a d d i t i o n to i t s a b i l i t y to describe η-Τ data 
over a wider range of temperature than other equations, i t contains 
the glass t r a n s i t i o n temperature as a useful temperature s h i f t i n g 
parameter amenable to independent experimental determination. Also 
the constants C\ and C2 do not vary widely from p i t c h to p i t c h 
provided that the p i t c h has not received extensive thermal treatment 
( i . e . , into the mesophase regime). Tg i s seen to be a fundamental 
parameter and i s an e s s e n t i a l c h a r a c t e r i s t i c of mesophase p i t c h a l s o , 
as discussed below. 

Mesophase P i t c h . Mesophase p i t c h i s a generic term for those 
products of p y r o l y s i s that contain mesophase, or are e n t i r e l y 
mesophase, but which on reheating s t i l l pass through a f l u i d phase 
p r i o r to the formation of semi-coke. The following are areas of 
s c i e n t i f i c or i n d u s t r i a l i n t e r e s t where the r h e o l o g i c a l properties of 
mesophase p i t c h are of i n t e r e s t . * 

1. The t o t a l transformation of p i t c h to coke, as already o u t l i n e d , 
involves a profound change in r h e o l o g i c a l behaviour. Rheological 
studies form an e s s e n t i a l part of any d e t a i l e d understanding of t h i s 
process. 

2. Sedimentation of the mesophase from the i s o t r o p i c p i t c h due to 
i t s s l i g h t l y higher density i s dependent, at l e a s t p a r t l y , on the 
v i s c o s i t y of the i s o t r o p i c phase. (Under the conditions of normal 
p y r o l y s i s other f a c t o r s , such as turbulence or gas evolution, may 
also play major r o l e s . ) 

3. Evolution of gas bubbles i s determined also by the v i s c o s i t y of 
the media through which the bubbles r i s e , in t h i s case both of the 
mesophase and of the i s o t r o p i c phase. 

4. Coalescence of mesophase i s often said to be determined by the 
mesophase v i s c o s i t y . This aspect requires much further 
i n v e s t i g a t i o n . However, i t i s c l e a r that, amongst other f a c t o r s , the 
r h e o l o g i c a l behaviour ( i n c l u d i n g v i s c o e l a s t i c e f f e c t s ) of each phase 
is important in mesophase growth and coalescence. D i f f u s i o n of 
molecular species through the i s o t r o p i c p i t c h to the mesophase 
spheres i s l i k e l y to be r e l a t e d to the v i s c o s i t y of the i s o t r o p i c 
medium. 

5. Coke microstructure i s determined by the conditions i n the 
coalesced mesophase p r i o r to s o l i d i f i c a t i o n . It i s determined by the 
combined e f f e c t s of convection currents, bubble p e r c o l a t i o n , and 
imposed shear stres s e s , a l l of which tend to deform the mesophase. 
The extent to which the mesophase p i t c h i s deformed, as well as the 
r e l a x a t i o n a f t e r deformation, depends on the basic r h e o l o g i c a l 
behaviour. 
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50 PETROLEUM-DERIVED CARBONS 

6. F i b r e manufacture - The c o n d i t i o n s f o r spinning of f i b r e s from 
mesophase p i t c h are determined by the p i t c h rheology which may a l s o 
i n f l u e n c e the degree of p r e f e r r e d o r i e n t a t i o n . The r h e o l o g i c a l 
p r o p e r t i e s of the spun f i b r e s are important i n d e f i n i n g the 
c o n d i t i o n s f o r thermosetting. 

7. Other manufacturing routes f o r carbon products based on mesophase 
are almost c e r t a i n to be devised i n the future and w i l l depend upon 
an understanding of the r h e o l o g i c a l behaviour of the mesophase p i t c h . 

8. B i n d e r l e s s carbons are one form of m a t e r i a l manufactured from 
"green-cokes". The rheology of the green-coke i s important i n 
determining the pressing c h a r a c t e r i s t i c s and i n t e r p a r t i c l e bonding 
that i s developed during f i r i n g . 

R h eological studies during p y r o l y s i s . The general changes i n 
apparent v i s c o s i t y of pitches during p y r o l y s i s are now q u i t e w e l l 
documented (18,19) as a r e s u l t of a number of " i n - s i t u " 
i n v e s t i g a t i o n s , and they are i l l u s t r a t e d i n Figure 4 by the s o l i d 
l i n e . The v i s c o s i t y f i r s t decreases with i n c r e a s i n g temperature, 
then l e v e l s out before r i s i n g steeply as the mesophase appears, 
increases i n volume f r a c t i o n , and coalesces. A maximum has o f t e n 
been reported i n the apparent v i s c o s i t y - t e m p e r a t u r e curve at the 
i n v e r s i o n point for the two-phase emulsion; the apparent v i s c o s i t y 
then r i s e s sharply due to r a p i d molecular growth i n the continuous 
mesophase. These e f f e c t s are dependent upon the r a t e of shear 
p r e v a i l i n g during the measurement of apparent v i s c o s i t y , i n d i c a t i n g 
that the f l u i d i n t h i s region i s shear-thinning ( i . e . , 
p s e u d o p l a s t i c ) . There have also been reports of systems d i s p l a y i n g a 
y i e l d s t r e s s ( 1 2 ) . 

D e t a i l e d i n t e r p r e t a t i o n of such " i n - s i t u " r e s u l t s i s d i f f i c u l t 
because of the complexity of the system and the various competing 
e f f e c t s that i n f l u e n c e the measured shear s t r e s s and hence the value 
of apparent v i s c o s i t y . These are summarised below: 

1. The average molecular weight of each phase and hence i t s 
v i s c o s i t y at any f i x e d r a te of shear and temperature w i l l increase as 
p y r o l y s i s proceeds. 

2. The volume f r a c t i o n of the dispersed phase changes. I t increases 
up to the phase i n v e r s i o n point when mesophase i s the dispersed phase 
and decreases above t h i s point when i s o t r o p i c l i q u i d i s the dispersed 
phase. 

3. Increasing temperature decreases the v i s c o s i t y at any stage. 

4. V o l a t i l e species emanate from the f l u i d during p y r o l y s i s . I f the 
c o n c e n t r a t i o n of bubbles at any stage i s appreciable then we have a 
3-phase c o l l o i d a l system and the gaseous bubbles w i l l a l s o tend to 
r a i s e the v i s c o s i t y of the system. 

5. Coagulation and coalescence of the dispersed phases w i l l change 
the apparent v i s c o s i t y at any rate of shear. Coagulation without 
coalescence w i l l tend to increase i t w h i l s t coalescence of spheres by 
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RAND The Pitch-Mesophase-Coke Transformation 

100 150 200 
Temperature (°C) 

Figure 3. T y p i c a l v i s c o s i t y - t e m p e r a t u r e curves for a v a r i e t y of 
i s o t r o p i c p i t c h samples and p a r t i a l l y pyro lysed p i t c h e s . 

Heating 

T(°C) 
F i g u r e 4. Schematic diagram d e p i c t i n g the change i n apparent 
v i s c o s i t y dur ing ' i n - s i t u ' r h e o l o g i c a l s tud ies of p i t c h pyro lysed 
under f i x e d c o n d i t i o n s of shear and h e a t i n g . 
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52 PETROLEUM-DERIVED CARBONS 

i n c r e a s i n g t h e i r average s i z e may tend to decrease t h i s property 
u n t i l the phase i n v e r s i o n region i s reached when a connected network 
of mesophase regions begins to form. 

6. I t i s now known that the rate of shear p r e v a i l i n g i n such " i n 
s i t u " studies can i n f l u e n c e the rate of formation of mesophase (23) 
and t h i s has r e c e n t l y been explained by Sorensen and Diefendorf (24) 
as being due to the release of v o l a t i l e s being f a c i l i t a t e d during 
flow of the hot p i t c h . 

Despite these complicating f a c t o r s , " i n s i t u " measurements are 
u s e f u l i n comparing the p y r o l y s i s behaviour of p i t c h e s , and, j u s t as 
the thermogravimetric curve determined under standardized c o n d i t i o n s 
can give a kind of f i n g e r p r i n t of the p i t c h and i t s p y r o l y s i s 
behaviour, p a r t i c u l a r l y the r a t e of r e l e a s e of v o l a t i l e matter, so 
the i n s i t u apparent v i s c o s i t y - t e m p e r a t u r e curve at a f i x e d heating 
r a t e and rate of shear i s c h a r a c t e r i s t i c of the changes i n the 
p y r o l y s i s residue. This has been very c l e a r l y demonstrated by F i t z e r 
and co-workers (_19,2_3,2_5) . I t would, however, be d e s i r a b l e to be 
able to r e l a t e the extent of v o l a t i l i z a t i o n to the changes i n 
r h e o l o g i c a l behaviour of the residue. 

E f f e c t of the dispersed phase on the apparent v i s c o s i t y - t e m p e r a t u r e 
curve. Maxima do not always appear i n the apparent 
v i s c o s i t y - t e m p e r a t u r e curves. A recent r e p o r t (25) shows t h a t the 
appearance of the maximum i n the η - HTT curve could be an a r t i f a c t 
produced by experimental procedure. W h i l s t t h i s i s undoubtedly the 
case i n some systems, whether i t i s always the case i s not yet c l e a r . 
At t h i s stage i t w i l l s u f f i c e to review f a c t o r s that may be important 
i n determining the form of these " i n - s i t u " r e s u l t s . 

Consider f i r s t the e f f e c t of a dispersed phase, of volume 
f r a c t i o n φ, on the v i s c o s i t y η of a suspension or emulsion with a 
Newtonian continuous phase of v i s c o s i t y T]Q and dispersed p a r t i c l e s 
( d r o p l e t s ) which do not a t t r a c t . At low volume f r a c t i o n s the 
E i n s t e i n equation should apply to a suspension of s o l i d p a r t i c l e s at 
constant temperature, 

(k = 2.5 f o r s p h e r i c a l p a r t i c l e s ) . Taylor (26) extended E i n s t e i n ' s 
hydro- dynamic treatment to d i l u t e emulsions i n which the i n t e r f a c i a l 
f i l m posed no impediment to the transmission of t a n g e n t i a l and normal 
stres s e s from the continuous phase to the dispersedphase and there 
was no i n t e r f a c i a l slippage. These st r e s s e s cause i n t e r n a l f l u i d 
c i r c u l a t i o n w i t h i n the d r o p l e t s of the dispersed phase which reduces 
the d i s t o r t i o n of flow patterns around the d r o p l e t s and hence the 
r e l a t i v e v i s c o s i t y 

(3) 

(4) 
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3. RAND The Pitch-Mesophase-Coke Transformation 53 

where i s the v i s c o s i t y of the dispersed phase. The r e l a t i v e 
v i s c o s i t y i s always increased by the presence of the dispersed phase 
by an amount dependent upon i t s v i s c o s i t y . However, the i n t e r f a c i a l 
f i l m i s important a l s o . 

These equations are not v a l i d at high concentrations of 
dispersed phase. A number of expressions have been discussed i n 
d e t a i l by Sherman (27), Goodwin(_28) and F r i s c h and Simha(29). One 
such equation, for a s o l i d dispersed phase, i s due to Mooney 

which i s included here to show the exponential nature of the 
v i s c o s i t y i n c r e a s e . This i s summarised i n Figure 5 which shows 
schematically f o r two mixed immiscible l i q u i d phases, A and B, how 
the v i s c o s i t y changes with volume f r a c t i o n at constant temperature. 
Phase Β i s assumed to have the higher v i s c o s i t y . I t i s c l e a r that 
because the volume f r a c t i o n of dispersed phase decreases above the 
phase i n v e r s i o n p o i n t , there i s a decrease i n v i s c o s i t y , abed. The 
value of the maximum depends upon the r e l a t i v e v i s c o s i t i e s of the two 
phases and the e f f e c t s of volume f r a c t i o n of each dispersed phase i n 
r a i s i n g the v i s c o s i t y of the continuous medium. In p r a c t i c e there 
w i l l be a d d i t i o n a l e f f e c t s , due to coag u l a t i o n of d r o p l e t s and 
coalescence, to take i n t o account i n the region near the i n v e r s i o n 
p o i n t . Figure 5 a l s o shows the η-φ curves r e s u l t i n g from d i f f e r e n t 
v i s c o s i t i e s of the continuous phases, a'b'c'd 1. In a mesophase-pitch 
system, p y r o l y s i s at constant temperature could r e s u l t i n the 
v i s c o s i t y of each phase i n c r e a s i n g at the same time as the volume 
f r a c t i o n of the mesophase increases. In Figure 5 the phase Β can be 
i d e n t i f i e d with the mesophase and phase A with the i s o t r o p i c phase. 
Thus, the v a r i a t i o n i n v i s c o s i t y with extent of transformation may 
fo l l o w the path aef i n which the maximum i s almost absent or i f 
increases very r a p i d l y , path aeg could be trave r s e d , i n which there 
i s no maximum. Thus, the form of the curve depends on the rate of 
r i s e i n the v i s c o s i t i e s of the separate phases and the degree of 
i n t e r a c t i o n at phase i n v e r s i o n . 

The behaviour depicted above i s , however, f u r t h e r complicated i n 
dynamic heating experiments, such as were described e a r l i e r . 
F i r s t l y , i n c r e a s i n g the temperature w i l l tend to reduce the v i s c o s i t y 
of each phase, at any p a r t i c u l a r composition; although i t w i l l a lso 
have the e f f e c t of enhancing the rat e of increase of v i s c o s i t y of 
each phase due to chemical r e a c t i o n . Secondly, the continuous phase 
above the phase i n v e r s i o n point i s the mesophase which may show shear 
t h i n n i n g character due to the pr e f e r r e d o r i e n t a t i o n of the l a m e l l a r 
molecules i n the shear f i e l d . Thus, i f there i s a maximum i t may be 
l a r g e r the lower the rate of shear because higher rates of shear 
impose o r i e n t a t i o n at lower mesophase contents. I t i s c l e a r from the 
above d i s c u s s i o n that information about the change i n the p r o p e r t i e s 
of both phases i n a mesophase p i t c h throughout the transformation i s 
required before r h e o l o g i c a l behaviour can be w e l l understood. 
S p e c i f i c a l l y , the f o l l o w i n g information about each phase at each 
stage i n the pitch-mesophase-carbon transformation i s d e s i r a b l e : 

(5) 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
3



54 PETROLEUM-DERIVED CARBONS 

1. The molecular composition 

2. The o p t i c a l texture 

3. The vi s c o s i t y - t e m p e r a t u r e r e l a t i o n s h i p and i t s dependence on 
previous shear h i s t o r y 

4. Non-Newtonian behaviour i n c l u d i n g v i s c o e l a s t i c i t y 

5. The e f f e c t of shear on the o p t i c a l texture 

This requires a d e t a i l e d study of the systems when they are cooled 
from the r e a c t i o n temperature and are chemically s t a b l e . 

Rheological behaviour of chemically s t a b l e mesophase-pitch. 
Nazem(30,31) has c a r r i e d out an e x c e l l e n t study of mesophase pit c h e s 
i n the temperature range where the chemical r e a c t i o n s are quenched. 
These pi t c h e s were e n t i r e l y or predominantly mesophase. A v a r i e t y of 
techniques were used to i n v e s t i g a t e the behaviour over a wide range 
of shear r a t e . Non-Newtonian behaviour was observed i n some cases 
but not i n a l l . Some pit c h e s showed a l i n e a r r e l a t i o n s h i p between 
rat e of shear and shear s t r e s s , implying Newtonian behaviour, but 
als o e x h i b i t e d v i s c o e l a s t i c c h a r a c t e r i s t i c s such as normal s t r e s s e s 
and d i e s w e l l on e x t r u s i o n . I t was not c l e a r from these experiments 
what was the p y r o l y s i s h i s t o r y of the p i t c h e s or whether measurements 
at low shear rates were c a r r i e d out before or a f t e r those at high 
shear rates when there would be extensive o r i e n t a t i o n of molecules i n 
the shear f i e l d . In some cases the temperature dependence followed 
the Arrhenius equation, but i n other cases t h i s equation d i d not 
adequately describe the data. This i s not s u r p r i s i n g . The Arrhenius 
equation i s u s u a l l y used to describe the temperature dependence of 
v i s c o s i t y at temperatures w e l l above the gla s s t r a n s i t i o n 
temperature. As explained e a r l i e r , the WLF equation i s l i k e l y to 
give a b e t t e r r e p r e s e n t a t i o n of the v i s c o s i t y - temperature data over 
a wide temperature range. 

The Transformation Diagram 

The form of the η - Τ curve f o r " i n s i t u " p y r o l y s i s studies shown i n 
Figure 4 has been discussed. Figure 4 a l s o shows the η-rcurves that 
might be obtained on c o o l i n g the p y r o l y s i s residue at any stage of 
the process. ( S t r i c t l y , t h i s η = f(T) should be depicted as being a 
fu n c t i o n of the rate of shear i n the mesophase zone, where 
non-Newtonian character i s observed.) The e f f e c t of p y r o l y s i s i s to 
s h i f t the η - Τ c o o l i n g curve to higher temperatures, and t h i s 
represents an increase i n the glass t r a n s i t i o n temperature of the 
mesophase p i t c h . In fact each phase of the two phase emulsion w i l l 
have i t s own glass t r a n s i t i o n temperature Tg, and as p y r o l y s i s 
proceeds, the Tg of each phase should in c r e a s e . Since the " i n s i t u " 
η - Τ curve i s complicated by the change i n temperature during the 
measurement, a b e t t e r r e p r e s e n t a t i o n of the changes i n the system 
brought about by p y r o l y s i s would be the change i n some 
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3. RAND The Pitch-Mesophase-Coke Transformation 55 

temperature-independent parameter, and i t i s suggested that one 
s u i t a b l e parameter i s the gla s s t r a n s i t i o n temperature. I t w i l l now 
be shown that by combining glass t r a n s i t i o n temperatures with 
thermogravimetric data to form s o - c a l l e d Transformation Diagrams, as 
already o u t l i n e d by Whitehouse and Rand(32-33), a good re p r e s e n t a t i o n 
of the p y r o l y s i s process can be obtained. 

Riggs and Diefendorf (34) f i r s t suggested a schematic phase 
diagram for p i t c h to account f o r the r o l e of the mesogenic molecules 
i n the separation of mesophase from the i s o t r o p i c l i q u i d . This 
diagram showed c l e a r l y the e f f e c t on the formation of mesophase 
brought about by reducing the conc e n t r a t i o n of ' d i s o r d e r i n g ' low 
molecular weight species by s e l e c t i v e d i s s o l u t i o n . The schematic 
diagram as o u t l i n e d here accounts f o r the changes i n the residue as a 
r e s u l t of thermal treatment. 

The transformation diagram i s depicted schematically i n Figure 
6 ; i t comprises c h a r a c t e r i s t i c temperatures p l o t t e d against some 
measure of the extent of p y r o l y s i s . To extend the range of the 
diagram, a parameter d e f i n i n g the extent of p y r o l y s i s i s required 
that can be ap p l i e d i n t o the s o - c a l l e d semi-coke or even coke 
regions. Two measures have been used: (a) the v o l a t i l e content, as 
defined e a r l i e r , which enables thermogravimetric data to be used i n 
the c o m p i l a t i o n of the diagram ; (b) the atomic r a t i o C/H. 

The c h a r a c t e r i s t i c temperatures used a r e : -

( i ) the glass t r a n s i t i o n temperature of the p y r o l y s i s residue at the 
p a r t i c u l a r extent of p y r o l y s i s , and 

( i i ) the decomposition temperature, T Q. 

These points r e s p e c t i v e l y define the temperature at which, on 
rehea t i n g , a cooled or quenched p y r o l y s i s residue begins to soften 
and develop f l u i d i t y and the temperature at which the l i q u i d residue 
begins to change i t s chemical composition, i . e . , when p y r o l y s i s 
recommences. This l a t t e r point i s more ambiguous since i t i s 
determined from a thermogravimetric experiment which i s subject to 
the e f f e c t s of experimental procedure, as discussed e a r l i e r . 
Therefore, i t i s e s s e n t i a l to use a f i x e d heating r a t e , e t c . , i n the 
determination of the decomposition temperature. The v o l a t i l e content 
can be determined i n the same experiment. 

Before presenting some experimental data, i t w i l l f i r s t be 
appropriate to consider the s i g n i f i c a n c e of the transformation 
diagram proposed. In Figure 6 consider f i r s t point A, which 
represents an i s o t r o p i c p i t c h t y p i c a l of a coking precursor, i . e . , 
w i t h a low C/H r a t i o and a low glass t r a n s i t i o n temperature Tg^. I t s 
composition i s such t h a t , on heating, the f i r s t p y r o l y s i s process i s 
lo s s of low-molecular-weight species by d i s t i l l a t i o n ; t h i s begins at 
temperature T Q. I f the temperature i s r a i s e d to T^, then the 
composition of the l i q u i d p i t c h w i l l move towards point Β w h i l s t that 
of the vapour might be given by point V. When the m a t e r i a l of 
composition Β i s cooled, v o l a t i l i z a t i o n i s a r r e s t e d , and the l i q u i d 
residue increases i n v i s c o s i t y u n t i l i t a t t a i n s i t s Tg value, which 
i s greater than that for composition A, r e f l e c t i n g the change i n 
average molecular weight, C/H and v o l a t i l e content. Further heating 
causes the composition to move to the r i g h t w i t h corresponding 
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56 PETROLEUM-DERIVED CARBONS 

Figure 5. Schematic diagram showing the e f f e c t of changing the 
volume f r a c t i o n of second phase on the apparent v i s c o s i t y at a 
fix e d rate of shear of a two-phase emulsion. The d i f f e r e n t 
dotted l i n e s r e f e r to d i f f e r e n t v i s c o s i t i e s of the pure phases A 
and B. The s o l i d l i n e suggests the v i s c o s i t y that may be 
displayed by a system i n which both the v i s c o s i t i e s of the pure 
phases and the r e l a t i v e proportions of phases are changing 
continuously, as i n a p y r o l y s i s run. 

Figure 6. Schematic diagram d e s c r i b i n g the pitch-mesophase-coke 
transformation. 
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3. RAND The Pitch-Mesophase-Coke Transformation 57 

increases i n the c h a r a c t e r i s t i c temperatures. E v e n t u a l l y , when 
cr a c k i n g r e a c t i o n s take p l a c e , there w i l l no longer be a simple 
r e l a t i o n s h i p between l i q u i d and vapour phases. At point D, the 
mesophase range i s a t t a i n e d , and two phases now e x i s t i n the 
p y r o l y s i s r e s i d u e , each with i t s own c h a r a c t e r i s t i c temperatures. 
The c h a r a c t e r i s t i c temperatures f o r the mesophase should be the 
l a r g e r as a r e s u l t of i t s higher average molecular weight. However, 
i n the diagram only the lowest decomposition temperature i s shown, 
being the one that defines the l i m i t of chemical s t a b i l i t y of the two 
phase system as a whole, w h i l s t both Tg values are shown. 

Boundaries are also shown i n Figure 6 d e f i n i n g the upper and 
lower compositions of the two phase region. The shape of these phase 
boundaries depends upon the p a r t i c u l a r precursor and the manner of 
i t s thermal transformation. However, i n Figure 6 they have been 
drawn to allow the existence of mesophase above the l i n e CF when the 
system i s undergoing f u r t h e r p y r o l y s i s and al s o to allow the 
p o s s i b i l i t y of a d d i t i o n a l mesophase separating out on c o o l i n g and 
r e d i s s o l v i n g on reheating p r i o r to f u r t h e r p y r o l y s i s . At an extent 
of transformation greater than depicted by l i n e EX on the diagram, 
only one phase e x i s t s , the mesophase, and, on f u r t h e r p y r o l y s i s , i t s 
r h e o l o g i c a l p r o p e r t i e s change r a p i d l y towards those of coke. This i s 
depicted by a r a p i d l y i n c r e a s i n g T g which exceeds the decomposition 
temperature, T 0. The point where T g and T 0 become equal i s 
s i g n i f i c a n t . I t defines the upper l i m i t f o r the existence of a 
st a b l e l i q u i d mesophase. Although a p i t c h with T g greater than t h i s 
value can be heated through i t s g l a s s t r a n s i t i o n to form a f l u i d 
phase, t h i s f l u i d w i l l be evolving gaseous species and changing i t s 
composition continuously w i t h time. 

Figure 7 presents an experimentally constructed transformation 
diagram for Ashland A240 p i t c h . Ashland A240 (low S) p i t c h was 
pyrolysed i n a s t i r r e d v e s s e l at a heating rate of 0.1 Κ min""*. The 
values of T Q and T g of residues extracted from the p y r o l y s i s v e s s e l 
at d i f f e r e n t times were determined as o u t l i n e d elsewhere(32,33,35). 
T 0 i s the temperature a t which weight l o s s could be detected. Tg was 
determined by a penetrometry technique that d i d not allow the 
separate determination of the values f o r each phase i n the two-phase 
regi o n ; consequently only one T g value f o r the t o t a l p i t c h i s shown 
i n the experimental diagram. This value i s c h a r a c t e r i s t i c of that 
phase which forms the continuous matrix i n the sample. (Recently, i t 
has been p o s s i b l e (35^,36) to separate each phase by a hot 
c e n t r i f u g a t i o n technique, and Tg's f o r the separate phases have been 
determined). 

In the diagram, phase boundaries have been i n d i c a t e d by v e r t i c a l 
l i n e s , since t h e i r dependence upon temperature during reheating of a 
quenched sample i s not known. 

The experimental diagram resembles the schematic one except that 
the decomposition temperature i s r e l a t i v e l y i n s e n s i t i v e to the degree 
of p y r o l y s i s u n t i l the v o l a t i l e content i s reduced below about 10% . 
This point corresponds approximately to that at which the residue i s 
e n t i r e l y mesophase, which i s a l s o the point at which the Tg of the 
mesophase equals the decomposition temperature. This means that i t 
i s not p o s s i b l e to produce, under these c o n d i t i o n s of p y r o l y s i s , a 
chemically s t a b l e single-phase mesophase p i t c h i n the f l u i d s t a t e 
(although t h i s may be p o s s i b l e by other techniques). 
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58 PETROLEUM-DERIVED CARBONS 
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F i g u r e 7. Exper imenta l t r a n s f o r m a t i o n diagram for A240 (low S) 
p i t c h . (Samples produced at 0.1 Κ m i n - * and 1 atm p r e s s u r e ) . 
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3. RAND The Pitch-Mesophase-Coke Transformation 59 

Use of the Transformation Diagram. F i r s t l y , i t i s u s e f u l i n r e l a t i n g 
the weight changes during p y r o l y s i s , i . e . , the extent of removal of 
v o l a t i l e s p e c i e s , to the changes i n p h y s i c a l p r o p e r t i e s of the 
residue. In t h i s respect i t would be d e s i r a b l e i f the mesophase 
p i t c h p r o p e r t i e s could be pre d i c t e d from a given time temperature 
treatment. This can be achieved as f o l l o w s . Figure 8 shows the 
thermogravimetric data (heating r a t e 3 Κ min"*) for f u r t h e r p y r o l y s i s 
of each of the residues used to construct Figure 7. I f T Q and Tg 
data were a v a i l a b l e f o r the p y r o l y s i s of s i m i l a r s i z e d specimens at 
the same heating r a t e , then these data could be combined to 
produce a transformation diagram of the form of Figure 9, enabling 
the p r o p e r t i e s of the residues to be r e l a t e d to the weight l o s s 
curve. I f the is o - v i s c o u s temperatures w i t h i n the f l u i d region are 
known, then they can be included, as shown. 

Secondly, the diagram, p a r t i a l diagrams, or at l e a s t knowledge 
of T g and T Q values can be of s i g n i f i c a n c e i n processing mesophase 
p i t c h to carbon products. At any stage of p y r o l y s i s the r e l a t i v e 
magnitudes of Tg and T 0 determine the temperature range over which a 
st a b l e f l u i d e x i s t s ; t h i s range decreases with i n c r e a s i n g extent of 
p y r o l y s i s and the minimum v i s c o s i t y that can be a t t a i n e d i n t h i s 
s t a b l e s t a t e i n c r e a s e s . Such information i s relevant to the 
production of precursors to be spun i n t o mesophase-pitch f i b r e s . 

The r e l a t i v e magnitudes of the Tg values i n the two-phase region 
should be r e l a t e d to the development of m i c r o s t r u c t u r e i n mesophase 
p i t c h , as discussed e a r l i e r . Tg w i l l a l s o be a u s e f u l parameter i n 
d e f i n i n g the maximum temperature at which f i b r e s can be o x i d i z e d 
without molecular motion causing some decrease i n extent of pre f e r r e d 
o r i e n t a t i o n . 

However, the p r e c i s e l o c a t i o n of the decomposition and glass 
t r a n s i t i o n l i n e s may depend upon p y r o l y s i s c o n d i t i o n s because k i n e t i c 
f a c t o r s such as gas flow r a t e , s t i r r i n g c o n d i t i o n s , heating r a t e , 
e t c . , a l l a f f e c t the r e l a t i v e extents to which evaporation and 
cra c k i n g r e a c t i o n s c o n t r i b u t e to the change i n composition. 

The diagram enables us to make a d e f i n i t i o n of the term 'coke 1. 
A f t e r extensive p y r o l y s i s a residue w i l l be obtained which on c o o l i n g 
and reheating w i l l not pass through the glas s t r a n s i t i o n temperature 
at a l l , i . e . , i t changes i t s composition w i t h i n the s o l i d s t a t e . 
This m a t e r i a l can be defined as coke. A simple d e f i n i t i o n of 
semi-coke, however, i s more d i f f i c u l t to provide, although i t w i l l 
probably be based on r h e o l o g i c a l behaviour. For example, the diagram 
shows the r a p i d l y i n c r e a s i n g Tg i n the l a t e r stages of p y r o l y s i s . At 
some stage i t w i l l be p o s s i b l e only f o r the residue, on reheating, to 
pass through a r e a c t i n g v i s c o e l a s t i c s t a t e of high apparent v i s c o s i t y 
(perhaps i n excess of ÎO^-IO? p a . s ) a n d n o t a t t a i n a very f l u i d 
stage because of i t s c o n t i n u a l l y changing composition which increases 
i t s Tg and therefore the magnitude of i t s v i s c o e l a s t i c parameters. 
Perhaps such a m a t e r i a l i s 'semi-coke 1. 
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PETROLEUM-DERIVED CARBONS 

50 ' 30 ' ïfr 
Volatile Content (%) 

Figure 8. Further decomposition at 3 Κ min 1 of A240 (low S) 
p i t c h p y r o l y s i s products used i n compiling f i g . 7. 

Figure 9. Schematic P r e d i c t i v e Transformation Diagram. 
Isoviscous temperatures are shown i n the s t a b l e l i q u i d r e gion. 
Above the decomposition temperature the v a r i a t i o n i n v o l a t i l e 
content with temperature i s shown enabling extent of weight l o s s 
to be r e l a t e d to p r o p e r t i e s of the p y r o l y s i s l i q u i d . 
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4 
Microstructure Formation in Mesophase Carbon Fibers 
and Other Graphitic Materials 

J. L. White and M. Buechler 

Materials Sciences Laboratory, The Aerospace Corporation, P.O. Box 92957, 
Los Angeles, CA 90009 

Carbon fibers spun from mesophase pitch illustrate 
how mesophase mechanisms—deformation and oxidation 
stabilization—can be used to produce filaments 
with moduli approaching the theoretical limit for 
the graphitic layer plane. The work reviewed here 
has sought insights into the ways in which micro
structure forms in deformed mesophase products, 
such as needle coke and carbon fiber, using hot– 
stage observations and deformation and carboniza
tion experiments. Three critical mechanisms are 
the creation of strong preferred orientation by 
deformation, interactions of disclinations brought 
into proximity by the deformation, and trapping of 
the oriented and disclinated microstructures by 
quenching and chemical reaction. Highly oriented 
fibrous morphologies are not thermally stable, and 
chemical stabilization is essential for preventing 
relaxation to less oriented and less disclinated 
structures of lower inherent modulus. 

Cokes and manufactured g r a p h i t e s are unique among s t r u c t u r a l 
m a t e r i a l s , because the l i q u i d c r y s t a l l i n e (mesophase) s t a t e governs 
the f ormat ion of t h e i r m i c r o s t r u c t u r e s . The l a m e l l i f o r m morpho
l o g i e s of the d i s c o t i c nematic l i q u i d c r y s t a l (_1) are locked i n t o 
p lace as the carbonaceous mesophase hardens , and the m i c r o c o n s t i t u -
ents thus produced d i f f e r fundamental ly from those of convent i ona l 
metals or ceramics ; e . g . , mesophase-based m a t e r i a l s do not have 
c o n v e n t i o n a l p o l y c r y s t a l l i n e g r a i n boundar i e s , and d i s c l i n a t i o n s 
are prominent s t r u c t u r a l f e a t u r e s . Most mesophase products of 
p r a c t i c a l importance form w h i l e undergoing de format ion , and the 
m i c r o s t r u c t u r e s trapped by hardening are o f t e n i n deformed 
nonequ i l i b r iura s t a t e s that would r e l a x i f hardening had not 
i n t e r v e n e d . S t r u c t u r a l l y , t h e r e f o r e , most g r a p h i t i c m a t e r i a l s 
formed by l i q u i d p y r o l y s i s may be regarded as mesophase f o s s i l s 
w i t h n o n e q u i l i b r i u m m i c r o s t r u c t u r e s . 

0097-6156/86/0303-0062$07.00/0 
© 1986 American Chemical Society 
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4. WHITE AND BUECHLER Microstructure Formation in Mesophase 63 

I n the prev ious symposium, we reviewed mesophase mechanisms 
i n v o l v e d i n the format ion of petroleum coke ( 2 ) . S ince 1975 , two 
s i g n i f i c a n t developments have been the use of ho t - s tage microscopy 
to observe the dynamic behavior of the carbonaceous mesophase i n 
i t s f l u i d s t a t e (3-6) , and the emergence of carbon f i b e r s spun from 
mesophase p i t c h (7-9) as e f f e c t i v e compet i tors i n a p p l i c a t i o n s i n 
which h i g h e l a s t i c modulus or good g r a p h i t i c i t y i s i m p o r t a n t . Th is 
paper focuses on mesophase carbon f i b e r s as an example of how the 
p l a s t i c mesophase can be manipulated to produce f i b e r s w i t h in tense 
p r e f e r r e d o r i e n t a t i o n s and e l a s t i c modul i that approach the 
t h e o r e t i c a l l i m i t f o r the g r a p h i t e c r y s t a l i n the a - d i r e c t i o n . 

F i g u r e 1 shows where mesophase carbon f i b e r s f i t i n the 
r a p i d l y deve loping f i e l d of s t r u c t u r a l carbon f i b e r s . At p r e s e n t , 
f i b e r s produced from p o l y a c r y l o n i t r i l e (PAN) c o n s t i t u t e the bu lk of 
the carbon f i b e r produced; i n 1981 a l l commercial PAN-based f i b e r s 
f e l l below and to the l e f t of the "1981 l i m i t " f o r t e n s i l e s t r e n g t h 
and modulus. Since 1981, there have been major advances i n the 
development of PAN-based f i b e r s to achieve h i g h s t r e n g t h s , 
p a r t i c u l a r l y at the lower modulus l e v e l s (near 40 M p s i , 276 GPa) . 

Carbon f i b e r s spun from mesophase p i t c h were commercial ized i n 
1976 and by 1980 had been brought to s t r e n g t h l e v e l s compet i t i ve 
w i t h PAN-based f i b e r s . The major advances i n mesophase carbon 
f i b e r s have been toward h i g h modulus l e v e l s . Such f i b e r s are 
s u i t a b l e f o r s p e c i a l a p p l i c a t i o n s , e . g . , spacecra f t s t r u c t u r e s , i n 
which the negat ive thermal e x p a n s i v i t y , which i s a concomitant of 
h i g h modulus, can be e x p l o i t e d to des ign composites w i t h zero 
thermal expans ion . I t may be noted that carbon f i b e r s can a l s o be 
prepared by sp inn ing i s o t r o p i c (nonmesophase) p i t c h , and these 
p i t c h - b a s e d f i b e r s are now being commercia l ized f o r concrete r e i n 
forcement or asbestos s u b s t i t u t e s ( 9 , 1 1 ) . However, from F i g u r e 1, 
the mechanical p r o p e r t i e s of those f i b e r s are c l e a r l y inadequate as 
s t r u c t u r a l re inforcements f o r high-performance composites . 

Carbon f i b e r development i s h i g h l y c o m p e t i t i v e , and p r o p r i e 
t a r y c o n s i d e r a t i o n s l i m i t i n f o r m a t i o n on the t e c h n i c a l bases f o r 
the improvements being a c h i e v e d . F igure 1 i n c l u d e s some data on 
exper imenta l f i b e r s , i n c l u d i n g mesophase carbon f i b e r s produced 
from s o l v e n t - e x t r a c t e d p i t c h ( 1 0 ) . I f the s t r e n g t h l e v e l s i n 
F i g u r e 1 f o r the l a t t e r f i b e r s can be a t t a i n e d i n p r o d u c t i o n f i b e r 
and i f h igher moduli can be a t t a i n e d by more severe heat t reatment , 
the s o l v e n t - r e f i n e d mesophase carbon f i b e r s may prove to be a 
second-generat ion mesophase f i b e r w i t h s i g n i f i c a n t proper ty 
improvement s· 

This paper commences w i t h evidence f o r l a m e l l i f o r m morpho l 
ogies i n mesophase carbon f i b e r , summarizes r e l e v a n t i n f o r m a t i o n on 
d i s c l i n a t i o n s t r u c t u r e s i n the carbonaceous mesophase, and then 
reviews what we l e a r n of d i s c l i n a t i o n behav ior from hot - s tage 
observat ions and from deformation and c a r b o n i z a t i o n exper iments . 
The r e s u l t s i n d i c a t e that d i s c l i n a t i o n i n t e r a c t i o n s that occur 
before the mesophase i s f u l l y hardened p lay an important r o l e i n 
determining the m i c r o s t r u c t u r e s of mesophase carbon f i b e r s , as w e l l 
as those of cokes and g r a p h i t e s that form through the carbonaceous 
mesophase. 
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64 PETROLEUM-DERIVED CARBONS 

M i c r o s t r u c t u r e of Mesophase Carbon F i b e r 

E a r l y grades of commercial mesophase carbon f i b e r s o f t en d i s p l a y e d 
the r a d i a l s t r u c t u r e dep i c ted i n F i g u r e 2 . On heat treatment a f t e r 
s p i n n i n g , the wedge opens f o r the same reason that shr inkage cracks 
form i n the c a l c i n i n g of petroleum coke: Shrinkage i s g r e a t e r 
p e r p e n d i c u l a r than p a r a l l e l to the mesophase l a y e r s . 

The most common morphology observed i n current mesophase 
carbon f i b e r s of moderate modulus (55 to 75 M p s i , 379 to 517 GPa) 
i s a c y l i n d r i c a l f i l a m e n t w i t h a random-structured core and a 
r a d i a l r i m ( 1 2 ) . Given the f r a c t u r e s e c t i o n of F i g u r e 3 , w i t h i t s 
s c r o l l - l i k e f e a t u r e s , the core appears to be an a r r a y of +2π and -π 
d i s c l i n a t i o n s . The r a d i a l r i m of h e a v i l y w r i n k l e d l a y e r s u s u a l l y 
c o n s t i t u t e s h a l f or more of the cross s e c t i o n . 

I n s i n g l e - f i l a m e n t t e n s i l e t e s t i n g of high-modulus f i b e r s 
( 1 3 ) , three types of f r a c t u r e sur face are common ( F i g u r e 4 ) . The 
high-modulus f i l a m e n t s (E > 100 M p s i , 689 GPa) f a i l w i t h ex tens ive 
shear on the w e l l - o r i e n t e d l a y e r s , r e s u l t i n g i n s t r o n g l y s e r r a t e d 
f r a c t u r e sur faces w i t h good s t r u c t u r a l d e f i n i t i o n . The s t r u c t u r a l 
types i n c l u d e the open-wedge r a d i a l and round random-core f i l a 
ments, as w e l l as an oval -shaped f i l a m e n t w i t h an o r i e n t e d core ; 
these are summarized s c h e m a t i c a l l y i n F igure 5 . The o r i e n t e d - c o r e 
m i c r o s t r u c t u r e may be desc r ibed as a r a d i a l r i m w i t h o r i e n t e d core 
l a y e r s l y i n g between +π wedge d i s c l i n a t i o n s . 

Easy shear on s t r o n g l y o r i e n t e d l a y e r s a l s o accounts f o r the 
f i l a m e n t s p l i t t i n g and segmented f r a c t u r e f r e q u e n t l y observed i n 
s i n g l e - f i l a m e n t t e n s i l e t e s t s on the mesophase carbon f i b e r s of 
h i g h modulus. Th is mechanism a l s o appears to be i n v o l v e d i n the 
y i e l d phenomenon found i n S i n c l a i r loop t e s t s on high-modulus 
f i b e r s ( 13) and no doubt c o n t r i b u t e s to the poor f l e x u r a l and 
compressive s t rengths e x h i b i t e d by epoxy-matr ix composites w i t h 
mesophase carbon f i b e r re inforcements ( 1 4 ) . F i g u r e 6 i l l u s t r a t e s 
t e n s i l e f r a c t u r e i n an o r i e n t e d - c o r e P120 f i l a m e n t (E = 120 Mpsi = 
827 GPa); easy shear on the c e n t r a l l a y e r s of the o r i e n t e d core has 
produced a long s l i v e r that resembles a s i n g l e c r y s t a l of g r a p h i t e . 

The Carbonaceous Mesophase and I t s D i s c l i n a t i o n S t r u c t u r e s 

I d e n t i f i c a t i o n of the molecu lar s t r u c t u r e s most conducive to the 
format ion of needle coke or the s p i n n i n g of mesophase f i b e r i s a 
task on which Japanese workers have been p a r t i c u l a r l y a c t i v e 
(15) . The model of carbonaceous mesophase sketched i n F i g u r e 7 i s 
based on the molecu lar a r c h i t e c t u r e proposed by Mochida et a l . 
(16) . I n c o n t r a s t to c onvent i ona l nematic l i q u i d c r y s t a l s , the 
molecu lar u n i t s are d i s k shaped and range w i d e l y i n s i z e , even when 
the mesophase i s produced by the p y r o l y s i s of pure o rgan i c 
compounds (17) · Many of the molecules are v o l a t i l e or r e a c t i v e i n 
the temperature range over which the mesophase i s f l u i d , and the 
e v o l u t i o n of gaseous spec ies u s u a l l y causes the mesophase to be 
e x t e n s i v e l y deformed by bubble p e r c o l a t i o n before i t congeals to a 
s o l i d semicoke. 

The d i sk - shaped molecules are not r i g o r o u s l y o r i e n t e d to 
p a r a l l e l a r r a y s ; the mesophase s t a t e c o n s t i t u t e s on ly a p r e f e r r e d 
o r i e n t a t i o n , but w i t h v i r t u a l l y a l l molecu lar l a y e r s l y i n g w i t h i n 
±25° of the d i r e c t o r r e p r e s e n t i n g the average o r i e n t a t i o n ( 18) . 
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WHITE AND BUECHLER Microstructure Formation in Mesophase 

900 h 

0 20 40 60 80 100 120 140 160 

T E N S I L E M O D U L U S , M p s i 

F i g u r e 1. The s t a t u s of carbon f i b e r development i n 1984 based 
p r i m a r i l y on product data s u p p l i e d by manufac turers . The s o l i d 
l i n e r e f e r s to commercial grades of f i b e r spun from mesophase 
p i t c h (_7) ; the dashed l i n e r e f e r s to an exper imenta l mesophase 
f i b e r spun from s o l v e n t - e x t r a c t e d p i t c h ( J O ) . Exper imenta l 
(noncommercial) f i b e r s are i n d i c a t e d by t r i a n g u l a r symbols. 

F i g u r e 2 . Mesophase carbon f i b e r w i t h r a d i a l s t r u c t u r e and 
open-wedge shape. P o l a r i z e d l i g h t . 
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66 PETROLEUM-DERIVED CARBONS 

Figure 3 . Mesophase carbon f i b e r with random-core s t r u c t u r e 
and round shape. 

Figure 4 . T e n s i l e f r a c t u r e surfaces f o r three s t r u c t u r a l types 
of high-modulus mesophase carbon f i b e r s (E = 100 Mpsi = 
690 GPa). 
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4. WHITE AND BUECHLER Micro structure Formation in Mesophase 67 

C O R E 

F i g u r e 5 . S t r u c t u r a l models f o r the morphology of open-wedge, 
round, and o v a l f i l a m e n t s spun from mesophase p i t c h . 

F i g u r e 6 . T e n s i l e f r a c t u r e sur faces f o r a mesophase carbon 
f i l a m e n t w i t h t e n s i l e modulus of 120 Mpsi (827 GPa) . 

F igure 7 . Schematic models f o r the carbonaceous mesophase 
[ a f t e r Mochida et a l . ( 16)] and i t s curvature s t r a i n s of bend, 
s p l a y , and t w i s t . The molecu lar and s t r a i n models d i f f e r i n 
s c a l e by ~1000x. 
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68 PETROLEUM-DERIVED CARBONS 

Thus the mesophase t o l e r a t e s e a s i l y the bend, t w i s t , and s p l a y 
e s s e n t i a l to d i s c l i n a t i o n s t r u c t u r e s , and both wedge and t w i s t 
d i s c l i n a t i o n s are r e a d i l y i d e n t i f i e d i n petroleum coke by 
p o l a r i z e d - l i g h t micrography ( 1 9 ) . F i g u r e 8 i l l u s t r a t e s why 
d i s c l i n a t i o n s do not occur i n o r d i n a r y c r y s t a l l i n e m a t e r i a l s . The 
d i s t o r t i o n energ ies are so l a r g e as to p r o h i b i t such d i s c l i n a t i o n s 
from forming except by entrapment mechanisms such as the hardening 
of a l i q u i d c r y s t a l . F i g u r e 8 a l s o i l l u s t r a t e s how a Nabarro 
c i r c u i t (analogous to a Burgers c i r c u i t f o r a c r y s t a l d i s l o c a t i o n ) 
can be f o l l owed to de f ine the r o t a t i o n a l s t r e n g t h of a 
d i s c l i n a t i o n . 

Models f o r the wedge and t w i s t d i s c l i n a t i o n s commonly present 
i n the carbonaceous mesophase, g i v e n i n F i g u r e 9 , i n d i c a t e the 
d i f f e r e n c e between them to inhere i n the o r i e n t a t i o n of the 
r o t a t i o n v e c t o r , de f ined by the Nabarro c i r c u i t , r e l a t i v e to the 
d i s c l i n a t i o n l i n e : I n pure wedge d i s c l i n a t i o n s , the vec to rs are 
p a r a l l e l (or a n t i p a r a l l e l ) ; i n pure t w i s t d i s c l i n a t i o n s , the v e c 
t o r s are p e r p e n d i c u l a r . Evidence f o r these d i s c l i n a t i o n s t r u c t u r e s 
has been summarized i n a recent rev iew (_1). D i s c l i n a t i o n s of 
h igher o r d e r , e . g . , - 3π , have been found i n the mesophase m a t r i x of 
c a r b o n - f i b e r - r e i n f o r c e d composites ( 2 0 ) ; however, these d i s c l i n a 
t i o n s are forced by the "sheath e f f e c t " ( the tendency f o r mesophase 
l a y e r s to a l i g n p a r a l l e l to many s u b s t r a t e s ) a c t i n g between p a r t i 
c u l a r f i l a m e n t groupings ( 2 1 ) , and d i s c l i n a t i o n s of g r e a t e r than 
second order have not been reported i n b u l k mesophase. 

Fundamental to mesophase-f iber s p i n n i n g and needle-coke forma
t i o n i s the mesophase f low b e h a v i o r . Elementary s t u d i e s have shown 
that u n i a x i a l deformation produces f i b r o u s morphologies w i t h n e a r l y 
pure wedge d i s c l i n a t i o n s ( 2 ) . B i a x i a l de format ion , as experienced 
by the mesophase i n the w a l l of an expanding bubb le , produces 
l a m e l l a r morphologies w i t h f o lded r e g i o n s ; the f o l d s are bounded 
by π d i s c l i n a t i o n s that v a r y i n charac te r from pure t w i s t to pure 
wedge (19) , as sketched i n F i g u r e 10. Al though the π d i s c l i n a t i o n s 
formed i n b u l k undeformed mesophase may be mixed d i s c l i n a t i o n s , 
t h e i r charac te r i s r e a d i l y a l t e r e d by de format ion . 

Measurements by c o n c e n t r i c - c y l i n d e r v iscometers (22,23) on 
mesophase p i t c h pyro lyzed at constant h e a t i n g ra tes have i n d i c a t e d 
that the v i s c o s i t y r i s e s s h a r p l y when v o l a t i l i z a t i o n and aromat ic 
p o l y m e r i z a t i o n r e a c t i o n s become r a p i d . The i s o t h e r m a l observat ions 
of F i g u r e 11 , made i n an i n d u s t r i a l rheometer to h i g h torque ( 2 4 ) , 
r e v e a l tha t the mesophase hardens by a continuous i n c r e a s e i n 
v i s c o s i t y ( a f t e r pass ing an unstab le r e g i o n dur ing the mesophase 
transformation)· The p o l a r i z e d - l i g h t micrographs show that mechan
i c a l de formation i n the rheometer e f f e c t s a r a p i d ref inement of 
m i c r o s t r u c t u r e , as i n d i c a t e d by the spac ing of e x t i n c t i o n contours , 
and can r e a d i l y c a r r y the m i c r o s t r u c t u r e beyond the l i m i t of 
o p t i c a l r e s o l u t i o n . 

Hot-Stage Observat ions 

Since Hoover et a l . (3) demonstrated that p o l a r i z e d l i g h t r e f l e c t e d 
from the f r ee sur face of a p y r o l y z i n g l i q u i d cou ld be used to 
d i r e c t l y observe mesophase b e h a v i o r , ho t - s tage microscopy has 
become a u s e f u l technique f o r s tudy ing the p y r o l y s i s of carbon 
p r e c u r s o r s . Prov ided that excess ive v o l a t i l i z a t i o n does not 
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WHITE AND BUECHLER Microstructure Formation in Mesophase 
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F i g u r e 8 . Wedge d i s c l i n a t i o n s , w i t h r o t a t i o n a l s t r e n g t h - π , i n 
a cub i c c r y s t a l and i n a l i q u i d c r y s t a l . Note that the molec 
u l a r s c a l e of the l i q u i d c r y s t a l i s much l a r g e r than the atomic 
s c a l e of the cub i c c r y s t a l . 

W E D G E D I S C L I N A T I O N S T W I S T 

D I S C L I N A T I O N 

+ 7Γ + 2x 

-2ττ 

F i g u r e 9. Schematic models f o r the wedge and t w i s t d i s c l i n a 
t i o n s of the carbonaceous mesophase. 
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PETROLEUM-DERIVED CARBONS 

Figure 1 1 . The i n c r e a s e i n v i s c o s i t y and ref inement i n 
m i c r o s t r u c t u r e as a mesophase p i t c h (from A240 petroleum p i t c h ) 
i s pyro lyzed w i t h i n a rheometer ( 2 4 ) . Crossed p o l a r i z e r s . 
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4. WHITE AND BUECHLER Microstructure Formation in Mesophase 71 

i n t e r f e r e by fogging the o b s e r v a t i o n window or by forming a v i s cous 
mesophase s k i n (_5), such methods enable q u a l i t a t i v e e v a l u a t i o n of 
the dynamic behavior of the mesophase. 

We cons t ruc ted a ho t - s tage w i t h quenching c a p a b i l i t y ( 2 5 ) , see 
F igure 12 , to r e l a t e f r e e - s u r f a c e observat i ons to the t h r e e -
d imens ional morphology of b u l k mesophase. A specimen can be 
pyro lyzed to a po in t of i n t e r e s t observed on the f ree s u r f a c e , then 
quenched to a s o l i d i f i e d body that can be se c t i oned and p o l i s h e d 
for d e t a i l e d micrographie s tudy . A s imple probe was i n c l u d e d i n 
the ho t - s tage des ign so that the mesophase cou ld be deformed at 
v a r i o u s stages of p y r o l y s i s . A 32χ o b j e c t i v e w i t h 6-mm working 
d i s t a n c e was adequate to r e s o l v e o r i e n t a t i o n a l f l u c t u a t i o n s s i m i l a r 
to those observed i n nematic l i q u i d c r y s t a l s (26) · The o p t i c a l 
system remained s t a b l e d u r i n g quenching; f i n e cracks could be seen 
to develop a f t e r the temperature dropped below the s o f t e n i n g p o i n t 
of the mesophase. 

The phenomena of coa lescence , d i s c l i n a t i o n r e a c t i o n s , and 
deformation response i l l u s t r a t e d by f i l m frame sequences i n F i g u r e s 
13-15 and 17 were observed on a petroleum p i t c h (Ashland A240) that 
had been t h e r m a l l y t r e a t e d to reduce the e v o l u t i o n of v o l a t i l e s . 
At o b s e r v a t i o n temperatures near 440°C, the phenomena occurred at 
ra tes convenient f o r f i l m i n g and f o r i d e n t i f y i n g d i s c l i n a t i o n s igns 
by r o t a t i n g the plane of p o l a r i z a t i o n . 

F i g u r e 13 d e p i c t s a coalescence event that took p lace i n 
7 s e c . L i k e o ther coalescence events i n which new d i s c l i n a t i o n s 
are produced, a 2π d i s c l i n a t i o n appeared at the p o s i t i o n of the 
former boundary between the mesophase s p h e r u l e s . F r e n k e l (27) has 
po inted out that the time constant τ f o r such coalescence phenomena 
i s g i v e n approximate ly by 

where η i s the v i s c o s i t y , d i s the diameter of the c o a l e s c i n g 
b o d i e s , and σ i s the i n t e r f a c i a l energy—the d r i v i n g f o rce f o r 
coa lescence . Smith et a l . (28) a p p l i e d Equat ion (1) to s e v e r a l 
f i l m e d coalescence events and reported that the pitch-mesophase 
i n t e r f a c i a l energy i s s m a l l , probably l e s s than 0.1 dyne/cm. 

Another mechanism by which new d i s c l i n a t i o n s appear at the 
f ree sur face i s i l l u s t r a t e d by the micrographie sequence i n F igure 
14. Two 2π d i s c l i n a t i o n s of oppos i te s i g n are spontaneously 
generated from a reg i on i n which the p o l a r i z e d - l i g h t e x t i n c t i o n 
contours p i n c h down below o p t i c a l r e s o l u t i o n ; the r e a c t i o n may be 
w r i t t e n as an a n n i h i l a t i o n r e a c t i o n i n r e v e r s e , 

0 • (+2π) + (-2π) (2) 

React ions of t h i s type are a l s o observed to generate π d i s c l i n a 
t i o n s of oppos i te s i g n . React ions between d i s c l i n a t i o n s of 
d i f f e r e n t order a l s o occur ; i n the micrographie sequence of F i g u r e 
15 , the r e a c t i o n i s 

(+π) + ( -2π) • (-π) (3) 

I n h i s c l a s s i c work on l i q u i d c r y s t a l s , F r i e d e l (26) summarized h i s 
observat ions of d i s c l i n a t i o n r e a c t i o n s i n nematic l i q u i d c r y s t a l s 
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PETROLEUM-DERIVED CARBONS 

F i g u r e 12. A microscope hot stage designed f o r quenching and 
f o r deformation of a specimen by a h o r i z o n t a l probe ( 2 5 ) . 
Reproduced w i t h permiss ion from re ference 25. 

F i g u r e 13. Coalescence of mesophase spherules to produce a 
new 2π d i s c l i n a t i o n . Hot -s tage microscopy , crossed p o l a r i z e r s . 
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4. WHITE AND BUECHLER Microstructure Formation in Mesophase 73 

F i g u r e 14. P i n c h - o f f r e a c t i o n to form 2π d i s c l i n a t i o n s of 
oppos i te s i g n . Hot -s tage microscopy , crossed p o l a r i z e r s . 
Reproduced w i t h permiss ion from re ference 14. 

F i g u r e 15. R e a c t i o n between d i s c l i n a t i o n s of oppos i te s i g n . 
Hot -s tage microscopy , crossed p o l a r i z e r s . 
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74 PETROLEUM-DERIVED CARBONS 

by a t a b l e s i m i l a r to Table I . Our sur face observat ions i n d i c a t e 
t h a t , as long as the v i s c o s i t y remains low, the dynamic behavior of 
the carbonaceous mesophase i s q u i t e s i m i l a r to that of nematic 
l i q u i d c r y s t a l s ( 6 ) · However, as p y r o l y s i s of the mesophase 
proceeds , the v i s c o s i t y r i s e s , and the d i s c l i n a t i o n r e a c t i o n s slow 
w e l l be fore the mesophase l o ses i t s d e f o r m a b i l i t y . 

Table I . D i s c l i n a t i o n I n t e r a c t i o n s i n Nematic L i q u i d C r y s t a l s 

(+2π) + (-2π) ^Zl 0 

(+*> + ( -π) 

A n n i h i l a t i o n and format ion 
r e a c t i o n s 

(+2π) + ( -π) 

( -2π) + (+π) 

<+π) 

( -π) 

React ions between d i s c l i n a t i o n s 
of d i f f e r e n t order 

(+π) + (+π) 

( -π) + ( -π) 

(+2π) 

( -2π) 

Combination and d i s s o c i a t i o n 
r e a c t i o n s 

The s p a t i a l geometry of d i s c l i n a t i o n r e a c t i o n s i n b u l k 
mesophase has r e c e n t l y been presented by Zimmer and Weitz (29) · 
Working w i t h c o a r s e - s t r u c t u r e d mesophase prepared by l engthy 
p y r o l y s i s of A240 petroleum p i t c h at 400°C, they de f ined the 
d i s c l i n a t i o n a r r a y s on a success ion of p o l i s h e d s e c t i o n s spaced at 
about 7 μπι, I n t h i s way a +π d i s c l i n a t i o n was t raced through a 
branching po in t ( i . e . , a r e a c t i o n p o i n t ) to form a -π and 
a +2π d i s c l i n a t i o n . Thus a r e a c t i o n 

<+π) ^ Z t (+2π) + ( -π) (4) 

may be v i s u a l i z e d s p a t i a l l y as sketched i n F i g u r e 16 , i t s d i r e c t i o n 
determined by the motion of the branching p o i n t on the +π/+2π 
d i s c l i n a t i o n l i n e . 

F ine deformed m i c r o s t r u c t u r e s w i t h s trong p r e f e r r e d o r i e n t a 
t i o n s cou ld be produced by a s i n g l e s t r o k e of the w i r e probe ( 2 5 ) , 
as i l l u s t r a t e d by F igure 17 . A v e r t i c a l s e c t i o n made on a specimen 
quenched immediately a f t e r deformation confirmed that the under 
l y i n g s t r u c t u r e was f i b r o u s w i t h ±π and ±2π wedge d i s c l i n a t i o n s 
( 3 0 ) . The r e l a x a t i o n or coarsening a f t e r deformation i n d i c a t e d 
that the mesophase was s u f f i c i e n t l y f l u i d f o r d i s c l i n a t i o n motion 
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WHITE AND BUECHLER Microstructure Formation in Mesophase 

F i g u r e 16. S p a t i a l sketch of a d i s c l i n a t i o n r e a c t i o n i n b u l k 
mesophase. 

F igure 17 · Formation and r e l a x a t i o n of deformed m i c r o s t r u c 
t u r e , a f t e r a s i n g l e s t roke by the wire probe on the hot stage 
( 2 5 ) . Crossed p o l a r i z e r s . 
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76 PETROLEUM-DERIVED CARBONS 

and r e a c t i o n to o c cur , at l e a s t over the short d i s t a n c e s between 
d i s c l i n a t i o n s i n the f i n e f i b r o u s m i c r o s t r u c t u r e . At l e s s advanced 
p y r o l y s i s l e v e l s , r e l a x a t i o n was more r a p i d , and the mesophase 
q u i c k l y regained i t s o r i g i n a l coarse m i c r o s t r u c t u r e . At more 
advanced p y r o l y s i s l e v e l s , the extent of recovery was s e v e r e l y 
l i m i t e d by the v i s c o s i t y of the mesophase, and l a r g e r e s i d u a l 
d e n s i t i e s of d i s c l i n a t i o n s were l e f t i n the hardening mesophase. 
The c a p a b i l i t y of the mesophase to be deformed at p y r o l y s i s l e v e l s 
w e l l beyond those at which d i s c l i n a t i o n s can i n t e r a c t accounts f o r 
the f i n e m i c r o s t r u c t u r e s found i n most products f a b r i c a t e d from the 
carbonaceous mesophase. 

Deformation and E x t r u s i o n Experiments 

Mesophase rods were extruded and drawn w i t h the dev i ce shown i n 
F i g u r e 18 , which i s s i m i l a r to equipment f o r s p i n n i n g mesophase 
monofilaments ( 7 , 3 1 ) . J e n k i n s and J e n k i n s (32) employed a s i m i l a r 
dev ice to produce extruded mesophase; i n our s t u d i e s , s p i n n e r e t t e 
diameters (0 .2 to 2 mm) were s m a l l e r . The mesophase p i t c h was 
prepared from A240 petroleum p i t c h by the Chwastiak procedure (33) , 
w i t h ex tens ive s t i r r i n g and sparg ing w i t h n i t r o g e n . F u l l t r a n s 
format ion to mesophase was a t t a i n e d by a 20-hr treatment at 
400°C. A penetrometer t e s t i n d i c a t e d the temperature range f o r 
e x t r u s i o n and draw; the mesophase p i t c h softened at 309°C, and 
b u b b l i n g by p y r o l y s i s gases was ev ident above 340°C. 

Drawing by hand from a 2-mm s p i n n e r e t t e at about 340°C demon
s t r a t e d the e f f e c t i v e n e s s of draw i n o r i e n t i n g even a h e a v i l y 
bubbled rod (see F i g u r e 19 ) . From these o b s e r v a t i o n s , more 
c o n t r o l l e d drawing experiments were d e v i s e d , and a weight was 
at tached to the ex t rud ing rod as dep i c ted i n F igure 18. 

F i g u r e 20 presents mesophase rods produced by e x t r u s i o n alone 
and by a l i g h t draw a f t e r e x t r u s i o n . As J e n k i n s and J e n k i n s 
observed ( 3 4 ) , the s t rong p r e f e r r e d o r i e n t a t i o n induced by 
e x t r u s i o n was e a s i l y d i s t u r b e d by p y r o l y s i s bubbles or even by 
s m a l l f l ow i r r e g u l a r i t i e s . However, modest draws ( e . g . , draw r a t i o 
= 2) a f t e r e x t r u s i o n produced f i b r o u s morphologies w i t h good 
u n i f o r m i t y . At these draw l e v e l s , the nodes and crosses c h a r a c t e r 
i s t i c of wedge d i s c l i n a t i o n s could be r e so lved on t r a n s v e r s e 
s e c t i o n s . 

Se lec ted rods of drawn mesophase were subjected to c a r b o n i z a 
t i o n runs to 1000°C so that the annea l ing behavior of the f i b r o u s 
mesophase could be a n a l y z e d . The rods were f i r s t g i v e n an 
o x i d a t i o n - s t a b i l i z a t i o n treatment s i m i l a r to tha t used i n the 
manufacture of mesophase carbon f i b e r (7-9) to ensure that the rods 
would not c o l l a p s e when the mesophase softened i n c a r b o n i z a t i o n and 
to l e a r n the depth to which o x i d a t i o n i s e f f e c t i v e i n l o c k i n g the 
m i c r o s t r u c t u r e i n t o p l a c e . The mesophase rods d i s p l a y e d i n F i g u r e 
21 were o x i d i z e d i n a i r at 300°C f o r 8 h r , a treatment that induced 
some deep shr inkage cracks i n t o which oxygen p e n e t r a t e d . From the 
h i g h - m a g n i f i c a t i o n micrographs , a s m a l l degree of s t r u c t u r a l 
coarsening dur ing the o x i d a t i o n step can be i n f e r r e d . The 
c a r b o n i z a t i o n treatment prov ided good d e f i n i t i o n of the s t a b i l i z e d 
r e g i o n . Mesophase w i t h i n 10 \im of a sur face or crack that had 
access to a i r r e t a i n e d the f i b r o u s m i c r o s t r u c t u r e present a f t e r 
s t a b i l i z a t i o n . At g r e a t e r depths , d i s c l i n a t i o n r e a c t i o n s proceeded 
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WHITE AND BUECHLER Microstructure Formation in Mesophase 

S P R I N G C L A M P 
WITH W E I G H T 

F i g u r e 18. Apparatus f o r e x t r u s i o n and drawing of mesophase. 

F i g u r e 19. Strong p r e f e r r e d o r i e n t a t i o n produced by l i g h t draw 
of a bubbled mesophase r o d . Crossed p o l a r i z e r s . 
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78 PETROLEUM-DERIVED CARBONS 

F i g u r e 20. The m i c r o s t r u c t u r e s of mesophase r o d s , as extruded 
(above) and as drawn a f t e r e x t r u s i o n (be low) . Crossed 
p o l a r i z e r s . 
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WHITEANDBUECHLER Microstructure Formation in Mesophase 

F i g u r e 2 1 . Transverse m i c r o s t r u c t u r e s of drawn mesophase rods : 
(a) as extruded and drawn to a draw r a t i o of 3 . 6 , (b) a f t e r 
o x i d a t i o n at 300°C, and (c) a f t e r c a r b o n i z a t i o n under i n e r t 
atmosphere. Crossed p o l a r i z e r s . 
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80 PETROLEUM-DERIVED CARBONS 

to n e a r l y complete a n n i h i l a t i o n , and i n many rods the u n s t a b i l i z e d 
mesophase had softened s u f f i c i e n t l y to be e j e c t ed from the i n t e r i o r 
by the pressure of p y r o l y s i s gases . 

The c a r b o n i z a t i o n experiments emphasize the need to f i x or 
s t a b i l i z e an o r i e n t e d mesophase m i c r o s t r u c t u r e t h a t has been 
imposed by mechanical de format ion . The a r r a y of wedge 
d i s c l i n a t i o n s imposed by drawing dur ing cooldown i s not t h e r m a l l y 
s t a b l e , and d i s c l i n a t i o n r e a c t i o n s w i l l proceed to coarsen the 
m i c r o s t r u c t u r e and reduce the p r e f e r r e d o r i e n t a t i o n i f the 
mesophase so f tens s u f f i c i e n t l y dur ing c a r b o n i z a t i o n . 

Formation of M i c r o s t r u c t u r e i n Mesophase Products 

A l though the m i c r o s t r u c t u r a l s t u d i e s des c r ibed here have been 
l i m i t e d to s t r u c t u r e s that can be r e so lved by p o l a r i z e d l i g h t , the 
r e s u l t s suggest a p a t t e r n f o r the f ormat ion of the v a r i o u s f i l a m e n t 
morphologies shown i n F i g u r e 5 . According to the S inger patent 
( 7 ) , the geometry of f i b e r s p i n n i n g i s e s s e n t i a l l y tha t shown i n 
F i g u r e 18 . But the draw r a t i o s and wind-up speeds are q u i t e h i g h , 
e . g . , draw r a t i o s near 1000 and speeds of the order of 3 m/sec. 
These va lues represent severe c o n d i t i o n s of deformation and quench 
(of the order of 100°C/sec or h i g h e r ) , and the s c a l e of mesophase 
s t r u c t u r e must l i e w e l l below r e s o l u t i o n by o p t i c a l microscopy . 
Assuming that mesophase behavior at t h i s s c a l e i s not s u b s t a n t i a l l y 
d i f f e r e n t from that observed at the s c a l e of the ho t - s tage and 
deformat ion exper iments , e x t e n s i v e d i s c l i n a t i o n r e a c t i o n s may be 
expected to accompany the deformation of mesophase i n f i l a m e n t 
s p i n n i n g . 

The manner i n which a d i s c l i n a t i o n loop can be converted by 
u n i a x i a l deformation i n the draw-down r e g i o n to a p a i r of p a r a l l e l 
wedge d i s c l i n a t i o n s of oppos i te s i g n spaced w i t h i n easy r e a c t i o n 
d i s t a n c e (35) i s diagrammed i n F i g u r e 22. The ±π and 
±2π d i s c l i n a t i o n s composing the t o t a l d i s c l i n a t i o n a r r a y of a 
f i b r o u s m i c r o s t r u c t u r e may be expected to i n t e r a c t to v a r y i n g 
degrees of complet ion as a f u n c t i o n of mesophase v i s c o s i t y and r a t e 
of f i l a m e n t c o o l i n g . The r a d i a l f i l a m e n t , which develops the open 
wedge upon heat t reatment , may be expected to form under c o n d i t i o n s 
of low v i s c o s i t y and slow c o o l i n g that permit f u l l a n n i h i l a t i o n of 
d i s c l i n a t i o n s to l eave a s i n g l e +2π d i s c l i n a t i o n at the c e n t e r . 
The random-core f i l a m e n t s are expected to form under c o n d i t i o n s of 
h igher v i s c o s i t y and more r a p i d c o o l i n g , so that the d i s c l i n a t i o n 
r e a c t i o n s are quenched to entrap an a r r a y of wedge d i s c l i n a t i o n s 
before a n n i h i l a t i o n r e a c t i o n s can reach comple t i on . The o v a l 
f i b e r , t h e n , represents an in te rmed ia te s t a t e of d i s c l i n a t i o n 
r e a c t i o n i n which j u s t two +π wedge d i s c l i n a t i o n s remain , separated 
by the o r i e n t e d c o r e ; the o v a l shape r e s u l t s from the a n i s o t r o p i c 
shr inkage of the mesophase upon heat t reatment . The r a d i a l a r r a y 
of l a y e r s i n the r i m of the three f i l a m e n t s t r u c t u r e s corresponds 
to the e q u i l i b r i u m o r i e n t a t i o n of mesophase l a y e r s at a f r e e 
s u r f a c e . [The good c o n t r a s t of p o l a r i z e d - l i g h t e x t i n c t i o n contours 
observed on the f r ee sur face of mesophase i n the hot stage r e s u l t s 
from the tendency f o r the mesophase l a y e r s to a l i g n p e r p e n d i c u l a r 
to t h i s sur face ( 4 ) . ] However, i t appears d o u b t f u l that t h i s 
al ignment would p r e v a i l under the dynamic f l ow c o n d i t i o n s e x i s t i n g 
as the mesophase congea ls , and the mechanism of r a d i a l o r i e n t a t i o n 
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4. WHITE AND BUECHLER Microstructure Formation in Mesophase 81 

near the f i l a m e n t sur face might b e t t e r be sought by i n v e s t i g a t i n g 
the f l ow dynamics of a d i s c o t i c l i q u i d c r y s t a l . 

The p o t e n t i a l f o r r e a c t i o n s between wedge d i s c l i n a t i o n s 
composing a f i b r o u s m i c r o s t r u c t u r e i m p l i e s that c a u t i o n must be 
used i n the o x i d a t i o n - s t a b i l i z a t i o n step of f i b e r manufacture to 
avo id r e a c t i o n s that may t i l t mesophase l a y e r s out of l o a d - b e a r i n g 
a l i gnment . For example, ±2π wedge d i s c l i n a t i o n s formed under 
quiescent c o n d i t i o n s are known to have continuous cores i n which 
the mesophase l a y e r s t i l t to form cup-shaped or saddle-shaped 
c e n t r a l reg ions (_4). Thus the temperature employed f o r f i l a m e n t 
o x i d a t i o n should be kept low to avo id r e l a x a t i o n r e a c t i o n s of the 
type sketched i n F i g u r e 23· The l a y e r s t i l t e d out of l o a d - b e a r i n g 
al ignment w i l l d e t r a c t from the t e n s i l e modulus and may c o n s t i t u t e 
f laws f o r the i n i t i a t i o n of f r a c t u r e . 

On the b a s i s of t h i s d i s c u s s i o n , the mechanisms of mesophase 
carbon f i b e r format ion are c l o s e l y r e l a t e d to those of needle coke, 
the p r i n c i p a l d i f f e r e n c e s being the extent to which the deformation 
and r e l a x a t i o n mechanisms are ab le to a c t . Because delayed coking 
i n v o l v e s r e l a t i v e l y g e n t l e but random deformation processes by 
bubble p e r c o l a t i o n and the long d w e l l times i n the coke drum a f f o r d 
o p p o r t u n i t y f o r ex tens ive d i s c l i n a t i o n a n n i h i l a t i o n and m i c r o -
s t r u c t u r a l r e l a x a t i o n , the s t r u c t u r e of needle coke can be w e l l 
de f ined by p o l a r i z e d - l i g h t microscopy (2 ,36)· 

By comparison w i t h delayed c o k i n g , f i b e r s p i n n i n g imposes 
severe de format ion , and c o o l i n g of the 10-\im f i l a m e n t s c o n s t i t u t e s 
a r a p i d quench. Although the u n i a x i a l s t r e t c h may produce w e l l -
de f ined a r r a y s of d i s c l i n a t i o n s , t h e i r spac ing l i e s below o p t i c a l 
r e s o l u t i o n , and we must surmise from ho t - s tage quenching e x p e r i 
ments (6) that the d i s c l i n a t i o n s t r u c t u r e s i n the p a r t i a l l y reacted 
a r r a y s may dev ia te a p p r e c i a b l y from the e q u i l i b r i u m s t r u c t u r e s of 
F i g u r e 9 . M i c r o s c o p i c methods of h igher than o p t i c a l r e s o l u t i o n 
are r e q u i r e d to de f ine such d i s c l i n a t i o n s t r u c t u r e s and the extent 
to which they react or r e l a x i n s t a b i l i z a t i o n and c a r b o n i z a t i o n ; 
such methods may a l s o be u s e f u l i n f i n d i n g mesophase precursors or 
f i l a m e n t treatments that produce more s t r u c t u r a l c r o s s - l i n k i n g and 
l a y e r - w r i n k l i n g i n the f i n i s h e d f i l a m e n t , and thus g r e a t e r 
r e s i s t a n c e to shear and b u c k l i n g f a i l u r e when the high-modulus 
f i l a m e n t s undergo compressive or f l e x u r a l l o a d i n g i n a composite . 

D I S C L I N A T I O N L O O P 
B E F O R E D E F O R M A T I O N 

TWIST 

- W E D G E ( + 7τ) 

- T W I S T 

W E D G E ( - π ) 

A F T E R E X T E N S I O N A L D E F O R M A T I O N 

N E A R L Y P U R E W E D G E ( + π) 
= 

- T W I S T N E A R L Y P U R E W E D G E ( - τ τ ) TWIST -

Figure 22 . U n i a x i a l deformation of a d i s c l i n a t i o n loop bound
i n g a mesophase f o l d . Reproduced w i t h permiss ion from re ference 35. 
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PETROLEUM-DERIVED CARBONS 

+ π W E D G E 
D I S C L I N A T I O N S 

C O M B I N A T I O N 

+ 2ττ W E D G E 
D I S C L I N A T I O N 

D I S C O N T I N U O U S 
C O R E 

R E L A X A T I O N 

+ 2 π W E D G E 
D I S C L I N A T I O N 

C O N T I N U O U S 
C O R E 

F i g u r e 23 . Combination of two +π d i s c l i n a t i o n s may t i l t 
mesophase l a y e r s out of f i b r o u s al ignment by format ion of a 
continuous core i n the +2π d i s c l i n a t i o n . 
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5 

Electron Microscopic Observations on Carbonization 
and Graphitization 

A. Oberlin, S. Bonnamy, X. Bourrat, M . Monthioux, and J. N. Rouzaud 

Laboratoire Marcel Mathieu, Equipe de Recherche du CNRS No. 131, U.E.R. Sciences, 
Université d'Orleans, 45046 Orleans Cedex, France 

The physico-chemical properties of carbon materials 
depend both on their crystalline structure, which can 
be determined by electron diffraction, and on their 
microtexture, observable by transmission electron 
microscopy. Examples are chosen among heavy petroleum 
products and their derived carbons to describe the 
thermal behavior and the evolution of the carbon 
crystalline arrangement during carbonization and 
graphitization processes. At low pyrolysis tempera
tures, these materials contain basic structural units 
(BSU) comprised of aromatic ring structures, generally 
less than 10 Å in extent, and occurring singly or in 
stacks of two or three. The BSU's are randomly 
oriented almost up to the stage of semi-coke. Just 
prior to this stage, they orient parallel. The ability 
of carbonaceous matter to graphitize depends on the 
extent of the local molecular orientation (LMO) and on 
the chemical composition (functional groups) acquired 
before this stage. 

T h i s paper presents a g e n e r a l review of s t u d i e s by our l a b o r a t o r y 
on the c a r b o n i z a t i o n and g r a p h i t i z a t i o n of carbonaceous m a t e r i a l s 
(_1), w i t h p a r t i c u l a r re ference to pe t ro l eum-der ived carbons . 

A l l heavy petroleum products and carbonaceous m a t e r i a l s are 
p a r t i a l l y aromatic and thus c o n t a i n p l a n a r aromat ic r i n g s t r u c t u r e s 
l i n k e d to each other by f u n c t i o n a l groups to form macromolecules . 
Thermal treatment under i n e r t atmosphere causes p r o g r e s s i v e r e l e a s e 
of the f u n c t i o n a l groups , c a r b o n i z a t i o n of the m a t e r i a l , and , 
dependent on the carbonized s t r u c t u r e , t r a n s f o r m a t i o n i n t o g r a p h i t e 
( g r a p h i t i z a t i o n ) . The work of t h i s l a b o r a t o r y (2 -7) has shown that 
both the g r a p h i t i z a b i l i t y and the phys i cochemica l p r o p e r t i e s depend 
e n t i r e l y on the m i c r o t e x t u r e acqu ired dur ing the f i r s t stage of 
c a r b o n i z a t i o n , i . e . , on the i n i t i a l s p a t i a l arrangement of the 
p l a n a r aromat ic r i n g s t r u c t u r e s . Such a m i c r o t e x t u r e can be 
s t u d i e d at n e a r l y the atomic s c a l e by v a r i o u s modes of c o n v e n t i o n a l 
t r a n s m i s s i o n e l e c t r o n microscopy (TEM). 

0097-6156/86/0303-0085$06.00/0 
© 1986 American Chemical Society 
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86 PETROLEUM-DERIVED CARBONS 

Techniques of Transmiss i on E l e c t r o n Microscopy 

The p r i n c i p l e of l a t t i c e f r i n g e imaging c o n s i s t s i n forming an 
image w i t h two beams. For example, the u n s c a t t e r e d beam and the 
(002) beam w i l l produce (002) l a t t i c e f r i n g e s . D a r k - f i e l d imaging , 
on the o ther hand, c o n s i s t s i n forming an image w i t h a s i n g l e ( h k l ) 
s c a t t e r e d beam. Rather than use a goniometer stage i n the m i c r o 
scope, which l i m i t s TEM r e s o l u t i o n , the r e l a x a t i o n of the Bragg 
c o n d i t i o n s a p p r o p r i a t e to poor ly c r y s t a l l i z e d products i s employed 
( 2 , 8 ) . 

The techniques that we have employed can be performed w i t h any 
modern e l e c t r o n microscope hav ing an optimum p o i n t - t o - p o i n t r e s o l u 
t i o n b e t t e r than 5 Â and a l i n e r e s o l u t i o n b e t t e r than 2 Â. Among 
o ther f a c t o r s due to apparatus , the l i n e r e s o l u t i o n (9) i s 
dependent on the s i z e of the d i f f r a c t i n g elementary domain (the 
e q u i v a l e n t of the c r y s t a l l i t e f o r a two d imens iona l c r y s t a l ) . I t 
decreases to l e s s than optimum f o r p o o r l y c r y s t a l l i z e d p r o d u c t s . 
The i n c i d e n t beam t i l t used f o r d a r k - f i e l d imaging has to occur i n 
p o l a r (F igure 1) r a t h e r than C a r t e s i a n c o o r d i n a t e s . To have 
optimum r e s o l u t i o n i n b r i g h t f i e l d , an o b j e c t i v e a p e r t u r e 
0.6 Â i n diameter must be used . In d a r k - f i e l d , to s e l e c t on ly 
one beam at a t i m e , an aper ture 0.2 Â i n diameter i s necessary . 

The image formed by a convergent l ens ( F i g u r e 2) i s the double 
F o u r i e r t rans form of the ob jec t 0 . The e l e c t r o n d i f f r a c t i o n 
p a t t e r n i s formed i n the image f o c a l p lane A and i s the f i r s t 
F o u r i e r t r a n s f o r m . In the Gauss plane G, the second F o u r i e r t r a n s 
form i s produced (image of the f o c a l plane) which r e s t o r e s the 
ob jec t space I n the image. With X - r a y d i f f r a c t i o n p a t t e r n s as w e l l 
as w i t h e l e c t r o n d i f f r a c t i o n p a t t e r n s , t h i s second F o u r i e r t r a n s 
form i s determined by s imple c a l c u l a t i o n s . Thus an average i s 
obta ined of a l l d i f f r a c t i n g elementary u n i t s , i . e . , the b a s i c 
s t r u c t u r a l u n i t s , or BSU. An enormous number of BSU's have t h e i r 
shape and dimensions averaged because the minimum d i f f r a c t i n g 
volume i s about 1 0 1 8 Â f o r X -rays and 1 0 1 0 A f o r e l e c t r o n s . 
Thus, n e i t h e r X - r a y nor e l e c t r o n d i f f r a c t i o n p a t t e r n s can r e v e a l 
the m i c r o t e x t u r e (the arrangement i n space of the B S U ' s ) . The 
advantage of e l e c t r o n d i f f r a c t i o n i s to o b t a i n p a t t e r n s i n the 
micron range i n s t e a d of a few hundredths of a m i l l i m e t e r as f o r X -
r a y s . For example, a l a m e l l a f o l d e d p a r a l l e l to an a x i s , or a pack 
of p a r a l l e l r i b b o n s , w i l l produce the same X - r a y and e l e c t r o n d i f 
f r a c t i o n p a t t e r n s . In a TEM, on the other hand, each elementary 
u n i t i n the image can be l o c a l i z e d , thus i n d i v i d u a l i z i n g i t r e l a 
t i v e to i t s ne ighbor . To do t h a t , the s i z e of the BSU has on ly to 
be g r e a t e r than the r e s o l v i n g power of the microscope . This p a r 
t i c u l a r proper ty of the TEM a l l o w s , at a s c a l e near that of the 
u n i t c e l l : 

- measurement of the s i z e , and d e t e r m i n a t i o n of the shape 
and o r i e n t a t i o n i n space , of each BSU; 

- d e t e r m i n a t i o n of the mutual o r i e n t a t i o n i n space of the 
BSU, i . e . , the m i c r o t e x t u r e ( m i c r o s t r u c t u r e ) . 

In t h i s r e s t s the advantage of TEM, which i s the only technique 
y i e l d i n g new s t r u c t u r a l i n f o r m a t i o n beyond that obta ined by X - r a y 
and e l e c t r o n d i f f r a c t i o n . 
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5. OBERLIN ET AL. Electron Microscopic Observations 87 

F i g u r e 1. Test micrograph showing the displacement of the u n -
s c a t t e r e d beam ( smal l dots ) i n the s e l e c t e d area d i f f r a c t i o n 
(SAD) p a t t e r n when i t occurs i n p o l a r coord inates ( P h i l i p s EM 
300) . The t i l t has been f i x e d at the 002 Bragg angle f o r 
carbon (~ 0 .3 ° ) and the azimuth changed by s m a l l increments . 
The 000 spot d i s p l a c e s a long a p r a c t i c a l l y p e r f e c t c i r c l e which 
corresponds to the 002 Debye Scherrer r i n g . Such a dev i ce 
a l l o w s e x p l o r a t i o n of any p o s i t i o n i n the SAD p a t t e r n , even when 
n e i t h e r sharp nor in tense h k l r e f l e c t i o n s are v i s i b l e . The SAD 
p a t t e r n of an asphaltene h e a t - t r e a t e d at 500°C has been s u p e r -
imposedj to the t e s t micrograph . Var ious p o s i t i o n s of a 
0.13 Â aper ture are shown. 

G 

F i g u r e 2. Ray path i n a converging l e n s . In the image f o c a l 
plane A , the e l e c t r o n d i f f r a c t i o n p a t t e r n i s formed ( f i r s t 
F o u r i e r t rans form of the r e a l space where the ob jec t i s 
l o c a l i z e d ) . In the Gauss plane G, the image i s formed ( F o u r i e r 
t rans form of the d i f f r a c t i o n p a t t e r n , i . e . , second F o u r i e r 
transform) which r e s t o r e s the r e a l space 0 magni f i ed by the 
l e n s . 
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88 PETROLEUM-DERIVED CARBONS 

F i r s t Stage of C a r b o n i z a t i o n 

A l l carbonaceous m a t e r i a l s are composed mainly of carbon , hydrogen, 
and oxygen and i n some cases c o n t a i n s u l f u r and n i t r o g e n . When 
they are pyro lyzed under an i n e r t atmosphere, they r e l e a s e oxy 
genated f u n c t i o n a l groups and a l i p h a t i c CH groups , as t a r s and 
gases (10 ) . 

The c a r b o n i z a t i o n behavior of a g r a p h i t i z i n g m a t e r i a l s i m i l a r 
to l i g h t petroleum products (such as an atmospheric r e s i d u e or even 
a p i t c h ) w i l l be descr ibed f i r s t . These m a t e r i a l s are c h a r a c 
t e r i z e d by the format ion of mesophase spheres . S i n g l e mesophase 
spheres n u c l e a t e , then grow, c oa les ce , and f i n a l l y form m a t e r i a l 
c a l l e d bulk mesophase (11 -13 ) . This stage immediately precedes the 
semi-coke s tage , which r e s u l t s from the sudden t r a n s i t i o n from a 
v i s c o e l a s t i c s o l i d to a b r i t t l e s o l i d . Then comes the f u r t h e r gas 
r e l e a s e l e a d i n g to coke c h a r a c t e r i z e d by a h i g h carbon content . 

The Concept of a Bas i c S t r u c t u r a l U n i t (BSU). The elementary 
s c a t t e r i n g u n i t s , or b a s i c s t r u c t u r a l u n i t s ( 1 , 2 , 1 4 ) , of p i t c h e s 
are s i m i l a r to those of other carbonaceous m a t e r i a l s . They are 
made of very s m a l l p lanar aromatic r i n g s t r u c t u r e s . An aromat i c 
s t r u c t u r e , even i f i t i s very s m a l l , i s s u f f i c i e n t l y p e r i o d i c to 
s c a t t e r e l e c t r o n s . When two of them s tack t o g e t h e r , at l e a s t two 
i n t e n s e 002 beams and s i x weak 10 and 11 beams are o b t a i n e d ; the 
l a t t e r are due to the 10 and 11 r e c i p r o c a l l i n e s (hexagonal 
symmetry of the po lyaromat i c s t r u c t u r e ) . The BSU 1 s can thus be 
imaged e i t h e r i n 002 d a r k - f i e l d (BSU edge-on) or i n 10 or 11 d a r k -
f i e l d s ( 8 ) . In a l l cases , b r i g h t domains l e s s than 10 Â i n extent 
are ob t a i n ed . Thus the s t a c k s do not exceed two or three l a y e r s i n 
t h i c k n e s s , and the s t r u c t u r e s are l e s s than 12 fused benzene r i n g s 
i n a r e a . F i g u r e 3 shows some of the p o s s i b l e aromat ic molecules 
( 1 4 ) . The BSU f s i n p a r a l l e l a r r a y correspond to t u r b o s t r a t i c 
s t a c k i n g . 

The Concept of L o c a l M o l e c u l a r O r i e n t a t i o n (LMO). When observed by 
the naked eye a p iece of semi-coke has a macroporous t e x t u r e . When 
broken i n t o fragments the pore w a l l s appear as l a m e l l a e . A f t e r 
p o l i s h i n g , the pore w a l l s appear as i s o c h r o m a t i c areas when 
observed by o p t i c a l microscopy . 

The bulk mesophase of g r a p h i t i z i n g m a t e r i a l s observed by TEM 
appears as f l a t l a m e l l a e due to the g r i n d i n g of the sample t o 
p a r t i c l e s i z e s that are s m a l l e r than the o p t i c a l l y i s o c h r o m a t i c 
a r e a s . W i t h i n a l a m e l l a , the aromat ic BSU l a y e r s l i e approx imate ly 
p a r a l l e l to the l a m e l l a r p lane and thus c o n s t i t u t e a r e g i o n of 
l o c a l mo lecu lar o r i e n t a t i o n (LMO) ( 1 - 7 ) . This m o l e c u l a r t e x t u r e i s 
nematic ( 15 ) . I t a r i s e s from d i s r u p t i o n of the columnar s t r u c t u r e 
of the i n i t i a l mesophase spheres by the coalescence process 
( 1 6 , 1 7 ) . In l a t t i c e f r i n g e images, the LMO appears as stage 1 i n 
F igure 4 ( 1 , 1 8 ) . For m a t e r i a l s that g r a p h i t i z e w e l l , the s i z e of 
the l a m e l l a observed by TEM does not represent the r e a l extent of 
the LMO s i n c e t h i s i s g iven by the e n t i r e i s o c h r o m a t i c a r e a . Thus 
the extent of the LMO i n g r a p h i t i z a b l e m a t e r i a l s can be measured 
on ly by means of the o p t i c a l p o l a r i z i n g microscope (19 -21 ) . 

Between 600°C and 1500°C the BSU T s do not change much, e i t h e r 
i n diameter or i n t h i c k n e s s , but they a s s o c i a t e In to d i s t o r t e d 
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5. OBERLIN ET AL. Electron Microscopic Observations 89 

columns which can t r a p s i n g l e m i s o r i e n t e d BSU's between them. The 
format ion of these columns (stage 2 i n F igure 4) i s the i n e v i t a b l e 
consequence of the c l o s e r pack ing of the BSU f s caused by the depar 
t u r e of heteroatoms and some of the d e f e c t s . The model of F i g u r e 5 
(borrowed from 22,23) shows t h a t such columns r e s u l t n a t u r a l l y from 
the improvement of the s t a c k i n g of a n i s o t r o p i c BSU ? s as thermal 
energy i s added ( l i k e c o ins shaken i n a box ) . 

Above 1500°C the s i n g l e m i s o r i e n t e d BSlTs d i sappear e n t i r e 
l y . The d i s t o r t e d columns then q u i c k l y coalesce i n t o s tacks of 
l a y e r s d i s t o r t e d i n z i g z a g f a s h i o n (stage 3 i n F igure 4 ) . The 
z i g z a g s t r u c t u r e s seen i n the l a t t i c e f r i n g e images have a p e r i o d 
of about 10 Â and are the memory of the s i n g l e columns. The c o n 
t inuous l a y e r s r e t a i n t h e i r i n i t i a l m i s o r i e n t a t i o n i n the form of 
the d i s t o r t i o n s l e f t from coalescence of the columns. These d i s 
t o r t i o n s prevent growth i n d iameter , but the coalescence favors the 
growth i n t h i c k n e s s . Between 1500 and 2000°C (stage 3, p r e g r a p h i -
t i z a t i o n ) , the number of l a y e r s per s tack i n c r e a s e s r a p i d l y whereas 
the diameter of the l a y e r s remains s m a l l ( 24 ) . 

The g r a p h i t i z a t i o n stage (HTT > 2000°C) corresponds to com
p l e t e d e w r i n k l i n g of the l a y e r s , which become s t i f f and n e a r l y 
p e r f e c t w i t h i n each LMO area (stage 4 i n F i g u r e 4 ) . Rapid d e v e l o p 
ment of three d imens iona l order then occurs because the de fec t s 
s i t u a t e d at the boundaries of the z i g z a g domains have been suddenly 
removed. 

Some m a t e r i a l s c o n t a i n more oxygen, n i t r o g e n , s u l f u r , and l e s s 
hydrogen than those desc r ibed above ( e . g . , heavy petro leum r e s i d u e s 
and a s p h a l t e n e s ) . When p y r o l y z e d , they f o l l o w the same m i c r o t e x -
t u r e stages as shown i n F igure 4. Hence we w i l l r e t a i n the term 
bulk mesophase (1_), i n the broad sense, f o r the stage of l o c a l 
mo lecu lar o r i e n t a t i o n (LMO) which i s common to a l l carbonaceous 
m a t e r i a l s . I t always occurs j u s t before the passage to the b r i t t l e 
s o l i d (stage 1 i n F igure 4 ) . However, each p r o d u c t , hav ing d i f 
f e r e n t chemical compos i t i on , i s now c h a r a c t e r i z e d by a d i f f e r e n t 
LMO e x t e n t , which may range from a hundred microns to l e s s than a 
hundred angstroms. 

Smal l LMO regions correspond p h y s i c a l l y to deformed l a m e l l a e 
which vary from f l a t to i n c r e a s i n g l y crumpled w i t h dec reas ing r a d i i 
of c u r v a t u r e . As shown i n F i g u r e 6, a model of s tacked paper 
sheets can be used to s i m u l a t e the p r o g r e s s i v e c rumpl ing of the 
l a m e l l a e . The r a d i i of curvature of the paper f o l d s decreases from 
b to d . Entangled i r r e g u l a r pores are formed as the paper sheets 
are i n c r e a s i n g l y crumpled. In c o a r s e - s t r u c t u r e d m a t e r i a l s , the 
macropores are so l a r g e r e l a t i v e to the s c a l e of TEM that the pore 
w a l l s , a f t e r g r i n d i n g , appear as l a m e l l a e w i t h r a d i i of curvature 
approaching i n f i n i t y . However i f the sample i s n a t u r a l l y m i c r o -
porous , the pores can be much s m a l l e r than the ground fragment, and 
the r a d i i of curvature of the crumpled l a m e l l a e become measurable . 

Each carbonized m a t e r i a l i s c h a r a c t e r i z e d by the s i z e and 
d i s t r i b u t i o n of the pores . We have found i t convenient to d i s 
t i n g u i s h between l a r g e pores (>_ 2000 Â) and s m a l l e r ones w i t h s i z e s 
down to 50 Â. Furthermore , the pore s i z e depends on the chemica l 
composi t ion of the m a t e r i a l . The s m a l l e s t pores are due to the 
c r o s s l i n k i n g e f f e c t s of some heteroatoms (such as oxygen and 
s u l f u r ) or to the e f f e c t of de fec ts such as t e t r a h e d r a l bonds, 
e t c . , which reduce BSU m o b i l i t y dur ing the s o f t s t a g e . As the 
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90 PETROLEUM-DERIVED CARBONS 

7.1Â ' 

F i g u r e 3. Some of the p o s s i b l e aromatic r i n g s t r u c t u r e s whose 
s i z e s f i t those eva luated by TEM i n 002 d a r k - f i e l d ( 1 4 , 3 4 ) . 

F i g u r e 4. S t r u c t u r a l stages of c a r b o n i z a t i o n and g r a p h i t i z a -
t i o n , sketched from 002 l a t t i c e f r i n g e images ( 1 , 1 8 ) . 
Reproduced w i t h permiss ion from re ference 1. 
Copyr ight 1984 Pergamon P r e s s , I n c . 
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5. OBERLIN ET AL. Electron Microscopic Observations 91 

F i g u r e 5. Model of d i s t o r t e d columns formed by BSU's (23 ) . 

F igure 6. P r o g r e s s i v e crumpl ing of f l a t l a m e l l a , i l l u s t r a t e d 
w i t h paper sheet models ( 35 ) . The ske t ch e r epresents a porous 
fragment w i t h in tense c r u m p l i n g . An area of homogeneous LMO i s 
c i r c l e d (4 ,5 ,36) .Reproduced w i t h permiss ion from re ference 1. 
Copyr ight 1984 Pergamon P r e s s , I n c . 
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92 PETROLEUM-DERIVED CARBONS 

r a d i i of curvature of the crumpled l a m e l l a e decrease , so do the 
pore s i z e s . In the end, the e lementa l domains of bu lk mesophase 
can be l e s s than 50 Â i n e x t e n t . The s t r u c t u r a l s k e t c h i n F i g u r e 
6e shows the three d imens iona l a s s o c i a t i o n of a pore w i t h the BSU's 
that c o n s t i t u t e the l o c a l mo lecu lar o r i e n t a t i o n (LMO). The BSU f s 
are represented by s m a l l packs of short p a r a l l e l l i n e s when seen 
edge-on, and by a hexagonal s t r u c t u r e when t h e i r plane i s seen . 
The s i z e of the pore w a l l i s equal to the extent of the l o c a l 
mo lecu lar o r i e n t a t i o n . Since the diameters of the pores cannot be 
measured by TEM, they can be c l a s s i f i e d by the LMO e x t e n t s . 

By TEM, the LMO extent Is measured by the s i z e of the c o r r e 
sponding c l u s t e r of b r i g h t domains i n the 002 d a r k - f i e l d image 
(compare the c i r c l e d area i n F i g . 6e and the area LMO c i r c l e d i n 
the micrograph of F i g . 7a ) . Once t h i s extent i s eva luated from the 
micrographs , i t can be c l a s s i f i e d i n t o e i g h t c a t e g o r i e s f o r pores 
and two supplementary ones f o r l a m e l l a e ( 1 - 5 , 25 -28 ) . The f l a t 
l a m e l l a e represented i n F i g . 8a are c l a s s 10, the crumpled l a m e l l a e 
are c l a s s 9 ( F i g . 8b ) , and the pores ( F i g . 8c) are c l a s s 8 to 1 
accord ing to decreas ing s i z e , from >_ 2000 Â to < 50 Â, as sum
mar ized i n Table I . 

Table I . S i ze C l a s s i f i c a t i o n f o r Regions of 
L o c a l M o l e c u l a r O r i e n t a t i o n (LMO) 

Histogram Class LMO Extent (A) 

8 >_ 2000 

7 500-1000 
6 350-500 

5 250-350 
4 150-250 

3 100-150 
2 50-100 

1 < 50 

N e a r l y a l l carbonaceous m a t e r i a l s are s t r u c t u r a l l y h e t e r o 
geneous, composed of v a r i o u s f r a c t i o n s of the LMO c l a s s i f i c a 
t i o n s . For each carbonaceous m a t e r i a l (26) there i s a c o r respond 
i n g h is togram that can be cons t ruc ted f o r the f requenc ies of the 
d i f f e r e n t LMO s i z e s : f l a t l a m e l l a F L , crumpled l a m e l l a e CL, and 
pore c l a s s e s 8 to 1. Thus I n F i g u r e _9, two examples are g i v e n of 
petroleum products a f t e r heat treatment at 1000°C. F igure 9a 
represents an asphaltene ( f r a c t i o n i n s o l u b l e i n heptane) from 
Athabasca t a r sands, and F igure 9b represents an asphaltene 
obta ined from non-biodegraded crude o i l from the same b a s i n (28 ) . 
In t h i s way a k i n d of f i n g e r p r i n t can be used to c h a r a c t e r i z e the 
s t r u c t u r a l composi t ion of each carbon p r e c u r s o r . 
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OBERLIN ET AL. Electron Microscopic Observations 

F i g u r e 7. Micrographs showing how the LMO appear i n 002 
f i e l d images. 
(a) C lass 7 (>* 600 Â ) . A homogeneous area i s c i r c l e d . 
(b) C lass 5 ( - 300 A ) . 

F i g u r e 8. Sketch of the d i f f e r e n t LMO types (above) and mi 
graphs showing t h e i r morphology i n b r i g h t - f i e l d (be low) . 
(a) F l a t l a m e l l a e ( c l a s s 10) . 
(b) Crumpled l a m e l l a e ( c l a s s 9 ) . 
(c) Pores ( c l a s s 8, - 2000 A ) . 
Reproduced w i t h permiss ion from re ference 1. 
Copyr ight 1984 Pergamon P r e s s , I n c . 
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94 PETROLEUM-DERIVED CARBONS 

r100% 

h50% 

1 2 3 4 5 6 7 8 9 10 
CL FL 

r 100% 

-50% 

1 2 3 4 5 6 7 8 9 10 
CL FL 

F i g u r e 9. Histograms showing the s t r u c t u r a l d i s t r i b u t i o n of LMO 
s i z e s f o r 
(a) an asphaltene from Athabasca t a r sands, and 
(b) an asphaltene from a non-biodegraded o i l from the Athabasca 

b a s i n (28 ) . 
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5. OBERLIN ET AL. Electron Microscopic Observations 95 

G r a p h i t i z a t i o n 

When carbonaceous m a t e r i a l s are heat t r e a t e d at h i g h e r tempera
t u r e s , e . g . , up to 2900°C, f l a t l a m e l l a e ( c l a s s 10) and crumpled 
l a m e l l a e ( c l a s s 9) g ive f l a t p o l y c r y s t a l l i n e g r a p h i t e ( g r a p h i t i z i n g 
carbons ) . The curved pore w a l l s g ive p o l y h e d r a l pores . Regions 
from UNO c l a s s e s 4 to 8 become p a r t i a l l y g r a p h i t i z e d carbons , 
whereas the c l a s s e s 1 to 3 g ive n o n - g r a p h i t i z i n g carbons ( 1 , 6 , 7 ) . 
The s m a l l e r the e lemental domains of the i n i t i a l bulk mesophase 
(pore w a l l s ) , the s m a l l e r w i l l be the p o l y h e d r a l pores and the 
f i n a l degree of g r a p h i t i z a t i o n reached at 2900°C. The process i s a 
p r o g r e s s i v e and s t a t i s t i c a l l y homogeneous t r a n s f o r m a t i o n d u r i n g 
which the p r o b a b i l i t y Ρ f o r f i n d i n g a p a i r of l a y e r s w i t h the 
g r a p h i t e AB s t a c k i n g sequence and the 3.35 Â i n t e r l a y e r spac ing 
increases as the heat treatment temperature i n c r e a s e s ( 29 ) . For 
g r a p h i t i z i n g carbons , Ρ tends to 1, and CTQQ 2 to 3.35 Â . However, 
these i d e a l va lues are never reached, even f o r the best g r a p h i t i z 
i n g samples . For n o n - g r a p h i t i z i n g carbons , p

m a x remains 0 , 
and a 0 0 2 m i n . - 3.44 - 3.41 A a f t e r treatment at about 2900°C. The 
Pmax a n c * ^ 0 0 2 m i r i e °^ c a r b o n a c e o u s m a t e r i a l s s t u d i e d up to now 
are d i s t r i b u t e d between the two extremes r e p r e s e n t i n g g r a p h i t i z i n g 
and n o n - g r a p h i t i z i n g carbons ; hence a l l i n t e r m e d i a t e s e x i s t 
( 1 , 6 , 7 ) , p a r t i c u l a r l y i n petroleum products (asphal tenes ) ( 25 ) , as 
shown i n F i g u r e 10. 

For m a t e r i a l s c o n t a i n i n g only C, H , and 0, oxygen and hydrogen 
have oppos i te e f f e c t s . There fore , an important parameter i s the 
atomic r a t i o 0 /H ( 1 , 2 , 6 , 7 ) . As oxygen content i n c r e a s e s , the s i z e 
of the e lementa l domains of bu lk mesophase ( l o c a l mo le cu lar o r i e n 
t a t i o n , LMO) decreases . As hydrogen content i n c r e a s e s , LMO 
i n c r e a s e s . I t i s necessary to measure oxygen and hydrogen at the 
p o i n t when LMO o c c u r s . T h i s takes i n t o account both the p o s s i b l e 
dehydrogenation by oxygen i n t o H 2 0 and the normal r e l e a s e of a l i 
p h a t i c CH i n t o t a r s . The oxygen which remains i n the m a t e r i a l a t 
the LMO stage corresponds to a s t r o n g l y f i x e d oxygen which ac ts as 
a c r o s s - l i n k i n g agent. Corresponding ly the r e s i d u a l hydrogen, and 
a l s o the CH groups f i x e d on the aromatic s t r u c t u r e s , form a s o l -
v o l y t i c suspensive medium f o r the BSU's ( 30 ) . 

When m a t e r i a l s c o n t a i n s u l f u r i n a d d i t i o n to C, H , and 0, the 
process i s more complex because s u l f u r may form three k inds of 
bonds ( 2 7 ) . One k i n d ac t s as oxygen does by forming H 2 S before the 
semi-coke s tage ; another k i n d i s uns tab l e between 1300°C and 
1700°C; and , f o r some p r o d u c t s , there i s a t h i r d k i n d of r e s i d u a l 
s u l f u r that remains f i r m l y f i x e d to the carbon above 1700°C. I n 
the l a t t e r case , the s u l f u r ac t s as a s t r o n g c r o s s - l i n k e r . In 
c o n t r a s t , uns tab le s u l f u r ac t s as a m o d i f i e r between 1300°C and 
1700°C, suddenly t rans fo rming carbon i n t o g r a p h i t e ( 3 1 ) . There 
f o r e , the m a t e r i a l i s not c r o s s - l i n k e d . For these p r o d u c t s , we 
c a l c u l a t e d an atomic r a t i o f a c t o r F - ^ Q : 

_ (0) + (S) 
LMO (H) 

where the 0 /H atomic r a t i o a p p l i e s to the p o i n t when the LMO i s 
j u s t formed, and the s u l f u r content i s obta ined a f t e r a 1700°C heat 
treatment to o b t a i n a measure of the c r o s s - l i n k i n g s u l f u r . The 
l i n e a r r e l a t i o n s h i p shown i n F i g u r e 11 f i t s the data w e l l f o r a 
v a r i e t y of petroleum p r o d u c t s . 
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96 PETROLEUM-DERIVED CARBONS 

Figure 10. Examples of p a r t i a l l y g r a p h i t i z a b l e carbonaceous 
m a t e r i a l s (asphaltenes), ranging from P m a x ~ 0 ( n o n - g r a p h i t i z i n g 
carbon ) w i t h α^^^πιίη. ~ 3.44 Â, to ~ 0.8 ( h i g h l y g r a p h i 
t i z i n g carbon) w i t h a^^min. ~ 3.36 A . ^ Q Q O *-s p l o t t e d as a 
f u n c t i o n of heat treatment temperature (25,3/;. 

Crude precursors 
d ° 0 2 · BOSCAN 

• ATHABASCA 
5 A SAFANIYA 

d002- 3> 3 55= FLMO • ARABIAN LIGHT 

Figure 11. R e l a t i o n between the g r a p h i t i z a b i l i t y (3QQ2 min.) 
and the atomic r a t i o F of c r o s s - l i n k i n g atoms (0 and S) to 
hydrogen, measured j u s t before the LMO appearance (27,38). 
Various f r a c t i o n s of a crude o i l are reported: atmospheric 
residue AR, vacuum residue VR, and i n s o l u b l e s i n n-alkanes 
( i C x ) , e.g., 1 C 5 P i s an i n s o l u b l e i n pentane from a p i l o t p l a n t . 
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5. OBERLIN ET AL. Electron Microscopic Observations 97 

C o n c l u s i o n 

Desp i te t h e i r h e t e r o g e n e i t y , carbonaceous m a t e r i a l s i n g e n e r a l and 
heavy petroleum products i n p a r t i c u l a r can be c h a r a c t e r i z e d f o r 
t h e i r g r a p h i t i z a b i l i t y u s i n g the extent of l o c a l mo lecu lar o r i e n t a 
t i o n LMO ( s i z e of the e lementa l domains of bu lk mesophase) as a 
c r i t e r i o n . For petroleum m a t e r i a l s , the LMO i s c l o s e l y r e l a t e d to 
the e lementa l a n a l y s i s . The f a c t o r takes i n t o account the 
i n f l u e n c e of the v a r i o u s heteroatoms (hydrogen, oxygen, s u l f u r , . . . ) 
and t h e i r e v o l u t i o n d u r i n g c a r b o n i z a t i o n . Thus the c o r r e l a t i o n 
between 3Q02 (2900°C) and F L „ Q i s good enough to c l a s s i f y the 
g r a p h i t i z a b i l i t y of most petroleum p r o d u c t s . 

Concerning the mic ro tex tures of carbons d e r i v e d from petro leum 
p r o d u c t s , we f i n d that a range of i n t e r m e d i a t e t e x t u r e s e x i s t , 
between n o n - g r a p h i t i z i n g and g r a p h i t i z i n g carbons . The mechanism 
of g r a p h i t i z a t i o n i s important to understand because the worth of 
carbonaceous produc t s , among which are r e f i n e r y r e s i d u e s , i s a 
f u n c t i o n of the a b i l i t y to g r a p h i t i z e . 

F i n a l l y , the de te rminat i on of both m i c r o t e x t u r e and g r a p h i 
t i z a t i o n degree i s u s e f u l to e x p l a i n , and even to p r e d i c t , the 
p h y s i c a l p r o p e r t i e s of carbons (32 ) . 

By combining a l l of the p o s s i b l e TEM modes, we are able to 
e x p l a i n the behavior of carbonaceous m a t e r i a l s p r i m a r i l y i n terms 
of the l o c a l molecu lar o r i e n t a t i o n s e s t a b l i s h e d i n the f i n a l stages 
of l i q u i d - p h a s e p y r o l y s i s . The models e s t a b l i s h e d from these 
observat ions are supported by the r e s u l t s of o ther t e chn iques , such 
as i n f r a r e d analyses ( 3 3 ) , o p t i c a l microscopy ( 2 7 ) , X - r a y d i f f r a c 
t i o n (24 ) , and Raman spectroscopy (22 ) . 

Literature Cited 

1. Oberlin, A. Carbon 1984, 22, 521. 
2. Oberlin, Α.; Boulmier, J . L . ; Vi l ley , M. in "Kerogen"; 

Durand, B . , Ed.; Technipress: Paris, 1979; p. 191. 
3. Boulmier, J . L . ; Oberlin, A. Proc. 7th Intern. Mtg. Org. 

Geochem., 1975, p. 781. 
4. Vi l l ey , M.; Oberlin, Α.; Combaz, A. Carbon 1979, 17, 77. 
5. Oberlin, Α.; Vi l ley , M.; Combaz, A. Carbon 1983, 21, 565. 
6. Joseph, D.; Oberlin, A. Carbon 1983, 21, 559. 
7. Joseph, D.; Oberlin, A. Carbon 1983, 21, 565. 
8. Oberlin, A. Carbon 1979, 17, 7. 
9. Hirsch, P. Β.; Howie, Α.; Nicholson, R. B . ; Pashley, D. W.; 

Whelan, M. J . "Electron Microscopy of Thin Crystals"; 
Butterworths: London, 1965; 549 pp. 

10. Van Krevelen, D. W. "Coal"; Elsevier: Amsterdam, 1961, 514 
pp. 

11. Ihnatowicz, M.; Chiche, P.; Deduit, J.; Pregermain, S.; 
Tournant, R. Carbon 1966, 4, 41. 

12. Brooks, J . D.; Taylor, G. Chem. and Phys. of Carbon 1968, 4, 
243. 

13. White, J . L. Prog. in Solid State Chem. 1974, 9, 59. 
14. Oberlin, Α.; Boulmier, J . L . ; Durand, Β. Geochim Cosmoch. 

Acta 1974, 38, 647. 
15. Gasparoux, H. J . Chim. Phys. 1984, 81, 759. 
16. Bi l la rd , J . Rev. Palais de l a découverte 1978, 7, 19. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
5



98 PETROLEUM-DERIVED CARBONS 

17. Auguie, D.; Oberlin, M; Oberlin, Α.; Hyvernat, P. Carbon 
1980, 18, 337. 

18. Rouzaud, J . N . ; Oberlin, A. Submitted to Carbon. 
19. Alpern, B. Rev. Ind. Min. 1954, 593, 359. 
20. Ragan, S.; Marsh, H. J . Phys. D: Appl. Phys. 1980, 13, 983. 
21. Sugimura, H.; Kumagai, M.; Kimura, H. J . Fuel Society Japan 

1970, 49, 744. 
22. Rouzaud, J . N . ; Oberlin, Α.; Beny-Bassez, C. Thin Solid Films 

1983, 105, 75. 
23. Blayden, Η. E.; Gibson, J . ; Riley, H. L. Proc. Conf. 

Ultrafine Struct. Coals and Cokes, BCURA (London) 1944, p. 
176. 

24. Franklin, R. E. Proc. Royal Soc., 1952, 209, 196. 
25. Monthioux, M.; Oberlin, M.; Oberlin, Α.; Bourrat, X . ; Boulet, 

R. Carbon 1982, 20, 167. 
26. Bensaid, F. Doc. Sci . Thesis, Univ. Orléans, 1983. 
27. Bourrat, X . ; Oberlin, Α.; Escalier, J . C. C. R. Acad. Sci. 

Paris 1984, 298(II), 695. 
28. Bonnamy, S. To be submitted to Org. Geochem. 
29. Mering, J.; Maire, J . In "Les Carbones"; Pacault, Α., Ed.; 

Masson: Paris, 1965; vol . I . pp. 129-192. 
30. Chermin, H. A. G.; Van Krevelen, D. W. Fuel, 1957, 36, 85. 
31. Christou, N.; Fitzer, E.; Kalka, J . ; Schafer, W. J . Chim. 

Phys. 1969, edition spéciale, 50. 
32. Guigon, M.; Oberlin, Α.; Desarmot, G. Fibre Sci . and Technol. 

1984, 20. 177. 
33. Rouxhet, P. G.; Vi l ley , M.; Oberlin, A. Geochim. Cosmochim. 

Acta 1979, 43, 1705. 
34. Boulmier, J . L. Doc. Sci . Thesis, Univ. Orléans, 1976. 
35. Goma, J . Doc. Sci . Thesis, Univ. Orléans, 1983. 
36. Bonijoly,M.; Oberlin, M.; Oberlin, A. Int. J . Coal Geol. 

1982, 1, 283. 
37. Monthioux, M. Doc. Sci. Thesis, Univ. Orléans, 1980. 
38. Bourrat, X. Submitted to Fuel. 

RECEIVED January 21, 1986 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
5



6 

Residual Oil Processing 
Predicting Slurry Oil and Coke Yields 

W. P. Hettinger, Jr., D. P. Wesley, and R. H. Wombles 

Ashland Petroleum Research and Development Department, Ashland Oil, Inc., Ashland, 
KY 41114 

Decant or slurry o i l is a highly aromatic material, 
which is a bottoms product obtained from catalytic 
cracking. In the past, catalytic crackers have been 
fed gas oils which are distillate materials boiling in 
the neighborhood of 650-1000°F. With the use of resid 
processing units such as Ashland's RCC process units, 
catalytic crackers are now fed a mixture of distillate 
feed and the vacuum bottoms portion of the crude. With 
the inclusion of the high molecular weight, high 
metals, and high heteroatom content vacuum bottoms in 
the catalytic cracker feed, the composition of the 
decant o i l obtained from the resid processing units 
wil l be different from the decant o i l obtained from an 
ordinary FCC unit. In this paper we will discuss the 
differences in composition of FCC and RCC decant oils 
as they relate to their use as specialty carbon 
precursors. 

With wor ld crude o i l s u p p l i e s s h i f t i n g i n q u a l i t y from l i g h t e r and 
sweeter crudes to heav i e r and h igher s u l f u r c rudes , and w i t h that 
t rend expected to c o n t i n u e , most r e f i n e r s are l o o k i n g to r e s i d u a l 
p r o c e s s i n g to i n c r e a s e the amount of l i q u i d t r a n s p o r t a t i o n f u e l which 
i s obta ined from a b a r r e l of crude . (1 ) 

Dur ing i n i t i a l p l a n n i n g stages f o r a r e s i d u a l o i l p r o c e s s , 
Ashland cons idered a number of r e s i d u a l p ro cess ing schemes. Among 
the processes cons idered were v i s b r e a k i n g , c o k i n g , so lvent 
d e a s p h a l t i n g , and d i r e c t residuum d e s u l f u r i z a t i o n f o l l owed by e i t h e r 
h y d r o c r a c k i n g or c a t a l y t i c c r a c k i n g . ( 2 ) A f t e r a d e t a i l e d examinat ion 
of these processes , Ashland determined t h a t none met i t s requirements 
which i n c l u d e d c a p i t a l and o p e r a t i n g cost l i m i t a t i o n s . 

With t h i s d e c i s i o n made, Ashland se t out to develop a new 
r e s i d u a l o i l c onvers i on process which cou ld e f f e c t i v e l y produce a 
grea ter amount of t r a n s p o r t a t i o n f u e l from each b a r r e l of crude 
processed . I t was concluded that a new process would take the best 
f ea tures from the f l u i d c a t a l y t i c c r a c k i n g process and couple them 
w i t h i n n o v a t i v e improvements i n r e l a t e d key areas such as unique 

0097-6156/86/0303-0099$06.00/0 
© 1986 American Chemical Society 
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100 PETROLEUM-DERIVED CARBONS 

process concept i ons , hardware i n n o v a t i o n s , and advanced c a t a l y s t 
systems. The f i n a l g o a l of the process was the convers ion of low 
v a l u e d , h i g h b o i l i n g , low hydrogen/carbon r a t i o , h i g h coke f o rming , 
atmospheric reduced crude o i l feedstocks i n t o lower b o i l i n g , h i g h 
va lued g a s o l i n e and middle d i s t i l l a t e f u e l s and pe t rochemica l 
f eeds tocks . 

The r e s i d u a l p ro cess ing scheme which Ashland decided upon was 
the Reduced Crude Conversion P r o c e s s . The Reduced Crude Conversion 
Process (RCC) achieves s e l e c t i v e y i e l d p a t t e r n s of t r a n s p o r t a t i o n 
f u e l s and other l i g h t products through the d i r e c t convers ion of 
atmospheric petroleum residuum i n a f l u i d i z e d c a t a l y t i c system. 
During A s h l a n d 1 s development of the RCC p r o c e s s , e x t e n s i v e 
i n v e s t i g a t i o n of process v a r i a b l e s and methods of h a n d l i n g heavy 
metals and carbon were conducted w i t h a 200 B/D demonstrat ion u n i t . 
The f o l l o w i n g v a r i a b l e s were i n v e s t i g a t e d on the 200 B/D u n i t : 

ο feedstock q u a l i t y 

ο r e a c t i o n zone res idence time 

ο c a t a l y s t a c t i v i t y 

ο c a t a l y s t d e a c t i v a t i o n by heavy metals accumulated on the 
c i r c u l a t i n g c a t a l y s t 

ο r e a c t i o n zone temperature 

ο pressure 

ο c a t a l y s t / o i l r a t i o 

ο c a t a l y s t type 

ο c a t a l y s t / o i l mix ing 

Among other a c t i v i t i e s , one assignment was to determine methods 
of e v a l u a t i n g feedstock q u a l i t y . In the f o l l o w i n g pages a d i s c u s s i o n 
of the b a s i c d i f f e r e n c e s between RCC and FCC o p e r a t i o n s , techniques 
of e v a l u a t i n g reduced crude f e e d s t o c k s , some aspects of c a t a l y t i c 
c r a c k i n g c h e m i s t r y , and f i n a l l y some techniques which have been 
developed to p r e d i c t the performance of a reduced crude i n the RCC 
u n i t by knowing the molecu lar composi t ion of the reduced crude w i l l 
be g i v e n . 

D i s c u s s i o n 

The RCC process developed by Ashland i s a c a t a l y t i c convers ion 
process . C a t a l y t i c convers ion or c a t a l y t i c c r a c k i n g i s a r e f i n e r y 
process designed to reduce the molecu lar weight and b o i l i n g p o i n t of 
h igher b o i l i n g petro leum f r a c t i o n s . In normal c a t a l y t i c c r a c k i n g 
operat ions gas o i l i s used as the feed to the c r a c k i n g u n i t . 
G e n e r a l l y gas o i l f o r c a t a l y t i c c r a c k i n g has a b o i l i n g p o i n t of about 
630-1025°F. Gas o i l i s produced by vacuum d i s t i l l a t i o n of 
a t m o s p h e r i c a l l y topped crude . F i g u r e 1 g ives a schematic diagram of 
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102 PETROLEUM-DERIVED CARBONS 

a normal FCC o p e r a t i o n . With A s h l a n d ' s RCC process the feed to the 
c r a c k i n g u n i t i s reduced crude . Reduced crude i s produced by the 
atmospheric d i s t i l l a t i o n of crude o i l . Reduced crude has a b o i l i n g 
p o i n t of about 630°F+. F i g u r e 2 i s a schematic diagram of the RCC 
o p e r a t i o n . 

As can be seen from both F i g u r e s 1 and 2, the major products 
from a c r a c k i n g o p e r a t i o n are l i g h t p r o d u c t s , g a s o l i n e , l i g h t c y c l e 
o i l , s l u r r y or decant o i l , and coke. The d e s i r e i n a c r a c k i n g 
o p e r a t i o n i s to maximize the p r o d u c t i o n of h i g h va lued g a s o l i n e and 
l i g h t c y c l e o i l w h i l e m i n i m i z i n g the p r o d u c t i o n of l i g h t p r o d u c t s , 
s l u r r y o i l and coke. In o ther words there i s a d e s i r e to maximize 
the produc t i on of t r a n s p o r t a t i o n f u e l . 

One of the most important f a c t o r s which a f f e c t s the product 
d i s t r i b u t i o n of a c r a c k i n g u n i t i s feedstock q u a l i t y . One of the 
process v a r i a b l e s s t u d i e d dur ing the development stages of the RCC 
process was feedstock q u a l i t y . In p a r t i c u l a r , the q u a l i t y of the RCC 
feedstock p l a y s a very important r o l e i n the amount of s l u r r y o i l and 
coke which the u n i t y i e l d s . K - f a c t o r , API g r a v i t y , b o i l i n g range , 
Conradson carbon, hydrogen, s u l f u r , n i t r o g e n , metals and asphaltene 
contents are p h y s i c a l and chemical p r o p e r t i e s which are u s u a l l y used 
to c h a r a c t e r i z e c racker f eeds tocks . 

For the c h a r a c t e r i z a t i o n of RCC f eeds to cks , i t was determined 
that a more d e t a i l e d molecu lar d e s c r i p t i o n of the feedstock was 
necessary . The more d e t a i l e d molecu lar d e s c r i p t i o n of RCC feedstocks 
i n v o l v e s d i v i d i n g the feedstock i n t o s i x molecu lar types 1) s a t u r a t e s 
2) monoaromatics 3) d i a r o m a t i c s 4) g rea te r than d i a r o m a t i c s 5) p o l a r 
aromatics and 6) a s p h a l t e n e s . T h i s s e p a r a t i o n of the RCC feedstock 
i s accomplished by u s i n g h i g h performance l i q u i d chromatography. 

In the program of feedstock q u a l i t y a n a l y s i s , the goa l was to 
p r e d i c t the product d i s t r i b u t i o n that can be expected from the 
reduced crude convers ion of each feedstock . In t h i s paper the 
r e s u l t s of s l u r r y o i l and coke y i e l d p r e d i c t i o n s w i l l be d i s c u s s e d . 
The next s e c t i o n g ives a b r i e f overview of the chemistry of c a t a l y t i c 
c r a c k i n g and some of the b a s i c concepts which were used to guide the 
development of the s l u r r y o i l and coke y i e l d p r e d i c t i o n s . 

Overview of Crack ing Chemistry 

C a t a l y t i c c r a c k i n g i s a r e f i n e r y process designed to reduce the 
molecu lar weight and b o i l i n g p o i n t of h igher b o i l i n g petroleum 
f r a c t i o n s . In t h i s s e c t i o n the p o s s i b l e f a t e of the s i x molecu lar 
types of which a reduced crude i s cons idered to be composed w i l l be 
d i s c u s s e d . These molecu lar types are 1) s a t u r a t e s 2) monoaromatics 3) 
d i a r o m a t i c s 4)>diaromatics 5) p o l a r aromatics and 6) aspha l tenes . 
Models of each molecu lar type are suggested i n F i g u r e 3 f o r the 
purpose of d i s c u s s i o n . (These models are only f o r the purpose of 
d i s c u s s i o n and may not represent a c t u a l molecules found i n reduced 
crude . ) 

F i g u r e s 1 and 2 show that there are f i v e major products obta ined 
from a c a t a l y t i c c r a c k i n g o p e r a t i o n . These products are 1) l i g h t 
products 2) g a s o l i n e 3) l i g h t c y c l e o i l 4) s l u r r y or decant o i l and 
5) coke. The l i g h t products are those which have a b o i l i n g p o i n t 
below 170°F, g a s o l i n e has a b o i l i n g p o i n t of 170°F-430°F, l i g h t c y c l e 
o i l has by d e f i n i t i o n here a b o i l i n g p o i n t of 430°F-630°F, s l u r r y or 
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PETROLEUM-DERIVED 

Figure 3 . Models of molecular types. 
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6. HETTINGER ET AL. Residual Oil Processing 105 

decant o i l has a b o i l i n g p o i n t g rea te r than 630°F, and coke i s the 
product which does not v o l a t i z e and remains on the c a t a l y s t . I t i s 
the g o a l of any c a t a l y t i c c r a c k i n g o p e r a t i o n to maximize the 
p r o d u c t i o n of t r a n s p o r t a t i o n f u e l s , tha t i s g a s o l i n e and l i g h t c y c l e 
o i l , w h i l e m i n i m i z i n g the p r o d u c t i o n of the lower va lued heavy 
products such as s l u r r y o i l and coke. 

With the s t a t e d d e s i r e to minimize the produc t i on of s l u r r y o i l 
and coke, the g e n e r a l i z e d chemical s t r u c t u r e of each of the s i x 
molecu lar types w i l l be examined to i n v e s t i g a t e the p r o b a b i l i t y of 
o b t a i n i n g s l u r r y o i l and coke from each molecu lar type . A good " r u l e 
of thumb" i s that carbon-carbon a l k y l bonds are sub jec t to c a t a l y t i c 
c r a c k i n g w h i l e carbon-carbon aromatic bonds are r e s i s t a n t to 
c a t a l y t i c c r a c k i n g . Dur ing c a t a l y t i c c r a c k i n g one can on ly expect 
the c r a c k i n g of a l k y l s u b s t i t u e n t s whether they are present as 
s a t u r a t e s or as s u b s t i t u e n t s on aromatic mo lecu les . 

Refer to F i g u r e 3 f o r the f o l l o w i n g d i s c u s s i o n of the p o s s i b l e 
f a t e of each of the s i x molecu lar types present i n reduced crude 
d u r i n g c a t a l y t i c c r a c k i n g . 

The s a t u r a t e s are composed of e n t i r e l y carbon-carbon a l k y l 
bonds. S ince a l l the bonds i n a s a t u r a t e molecule are s u s c e p t i b l e to 
c a t a l y t i c c r a c k i n g , i t i s t h e o r e t i c a l l y p o s s i b l e tha t s a t u r a t e s can 
be completely cracked to products other than s l u r r y o i l and coke. (3) 

The monoaromatics c o n s i s t of benzene r i n g s s u b s t i t u t e d w i t h a 
number of a l k y l groups. The major r e a c t i o n t a k i n g p lace i n the 
c a t a l y t i c c racker w i l l be removal of a l k y l groups. Since benzene has 
a b o i l i n g p o i n t of 176°F, i t i s a l s o a n t i c i p a t e d that the 
monoaromatics w i l l be cracked to products other than s l u r r y o i l and 
coke. (4_) 

The d i a r o m a t i c s are composed of a naphthalene r i n g system 
s u b s t i t u t e d by a l k y l groups. Again the major r e a c t i o n i n the 
c a t a l y t i c c r a c k e r w i l l be the removal of a l k y l groups. S ince 
naphthalene has a b o i l i n g p o i n t of 424°F, i t i s q u i t e l i k e l y 
that these d i a r o m a t i c c o n t a i n i n g molecules can be cracked to products 
o ther than s l u r r y o i l and coke. 

The >diaromatics are composed of aromatic r i n g systems of three 
or more fused r i n g s s u b s t i t u t e d by a l k y l groups. The major c a t a l y t i c 
c r a c k i n g r e a c t i o n o c c u r r i n g i s aga in the c r a c k i n g of the a l k y l 
groups. S ince phenanthrene has a b o i l i n g p o i n t of 644°F, the 
aromatic r i n g systems i n the >diaromatics a long w i t h a l k y l 
s u b s t i t u e n t s remaining a f t e r c a t a l y t i c c r a c k i n g go to s l u r r y o i l and 
coke. Only the products obta ined from the c r a c k i n g of the a l k y l 
s u b s t i t u e n t s can go to the d e s i r e d t r a n s p o r t a t i o n f u e l s . 

The p o l a r aromatics obta ined by t h i s chromatographic s e p a r a t i o n 
technique have been shown to be composed of l a r g e heteromolecule 
c o n t a i n i n g aromat ic r i n g systems s u b s t i t u t e d by a l k y l groups. A 
cons iderab le amount of n i t r o g e n and s u l f u r i s found i n aromatic r i n g s 
of the p o l a r a r o m a t i c s . The p o l a r aromat ics are s i m i l a r to the 
>diaromatics i n that the aromatic r i n g system i n the p o l a r aromatics 
a long w i t h a l k y l s u b s t i t u e n t s remaining a f t e r c a t a l y t i c c r a c k i n g go 
to s l u r r y o i l and coke. Only the products obta ined from the c r a c k i n g 
of the a l k y l s u b s t i t u e n t s w i l l go to the d e s i r e d produc t s . 

The chemical s t r u c t u r e of asphaltenes i s s t i l l not w e l l 
understood. Ashland Research i s c u r r e n t l y s tudy ing the c a t a l y t i c 
c r a c k i n g of a spha l t enes . At the present time these s t u d i e s have 
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106 PETROLEUM-DERIVED CARBONS 

shown that the asphaltenes y i e l d most ly s l u r r y o i l and coke when 
c a t a l y t i c a l l y c racked . 

From the d i s c u s s i o n above i t i s p o s s i b l e to draw three 
conc lus i ons which w i l l be used as a f oundat ion to develop a s l u r r y 
o i l p l u s coke y i e l d p r e d i c t i o n e q u a t i o n . These c onc lus i ons are 1) the 
s a t u r a t e s , monoaromatics, and d i a r o m a t i c s are conce ivab ly complete ly 
c o n v e r t i b l e to products l i g h t e r than s l u r r y o i l and coke d u r i n g 
c a t a l y t i c c r a c k i n g 2) on ly the a l i p h a t i c p o r t i o n of the >diaromatics 
and p o l a r aromat ics are c o n v e r t i b l e to products l i g h t e r than s l u r r y 
o i l and coke, w h i l e the aromatic r i n g systems a long w i t h a l k y l 
s u b s t i t u e n t s remaining a f t e r c a t a l y t i c c r a c k i n g go to s l u r r y o i l and 
coke, and 3) f o r p r e d i c t i o n purposes i t i s assumed that asphaltenes 
go complete ly to s l u r r y o i l and coke. 

Of course , the reduced crude convers ion process i s not 100% 
e f f i c i e n t . By t h i s i t i s meant that to date no c a t a l y s t and 
o p e r a t i n g c o n d i t i o n s have been developed which complete ly remove 
s a t u r a t e s , monoaromatics, d i a r o m a t i c s , and a l k y l s u b s t i t u e n t s of 
p o l y n u c l e a r aromat ics from the s l u r r y o i l . There fore , to p r e d i c t 
s l u r r y o i l p l u s coke y i e l d one must determine what p r o p o r t i o n of each 
molecu lar type present i n the reduced crude feedstock remains i n the 
s l u r r y o i l and coke. 

Reduced Crude and S l u r r y O i l A n a l y s i s 

In order to develop the s l u r r y o i l p l u s coke y i e l d p r e d i c t i o n , 
samples of reduced crude feedstock and 630°F+ s l u r r y o i l from t e s t s 
run on A s h l a n d ' s 200 B/D RCC demonstrat ion u n i t were o b t a i n e d . The 
f i r s t step of the a n a l y s i s of the two streams i n v o l v e d a 
chromatographic s e p a r a t i o n . The s e p a r a t i o n was accomplished w i t h a 
Waters Prep 500A HPLC. A f l ow scheme f o r the s e p a r a t i o n i s g i ven i n 
F i g u r e 4. For the reduced c rudes , the f i r s t step of the a n a l y s i s was 
the p r e c i p i t a t i o n of asphaltenes u s i n g n-pentane as the p r e c i p i t a t i n g 
s o l v e n t . In the case of s l u r r y o i l s , asphaltenes were not 
p r e c i p i t a t e d p r i o r to chromatographic a n a l y s i s . Asphaltenes were not 
p r e c i p i t a t e d from the s l u r r y o i l s because asphaltenes c o n s t i t u t e d 
such a s m a l l percentage of the s l u r r y o i l s . The a n a l y s i s was done 
w i t h a diamine bonded s i l i c a and a s i l i c a column i n s e r i e s . The 
s a t u r a t e s , monoaromatics, and d i a r o m a t i c s were e l u t e d from both 
columns u s i n g hexane. A f t e r the d i a r o m a t i c s were e l u t e d , the s i l i c a 
column was bypassed and a MTBE/hexane so lvent was used to e l u t e the 
>diaromatics from the diamine bonded s i l i c a column. A f t e r the 
e l u t i o n of the >diaromat ics , the diamine bonded s i l i c a column was 
back f lushed w i t h methylene c h l o r i d e to o b t a i n the p o l a r a r o m a t i c s . 
T y p i c a l r e s u l t s of the chromatographic a n a l y s i s of a reduced crude 
and s l u r r y o i l s produced from that reduced crude are g iven i n 
Table I . 

A f t e r the chromatographic s e p a r a t i o n , each chromatographic 
f r a c t i o n was analyzed f o r molecu lar weight by vapor pressure 
osmometry u s i n g ch loro form as the so lvent at 45°C. The instrument 
used was a Knauer vapor pressure osmometer. Carbon, hydrogen, and 
n i t r o g e n analyses of each chromatographic f r a c t i o n were obta ined v i a 
a C a r l e - E r b e e lementa l a n a l y z e r . Each chromatographic f r a c t i o n was 
a l s o analyzed by n u c l e a r magnetic resonance spectroscopy u s i n g a 
V a r i a n XL-200 spectrometer . The NMR s p e c t r a were i n t e g r a t e d to 
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6. HETTINGER ET AL. Residual Oil Processing 107 

Sample 

So l u b l e 
Pentane 

I n s o l u b l e Asphaltenes 

(Hexane) 

(Diamine S i l i c a Column) 

(MTBE/Hexane) ( S i l i c a Column) 
(Hexane) 

B a c k f l u s h (CH2C12) 
I 

Saturates Monoaromatics 

>Diaromatics 

Diaromatics 

P o l a r Aromatics 

Figure 4. Flow scheme for HPLC a n a l y s i s . 

Table I . T y p i c a l HPLC A n a l y s i s of Reduce Crude Feedstocks 

and S l u r r y O i l s Produced f rom that Feedstock 

Feed S l u r r y O i l 

Test Number A l l 294 308 315 

S a t u r a t e s , wt . % 40.3 7.7 17.5 12.0 

Monoaromatics, wt . % 12.6 3.3 5.0 1.6 

D i a r o m a t i c s , wt . % 9.9 33.4 33.4 36.3 

d i a r o m a t i c s , wt . % 24.6 49.6 41.8 47.9 

P o l a r A r o m a t i c s , wt . % 7.3 6.0 2.4 2.2 

Aspha l tenes , wt . % 5.2 - - -
API G r a v i t y 18.7 - 4 . 8 1.3 - 2 . 2 

S l u r r y Y i e l d (wt. %) - 8.5 9.6 9.2 
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108 PETROLEUM-DERIVED CARBONS 

determine the r e l a t i v e percentages of aromatic a, 3, λ hydrogens 
present i n each chromatographic f r a c t i o n . 

The carbon and hydrogen a n a l y s e s , VPO molecu lar w e i g h t s , and NMR 
r e s u l t s were used to c a l c u l a t e average molecu lar parameters f o r the 
>diaromatics and p o l a r aromatics obta ined from both the reduced crude 
and s l u r r y o i l s . The average molecu lar parameters were c a l c u l a t e d by 
the method of W i l l i a m s . ( 5 ) ( 6 ) T y p i c a l r e s u l t s of the average 
molecu lar parameter c a l c u l a t i o n s f o r >diaromatic and p o l a r aromat ic 
chromatographic f r a c t i o n s obta ined from both the reduced crude and 
s l u r r y o i l s are g iven i n Tables I I and I I I . 

Development of Y i e l d P r e d i c t i o n s 

The s t a t e d goa l was to develop RCC product y i e l d p r e d i c t i o n s from 
feedstock composi t ion and p r o p e r t i e s . One of the f i r s t r e l a t i o n s h i p s 
i n v e s t i g a t e d was a coke y i e l d r e l a t i o n s h i p . Table IV shows the 
r e l a t i o n s h i p f i r s t observed between coke produc t i on and feedstock 
compos i t i on . As can be seen, f o r t h i s p a r t i c u l a r feedstock the 
average coke make over a t o t a l of 24 t e s t s was 13.5 wt . % w h i l e the 
amount of p o l a r aromatics p l u s asphaltenes i n the feedstock was 12.5 
wt . %. T h i s i s a f a i r l y c l o se approx imat ion of coke y i e l d . 

The p o l a r aromat ics p l u s asphaltenes r e l a t i o n s h i p versus coke 
y i e l d was i n v e s t i g a t e d f o r a number of reduced crudes . Table V g ives 
the r e s u l t s of f i n d i n g s f o r e i g h t RCC feedstock reduced crudes . As 
can be seen i n a number of ins tances the p r e d i c t i o n s are c o n s i s t e n t . 

The coke y i e l d from a g iven feedstock i s a f f e c t e d by many 
v a r i a b l e s such as r e a c t o r temperature , metals on c a t a l y s t , and 
c a t a l y s t type . I t was a l s o found that coke y i e l d p r e d i c t i o n s d i d not 
agree when the RCC feedstocks were h i g h API g r a v i t y reduced crudes . 
By h i g h API g r a v i t y reduced crudes i t i s meant reduced crudes w i t h an 
API g r a v i t y of 20 or g r e a t e r . Some of the v a r i a b l e s i n coke 
p r o d u c t i o n were t a k i n g e f f e c t as can be seen i n Table V , where 
p r e d i c t e d coke y i e l d f a l l s f a r short of the a c t u a l coke y i e l d . 
Because of these v a r i a t i o n s i n coke y i e l d , i t was decided that a 
s l u r r y o i l p l u s coke y i e l d p r e d i c t i o n would be a b e t t e r , more 
c o n s i s t e n t p r e d i c t i o n e q u a t i o n . The f o l l o w i n g pages w i l l g ive the 
d e t a i l s of the development of the s l u r r y o i l p lus coke p r e d i c t i o n 
e q u a t i o n . 

In order to p r e d i c t s l u r r y o i l p l u s coke y i e l d one must 
determine what p r o p o r t i o n of each molecu lar type present i n the 
reduced crude feedstock remains i n the s l u r r y o i l and coke. 

The s i x mo lecu lar types present i n reduced crude can be l i s t e d 
i n two c a t e g o r i e s 1) those types whose removal from s l u r r y o i l and 
coke depend on the e f f i c i e n c y of u n i t o p e r a t i o n namely; s a t u r a t e s , 
monoaromatics, and d i a r o m a t i c s and 2) those types which must produce 
some s l u r r y o i l and coke namely; >diaromatics , p o l a r a r o m a t i c s , and 
aspha l t enes . 

A measure of u n i t o p e r a t i n g e f f i c i e n c y i s the API g r a v i t y of the 
s l u r r y o i l produced. As a " r u l e of thumb" the h igher the API g r a v i t y 
of the s l u r r y o i l the l e s s e f f i c i e n t the o p e r a t i o n . With t h i s f a c t 
i n mind an attempt was made to l i n k the s a t u r a t e s , monoaromatics, and 
d i a r o m a t i c s s l u r r y o i l p l u s coke producing f a c t o r to s l u r r y o i l API 
g r a v i t y . In a d d i t i o n to the above, two assumptions were made i n 
order to develop the s l u r r y o i l p l u s coke y i e l d p r e d i c t i o n . 
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HETTINGER ET AL. Residual Oil Processing 109 

Table I I . Average M o l e c u l a r Parameters of 

D iaromat i c s from Reduced Crude and S l u r r y O i l 

Feed S l u r r y O i l 

Test No. A l l 294 308 315 
A r o m a t i c i t y 0.41 0.83 0.79 0.81 
No. Aromatic Carbons 16.9 18.9 22.7 20.6 
No. Aromatic Rings 3.9 4.5 5.7 4.8 
No. A l k y l S u b s t i t u e n t s 5.5 3.0 3.7 3.4 
No. Carbons Per 4.5 1.3 1.6 1.4 

A l k y l S u b s t i t u e n t 
No. A l k y l Carbons 24.8 3.9 5.9 4.8 

Table I I I . Average M o l e c u l a r Parameters 

of P o l a r Aromatics from Reduced Crude and S l u r r y O i l 

Feed S l u r r y O i l 

Test No. A l l 294 308 315 
A r o m a t i c i t y 0.35 0.77 0.74 0.76 
No. Aromatic Carbons 22.8 16.7 13.6 19.7 
No. Aromatic Rings 4.4 4.3 3.9 5.0 
No. A l k y l S u b s t i t u e n t s 8.3 3.0 2.3 3.3 
No. Carbons Per 5.2 1.7 2.1 1.9 

A l k y l S u b s t i t u e n t 
No. A l k y l Carbons 43.2 5.1 4.8 6.3 

Table IV . I n i t i a l Coke Y i e l d R e l a t i o n s h i p f o r Reduced Crude 

P o l a r Aromatics 
Feedstock Number of Tests Coke Y i e l d , wt.% + Aspha l t enes , wt.% 

#1 24 13.5 12.5 
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110 PETROLEUM-DERIVED CARBONS 

These assumptions were 1) a very s m a l l amount of the coke 
produced i s d e r i v e d from the s a t u r a t e s , monoaromatics, and 
d i a r o m a t i c s and 2) the b u i l d i n g b l o cks of the coke produced are the 
a s p h a l t e n e , >diaromatic and p o l a r aromatic molecules i n the s l u r r y 
o i l . The f o l l o w i n g w i l l d i s c u s s the methods used to determine what 
p r o p o r t i o n of each molecu lar type present i n the reduced crude 
feedstock remains i n the s l u r r y o i l and coke. 

Table I shows that there i s a d i r e c t r e l a t i o n s h i p between the 
s a t u r a t e s content of a s l u r r y o i l and the API g r a v i t y of a s l u r r y 
o i l . As the s a t u r a t e s content of a s l u r r y o i l i n c r e a s e s , the API 
g r a v i t y of the s l u r r y o i l i n c r e a s e s . The r e l a t i o n s h i p found i s shown 
g r a p h i c a l l y i n F i g u r e 5. T h i s r e l a t i o n s h i p was developed by the 
a n a l y s i s of a number of s l u r r y o i l s . Dur ing t h i s same program i t was 
found t h a t there i s a l i n e a r r e l a t i o n s h i p between the s a t u r a t e s 
content of a s l u r r y o i l and the weight percent y i e l d of a s l u r r y o i l . 
This r e l a t i o n s h i p i s shown i n F i g u r e 5. Us ing these two 
r e l a t i o n s h i p s a s a t u r a t e s s l u r r y o i l p l u s coke f a c t o r f o r a s l u r r y 
o i l of a g iven API g r a v i t y was developed. Th is s a t u r a t e s f a c t o r 
changes as the API g r a v i t y of the reduced crude feedstock changes. 
The s a t u r a t e s s l u r r y o i l p l u s coke f a c t o r s f o r 10-20 and 20-30 API 
g r a v i t y reduced crudes are g iven i n Table V I . 

A n a l y s i s of many feedstocks and s l u r r y o i l s i n d i c a t e d that the 
monoaromatics f o l l owed a p a t t e r n s i m i l a r to the s a t u r a t e s . There fore , 
a monoaromatics s l u r r y o i l p l u s coke f a c t o r was developed. The 
monoaromatics s l u r r y o i l p l u s coke f a c t o r s f o r 10-20 and 20-30 API 
g r a v i t y reduced crudes are g iven i n Table V I I . 

The d i a r o m a t i c s were found to f o l l o w a d i f f e r e n t p a t t e r n . No 
r e l a t i o n s h i p was found between the d i a r o m a t i c s content of a s l u r r y 
o i l and i t s API g r a v i t y . I t was determined, however, t h a t 
approx imate ly one t h i r d of the d i a r o m a t i c s i n the reduced crude 
feedstock remained i n the s l u r r y o i l . 

Table V I I I shows the method used to c a l c u l a t e the >diaromatics 
f a c t o r . The data f o r these c a l c u l a t i o n s are d e r i v e d from Table I I , 
which shows that the >diaromatic f r a c t i o n s from the three s l u r r y o i l s 
have an a r o m a t i c i t y of approximate ly 0 . 8 . The c a l c u l a t i o n shows t h a t 
approximate ly 50.2% of the >diaromatic molecules remain i n the s l u r r y 
o i l . S i m i l a r c a l c u l a t i o n s w i t h a number of reduced crudes and s l u r r y 
o i l s d e r i v e d from those reduced crudes has i n d i c a t e d that 
approximate ly 51.5% of the >diaromatic molecules remain i n the s l u r r y 
o i l . 

Table IX shows a s i m i l a r method of c a l c u l a t i n g the p o l a r 
aromat ics f a c t o r . The data f o r these c a l c u l a t i o n s are 
der ived from Table I I I . Table I I I i n d i c a t e s tha t the p o l a r aromatic 
f r a c t i o n s from the three s l u r r y o i l s have an a r o m a t i c i t y of 
approximate ly 0 .75 . The c a l c u l a t i o n shows t h a t approximate ly 45.7% 
of the p o l a r aromat ic molecules remain i n the s l u r r y o i l . S i m i l a r 
c a l c u l a t i o n s w i t h a number of reduced crudes and s l u r r y o i l s d e r i v e d 
from those reduced crudes has i n d i c a t e d that approximate ly 46% of the 
p o l a r aromatic molecules remain i n the s l u r r y o i l . 

At the present time the assumption i s be ing made t h a t 
asphaltenes go q u a n t i t a t i v e l y to s l u r r y o i l and coke. 

From the above d i s c u s s i o n one can propose an equat ion f o r the 
p r e d i c t i o n of s l u r r y o i l and coke y i e l d s i n the RCC u n i t from a 
p a r t i c u l a r reduced crude f eedstock . The equat ion i s the f o l l o w i n g : 
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HETTINGER ET AL. Residual Oil Processing 

Table V. R e s u l t s of Coke Y i e l d P r e d i c t i o n s f o r Reduced Crudes 

Asphaltenes + Number of Average 
P o l a r Aromatics Runs Coke 

Feedstock No. 1 12.9 16 13.1 
Feedstock No. 2 12.3 39 14.4 
Feedstock No. 3 16.1 21 15.3 
Feedstock No. 4 14.5 11. 14.7 
Feedstock No. 5 11.6 14 15.8 
Feedstock No. 6 12.5 24 13.5 
Feedstock No. 7 14.3 25 14.3 
Feedstock No. 8 13.9 16 14.8 

8 10 15 20 
SATURATES,WT % 

Figure 5. Sl u r r y o i l saturates content versus s l u r r y o i l API 
gr a v i t y and y i e l d . 
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112 PETROLEUM-DERIVED CARBONS 

Table V I . Saturates S l u r r y O i l P l u s Coke Fac tor 

Saturates S l u r r y O i l Saturates S l u r r y O i l 
P l u s Coke F a c t o r P l u s Coke Fac to r 
10-20 API G r a v i t y 20-30 API G r a v i t y 

API G r a v i t y of S l u r r y O i l Reduced Crudes Reduced Crudes 

-5 0.7 -
-4 0.8 -
- 3 1.0 -
-2 1.3 -
- 1 1.5 -0 1.6 -

1 1.9 -
2 2.2 -
3 2.5 1.3 
4 2.8 1.5 
5 3.2 2.1 
6 3.5 2.4 
7 3.9 2.8 
8 4.3 3.2 
9 4.7 3.6 

10 5.2 4.0 
11 - 4.8 
12 - 5.3 
13 - 5.8 
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6. HETTINGER ET AL. Residual Oil Processing 113 

Table V I I . Monoaromatics S l u r r y O i l P l u s Coke Fac tor 

Monoaromatics S l u r r y Monoaromatics S l u r r y O i l 
O i l P l u s Coke F a c t o r P l u s Coke F a c t o r 

10-20 API G r a v i t y 20-30 API G r a v i t y 
API G r a v i t y of S l u r r y O i l Reduced Crudes Reduced Crudes 

- 5 0.4 --4 0.4 -- 3 0.5 --2 0.6 -- 1 0.6 -0 0.6 -1 0.7 -2 0.8 -3 0.8 0.3 
4 0.8 0.4 
5 0.9 0.4 
6 1.0 0.5 
7 1.0 0.6 
8 1.0 0.6 
9 1.1 0.6 

10 1.2 0.7 
11 - 0.8 
12 - 0.8 
13 - 0.9 

Table V I I I . C a l c u l a t i o n of d i a r o m a t i c s S l u r r y O i l P l u s Coke Fac to r 

Reduced Crude S l u r r y O i l 

0.41 0.80 

16.9 16.9 

24.8 4.2 

579 

20.6 A l k y l Carbons Removed = 247.2 MW 

41.2 A l k y l Hydrogens Removed = 41.2 MW 

T o t a l M o l e c u l a r Weight Removed = 288.4 

49.7% Removed 

50.2% Remaining i n S l u r r y O i l 

A r o m a t i c i t y 

Number of Aromatic Carbons 

Number of A l k y l Carbons 

M o l e c u l a r Weight 
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114 PETROLEUM-DERIVED CARBONS 

s l u r r y o i l + coke, wt.% = s a t u r a t e s f a c t o r + monoaromatics 
f a c t o r + 0.33 (d iaromat i cs ) + 0.515 (>diaromatics) + 0.46 (po lar 
aromat ics ) + asphaltenes 

Table X shows the r e s u l t s of c a l c u l a t i o n s f o r two RCC t e s t s made 
on the same feedstock . The p r e d i c t i o n s are c o n s i s t e n t w i t h a c t u a l 
y i e l d s . Tables XI and X I I are a l s o r e s u l t s of s l u r r y o i l p l u s coke 
y i e l d p r e d i c t i o n s from v a r i o u s reduced crudes . A l l p r e d i c t i o n made 
i n Tables X - X I I were made w i t h reduced crudes having an API g r a v i t y 
of 10-20. The s a t u r a t e s and monoaromatics f a c t o r s change as the API 
g r a v i t y of the reduced crude feedstock changes. Tables X I I I and XIV 
g ive the r e s u l t s of s l u r r y o i l p l u s coke p r e d i c t i o n s f o r West Texas 
Intermediate and I l l i n o i s B a s i n reduced crudes . These two reduced 
crudes have API g r a v i t i e s of 20-30. Again c o n s i s t e n t p r e d i c t i o n s 
were made. 

Conc lus ions 

A method has been developed to p r e d i c t the amount of s l u r r y o i l p l u s 
coke that w i l l be obta ined from a g iven reduced crude i n A s h l a n d ' s 
RCC process under v a r i o u s o p e r a t i o n a l e f f i c i e n c i e s by knowing the 
molecu lar type composi t ion of the reduced crude . This method i s 
c u r r e n t l y be ing used i n A s h l a n d 1 s crude o i l e v a l u a t i o n program. At 
the present time A s h l a n d 1 s commercial RCC u n i t i s o p e r a t i o n a l and 
adjustments are be ing made to the p r e d i c t i o n equat ion i n order to 
p r e d i c t y i e l d s from the commercial u n i t . Work on deve lop ing 
equations to p r e d i c t the y i e l d of o ther RCC products c o n t i n u e s . 

I t i s our f e e l i n g that the next step i n e v a l u a t i n g reduced 
crudes as feedstocks f o r the RCC u n i t w i l l be i n the area of f u r t h e r 
c l a r i f i c a t i o n of the s t r u c t u r e of the a l k y l carbons; that i s , what 
percent of the a l k y l carbons are p a r a f f i n i c and what percent are 
naphthen i c . In the RCC u n i t , which conta ins a c a t a l y s t w i t h a h i g h 
metals content there i s a race between c r a c k i n g of the naphthenic 
r i n g s to l i g h t e r products and dehydrogenation of these same 
naphthenic r i n g s to aromatic r i n g s r e s i s t a n t to c r a c k i n g as 
i l l u s t r a t e d below: 

The method which has been i l l u s t r a t e d i n t h i s paper w i l l p o i n t 
out s i g n i f i c a n t d i f f e r e n c e s i n the q u a l i t y of RCC f eeds to cks , but 
on ly a more d e t a i l e d understanding of the nature of the a l k y l carbons 
w i l l detect very s u b t l e d i f f e r e n c e between the q u a l i t y of two 
f eeds tocks . 
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6. HETTINGER ET AL. Residual Oil Processing 115 

Table I X , C a l c u l a t i o n of P o l a r Aromatics S l u r r y O i l P l u s Coke Fac to r 

Reduced Crude S l u r r y O i l 

A r o m a t i c i t y 0.35 0.75 

Number of Aromatic Carbons 22.8 22.8 

Number of A l k y l Carbons 43.2 7.6 

M o l e c u l a r Weight 918 

35.6 A l k y l Carbons Removed - 427.2 MW 

71.2 A l k y l Hydrogens Removed = 71.2 MW 

T o t a l M o l e c u l a r Weight Removed = 498.4 

54.3% Removed 

45.7% Remaining i n S l u r r y O i l 

Table X . S l u r r y O i l P l u s Coke P r e d i c t i o n s f o r RCC Feedstock 

Run 368 S l u r r y 2.1 Run 373 S l u r r y -Ό 

S a t u r a t e s 2.2 0.8 
Monoromatics 0.8 0.4 
D iaromat i c s 3.0 3.0 
> D i a r o m a t i c s 10.9 10.9 
P o l a r Aromat ics 3.7 3.7 
Asphaltenes 5.8 5.8 

T o t a l 26.4 24.6 

A c t u a l Y i e l d 26.7 24.7 

Table X I . S l u r r y O i l P l u s Coke P r e d i c t i o n s f o r RCC Feedstock No. 2 

S l u r r y API P r e d i c t e d 
Run Number G r a v i t y S l u r r y + Coke A c t u a l Y i e l d 

351 - 4 . 4 25.2 25.8 
363 0.4 26.4 26.7 
364 4.0 27.6 30.7 
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116 PETROLEUM-DERIVED CARBONS 

Table X I I . S l u r r y O i l P l u s Coke P r e d i c t i o n s f o r RCC Feedstock No. 3 

Run Number 
S l u r r y API 

G r a v i t y 
P r e d i c t e d 

S l u r r y + Coke A c t u a l Y i e l d 

294 
324 
312 

-4 .8 
0.4 
3.9 

25.6 
26.8 
28.1 

23.1 
25.1 
28.8 

Table X I I I . S l u r r y O i l P l u s Coke P r e d i c t i o n 

f o r West Texas Intermediate Reduced Crude 

S l u r r y API P r e d i c t e d 
Run Number G r a v i t y S l u r r y + Coke A c t u a l Y i e l d 

304 
306 
307 

7.7 
6.3 
3.1 

23.0 
22.3 
20.9 

22.7 
21.9 
20.0 

Table X I V . S l u r r y O i l P l u s Coke P r e d i c t i o n 

f o r I l l i n o i s B a s i n Reduced Crude 

S l u r r y API P r e d i c t e d 
Run Number G r a v i t y S l u r r y + Coke A c t u a l Y i e l d 

299 9.8 23.6 24.2 
300 8.6 23.0 22.9 
322 4.8 21.4 20.7 
336 3.1 20.6 20.3 
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7 

Synthetic Aromatic Pitch 
Aromatic Pitches from the Asphaltene-Free Distillate Fraction 
of Catalytic Cracker Bottoms 

G. Dickakian 

Specialties Technology Division, Exxon Chemical Company, Houston, TX 77029 

Catalytic cracking bottoms (CCB) is a widely used 
aromatic feedstock for carbon production, such as 
aromatic pitch, carbon black and carbon fibers. 

We fractionated CCB by a high vacuum distillation 
into several distillate fractions and undistillable 
residue. The distillate fractions were subjected to a 
two-stage high temperature thermal process to convert 
them to aromatic pitches. The composition of the 
pitches produced was determined by a solvent analysis 
to define their suitability for synthetic carbon 
production. 

T h i s chapter desc r ibes the p r e p a r a t i o n s and c h a r a c t e r i s t i c s of h i g h l y 
aromatic and h i g h l y a n i s o t r o p i c p i t c h e s from the d i s t i l l a t e f r a c t i o n 
of c a t a l y t i c c r a c k e r bottoms (CCB) . CCB i s the aromatic res idue from 
a c a t a l y t i c c r a c k i n g process . 

CCB i s f r a c t i o n a t e d by a h i g h vacuum d i s t i l l a t i o n i n t o a 
d i s t i l l a b l e f r a c t i o n (around 50% y i e l d ) and a n o n - d i s t i l l a b l e 
r e s i d u e . These CCB f r a c t i o n s , d i s t i l l a t e and r e s i d u e , vary 
s i g n i f i c a n t l y i n t h e i r p h y s i c a l c h a r a c t e r i s t i c s , chemica l s t r u c t u r e , 
asphal tene c o n t e n t , mo lecu lar weight and aromatic r i n g d i s t r i b u t i o n s . 
H i g h l y aromatic and h i g h l y a n i s o t r o p i c p i t c h e s were prepared by a 
h i g h temperature two-stage thermal treatment of CCB d i s t i l l a t e 
f r a c t i o n . A number of key r e a c t i o n parameters e f f e c t i n g p i t c h 
p r o d u c t i o n , y i e l d , c h a r a c t e r i s t i c s , and the fo rmat ion of the h i g h l y 
a n i s o t r o p i c to luene i n s o l u b l e s were i n v e s t i g a t e d . The to luene 
i n s o l u b l e s f r a c t i o n was used f o r the produc t i on of carbon f i b e r s . 

A middle C C B - d i s t i l l a t e f r a c t i o n (420-520°C/760 mm Hg) was 
produced by a h i g h vacuum d i s t i l l a t i o n ( 0 . 5 - 1 . 0 mm Hg 15/5 column). 
The CCB feed was s e l e c t e d c a r e f u l l y , o n l y CCB feed w i t h h igh 
a r o m a t i c i t y (aromatic carbon=65-73 atom %), which was produced from a 
h i g h s e v e r i t y c a t a l y t i c c r a c k i n g o p e r a t i o n , was used . 

The C C B - d i s t i l l a t e f r a c t i o n conta ins no ash or asphaltenes 
(η-Heptane i n s o l u b l e s a t r e f l u x ) . I t has a low and narrow molecu lar 
weight d i s t r i b u t i o n (Mn=290), and conta ins a very narrow aromatic 
r i n g d i s t r i b u t i o n ( 3 , 4, 5, and 6 r i n g s ) . Table I g i v e s the 

0097-6156/86/0303-0118$06.00/0 
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7. DICKAKIAN Aromatic Pitches from the Asphaltene-Free Distillate Fraction 119 

c h a r a c t e r i s t i c s of the CCB middle f r a c t i o n which was used i n t h i s 
i n v e s t i g a t i o n f o r our p i t c h p r o d u c t i o n , 

CCB d i s t i l l a t e was transformed i n t o an aromatic p i t c h by a two-
stage p r o c e s s . I n i t i a l l y , the C C B - d i s t i l l a t e was t h e r m a l l y - t r e a t e d 
a t h i g h temperatures , 400-450°C, under atmospheric ( n i t r o g e n ) 
pressure and f i n a l l y the unreacted f r a c t i o n s were vacuum s t r i p p e d at 
0 .5 -1 -0 mm/760 mm Hg, l e a v i n g the aromatic p i t c h i n 30-40% y i e l d i n 
which there i s up to 74% of a h i g h l y a n i s o t r o p i c to luene i n s o l u b l e s 
f r a c t i o n . 

A number of important process parameters were i n v e s t i g a t e d to 
f i n d out t h e i r e f f e c t on p i t c h c h a r a c t e r i s t i c s and y i e l d of the t o l u 
ene and q u i n o l i n e i n s o l u b l e s . The p i t c h e s produced were c h a r a c t e r i z 
ed by so lvent a n a l y s i s , NMR, t h e r m a l , and e lemental a n a l y s i s . I n 
s o l u b l e s i n t o l u e n e , p y r i d i n e and q u i n o l i n e were used because these 
f r a c t i o n s represent the fusab le and i n f u s a b l e a n i s o t r o p i c l i q u i d 
c r y s t a l f r a c t i o n formed i n the p i t c h . 

Aromatic p i t c h e s were produced by t r e a t i n g C C B - d i s t i l l a t e a t 
400°C, 410°C, 420°C, 430°C, and 440°C. We found t h a t process tem
perature i s a very Important parameter i n determining the r a t e of 
to luene and p y r i d i n e i n s o l u b l e f o r m a t i o n . I t was a l s o found t h a t a 
r e l a t i v e l y h i g h temperature (around 430°C) i s r e q u i r e d to produce a 
p i t c h w i t h a h i g h l i q u i d c r y s t a l c o n t e n t . Table I I g i v e s the composi 
t i o n of p i t c h e s produced a t 400-440°C. F i g u r e 1 I l l u s t r a t e s g r a p h i 
c a l l y , the e f f e c t of process temperature on the r a t e of t o l u e n e , 
p y r i d i n e , and q u i n o l i n e i n s o l u b l e s f o r m a t i o n . 

The e f f e c t of r e a c t i o n time was i n v e s t i g a t e d by t h e r m a l l y t r e a t 
i n g CCB d i s t i l l a t e at 420°C and 430°C f o r 1, 2, 3, and 4 h o u r s . We 
found t h a t a t both temperatures i n v e s t i g a t e d i n c r e a s i n g r e a c t i o n 
time r e s u l t e d i n i n c r e a s i n g the r a t e of t o l u e n e , p y r i d i n e , and q u i n o 
l i n e i n s o l u b l e s . Table I I I g i v e s the compos i t i on of p i t c h e s produced 
a t 420°C and 430°C f o r v a r y i n g time (1 to 4 h o u r s ) , and F i g u r e 2 
i l l u s t r a t e s , g r a p h i c a l l y , the e f f e c t of r e a c t i o n time on the forma
t i o n of the t o l u e n e , p y r i d i n e and q u i n o l i n e i n s o l u b l e s . 

The chemical s t r u c t u r e of C C B - d i s t i l l a t e p i t c h e s produced a t 
v a r y i n g temperatures (410-430°C) were determined by s o l i d - s t a t e NMR, 
pro ton NMR, and carbon/hydrogen atomic r a t i o . We found that i n c r e a s 
i n g the thermal treatment temperature r e s u l t e d I n i n c r e a s i n g the 
aromatic carbon content i n the p i t c h , i n c r e a s i n g the aromatic p r o 
t o n s , decreas ing the b e n z y l i c and t o t a l a l i p h a t i c p r o t o n s , and 
i n c r e a s i n g the carbon/hydrogen atomic r a t i o . These changes i n the 
chemica l s t r u c t u r e of the p i t c h e s are produced as a r e s u l t of the 
v a r y i n g degree of d e a l k y l a t i o n of the a l k y l a l i p h a t i c s i d e c h a i n s , 
p o l y m e r i z a t i o n , and condensat ion of the aromatic r i n g s . Table IV 
g ives the NMR data and carbon/hydrogen atomic r a t i o of C C B - d i s t i l l a t e 
p i t c h e s produced a t 410°C-430°C. 

The thermal c h a r a c t e r i s t i c s of the aromatic p i t c h i s one of the 
key c h a r a c t e r i s t i c s of a p i t c h which i s used f o r h i g h temperature 
a p p l i c a t i o n s such as carbon or g r a p h i t e anode or carbon f i b e r produc
t i o n . We determined the TGA thermograms i n n i t r o g e n (10°C/min) . TGA 
d a t a i n d i c a t e s t h a t as the thermal treatment temperature used f o r 
producing the p i t c h i s i n c r e a s e d , the p i t c h becomes more t h e r m a l l y 
s t a b l e as i n d i c a t e d by the decreased v o l a t i l e content and i n c r e a s i n g 
coke y i e l d . Table V g ives TGA data and coke y i e l d a t 550°C f o r CCB-
d i s t i l l a t e p i t c h e s produced at 400°C-440°C. F i g u r e 3 g ives a t y p i 
c a l DTG thermogram ( n i t r o g e n , 10°C/min) of a C C B - d i s t i l l a t e p i t c h 
prepared at 430°C. 
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120 PETROLEUM-DERIVED CARBONS 

C C B - d i s t i l l a t e p i t c h e s produced u s i n g C C B - d i s t i l l a t e and our 
h i g h temperature two-stage process are h i g h l y a n i s o t r o p i c i n s t r u c 
t u r e as determined by p o l a r i z e d l i g h t microscopy . The a n i s o t r o p i c 
content of the p i t c h i s very much dependent on the thermal treatment 
temperature . We found t h a t a n i s o t r o p i c s t r u c t u r e begins developing 
a t a low r a t e when t h e r m a l l y t r e a t i n g the d i s t i l l a t e at 400° - 410°C. 
We a l s o found t h a t a temperature between 430° - 440°C i s r e q u i r e d to 
produce a d i s t i l l a t e p i t c h w i t h 90-100% of o p t i c a l a n i s o t r o p y . F i g 
ures 4, 5, and 6 present the micrographs of C C B - d i s t i l l a t e p i t c h e s 
produced a t 410°C, 420°C and 430°C, r e s p e c t i v e l y . 

R h e o l o g i c a l p r o p e r t i e s of p i t c h e s are key i n d e f i n i n g t h e i r 
u s e f u l n e s s f o r h i g h temperature a p p l i c a t i o n s or f o r s p i n n i n g i n t o 
carbon f i b e r s . We determined the g l a s s t r a n s i t i o n temperature (Tg) 
of C C B - d i s t i l l a t e p i t c h e s prepared at 400°C, 410°C, 420°C, 430°C, and 
440°C u s i n g a d i f f e r e n t i a l scanning c a l o r i m e t e r (DSC) . We found t h a t 
a l l the p i t c h e s prepared have a low Tg (217 to 229°C) . I t was a l s o 
found that i n c r e a s i n g the process temperature l ed to i n c r e a s i n g the 
Tg of the p i t c h . DSC data are presented i n Table V I . 

The aromatic p i t c h e s produced from C C B - d i s t i l l a t e are being 
developed f o r p i t c h carbon f i b e r p r o d u c t i o n . 

Table I . C h a r a c t e r i s t i c s of Midd le Cut C C B - D i s t i l l a t e F r a c t i o n 

B o i l i n g Range (°C/760mm) 420-520 
Ash (Wt. %) 0.0005 
Asphaltenes (η-Heptane I n s o l u b l e s ) (Wt.%) n i l 
Coking Value (Wt. % a t 550°C) 1.0 
Number Average M o l . Weight 290 
Carbon/Hydrogen Atomic R a t i o 0.90 

NMR-Data 

Aromatic carbon (%) 72.0 
B e n z y l i c Protons (%) 34.3 
T o t a l A l i p h a t i c Protons (%) 37.2 

Aromatic Ring D i s t i l l a t i o n 

1 Ring 1.0 
2 Rings 15.0 
3 Rings 30.0 
4 Rings 45.0 
5 Rings 7.0 
6+ Rings 1.0 
3+4 Rings 75.0 
4+5 Rings 52.0 
3+4+5 Rings 82.0 
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7. DICKAKIAN Aromatic Pitches from the Asphaltene-Free Distillate Fraction 121 

Table I I . E f f e c t of Process Temperature 
on C C B - D i s t i l l a t e P i t c h Composit ion 

P i t c h Process C o n d i t i o n s 

Temperature (°C) Feed 400 410 420 430 440 
Time (Hours) 1.0 1.0 1.0 1.0 1.0 

η-Heptane I n s o l u b l e s (%) 0 78.0 95.3 75.9 97.2 99.0 
Toluene I n s o l u b l e s (%) 0 0.1 1.9 4.9 32.2 60.0 
P y r i d i n e I n s o l u b l e s (%) 0 0 0 0.4 18.7 38.1 
Q u i n o l i n e I n s o l u b l e s (%) 0 0 0 0.1 3.3 13.4 

Table I I I . E f f e c t of R e a c t i o n Time on CCB-
D i s t i l l a t e P i t c h Composit ion 

P i t c h Process C o n d i t i o n s 

Temperature ( °C) < 420 > < 430 > 
Time (Hours) 1 2 3 4 1 2 3 4 

η-Heptane I n s o l u b l e s (%) 95.2 98.2 98.1 98.1 97.2 99.3 98.4 98.8 
Toluene I n s o l u b l e s (%) 13.2 24.6 31.0 38.0 42.2 53.5 62.4 73.5 
P y r i d i n e I n s o l u b l e s (%) 1.7 4.1 10.1 17.3 18.7 25.0 35.9 54.0 
Q u i n o l i n e I n s o l u b l e s (%) 0 .1 0.5 1.3 2.7 3.3 6.0 11.2 22.2 

Table I V . E f f e c t of Process Temperature on C C B - D i s t i l l a t e 
P i t c h Chemical S t r u c t u r e 

Temperature Feed 410 430 
Time (Hours) 1.0 1.0 

Carbon D i s t r i b u t i o n 

Aromatic Carbon (%) 72.0 83.0 90.7 
T o t a l A l i p h a t i c 

Carbon (%) 28.0 16.2 9.3 

P r o t o n D i s t r i b u t i o n 

Aromatic Protons (%) 34.3 46.5 58.7 
B e n z y l i c Protons (%) 37.2 39.0 34.1 
T o t a l A l i p h a t i c 

Protons (%) 28.5 14.5 7.2 

Carbon/Hydrogen Atomic 
R a t i o 1.03 1.23 1.62 
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122 PETROLEUM-DERIVED CARBONS 

Table V . Thermogravimetric A n a l y s i s o f C C B - D i s t l l l a t e P i t c h e s 

P i t c h Process C o n d i t i o n s 

Temperature (°C) Feed 400 410 420 430 440 
Time (Hours) 1.0 1.0 1.0 1.0 1.0 

Temperature (°C) Cumulative L o s s , Wt.% 

200 1.2 0.4 0.3 0 0 0 
300 40.5 2.1 1.3 1.8 0.5 0.3 
400 95.6 17.2 20.8 10.0 3.7 2.7 
500 96.4 56.4 50.0 43.3 18.8 16.9 
600 97.0 66.9 60.0 56.4 37.9 30.0 

Coke Y i e l d (Wt. %) 
@ 500°C 5.6 43.6 50.0 56.7 81.2 83.1 

Table V I . DSC Data of C C B - D i s t i l l a t e 

Process C o n d i t i o n s 

Temperature (°C) 400 410 420 430 440 
Time (Hours) 1.0 1.0 1.0 1.0 1.0 

I n i t i a t i o n Temperature (°C) 187 189 191 194 198 
G l a s s T r a n s i t i o n Temperature 217 218 219 223 229 

(Tg) (°C) 
T e r m i n a t i o n Temperature (°C) 242 247 251 254 258 
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7. DICKAKIAN Aromatic Pitches from the Asphaltene-Free Distillate Fraction 123 

20 + 

10 + 

F i g u r e 1. 
p y r i d i n e , 

400 

+ 60 

+ 30 

410 420 430 
TEMPERATURE IN DEGREES CENTIGRADE 

440 

E f f e c t o f process temperature on the r a t e o f t o l u e n e , 
and q u i n o l i n e i n s o l u b l e s f o r m a t i o n . 

F igure 2 . E f f e c t o f r e a c t i o n time on t o l u e n e , p y r i d i n e , and 
q u i n o l i n e i n s o l u b l e s f o r m a t i o n . 
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124 PETROLEUM-DERIVED CARBONS 

F i g u r e 4. Micrograph o f C C B - d i s t i l l a t e p i t c h prepared at 410 C. 
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DICKAKIAN Aromatic Pitches from the Asphaltene-Free Distillate Fraction 

Figure 5. Micrograph of CCB-disti l late pitch prepared at 420 C. 

Figure 6. Micrograph of CCB-disti l late pitch prepared at 430 C 

RECEIVED September 10, 1985 
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8 
Synthetic Aromatic Pitch 
Aromatic Pitches from the Distillate Fraction of Catalytic Cracker 
Bottoms and Residue Fractions 

G. Dickakian 

Specialties Technology Division, Exxon Chemical Company, Houston, TX 77029 

Catalytic cracking bottoms (CCB) is a widely used aro
matic feedstock for carbon production, such as aro
matic pitch, carbon black and carbon fibers. 

The distillate and residue obtained by high 
vacuum-distillation of catalytic cracking bottoms were 
converted into highly aromatic and anisotropic 
pitches. We used a two-stage high temperature process 
at 400°C. The effect of various process parameters on 
pitch composition and rheology was investigated. 

Heavy aromatic feedstock such as the by-products from the petroleum 
and c o a l i n d u s t r i e s are used f o r the produc t i on of aromatic p i t c h e s . 
The c h a r a c t e r i s t i c s of the p i t c h e s produced depend on the chemistry 
of the feedstock and the process type and c o n d i t i o n s . 

C a t a l y t i c Cracker Bottoms (CCB) which i s the heavy r e s i d u e from 
the c a t a l y t i c c r a c k i n g of petroleum d i s t i l l a t e i s a common aromatic 
feedstock used f o r s y n t h e t i c carbons and p i t c h p r o d u c t i o n . CCB, 
l i k e o ther heavy aromatic f eedstock , i s composed of a l k y l - s u b s t i t u t e d 
polycondensed aromatics w i t h a very wide mo lecu lar weight d i s t r i b u 
t i o n . 

CCB was f r a c t i o n a t e d i n t o s i x a s p h a l t e n e - f r e e d i s t i l l a t e 
f r a c t i o n s of v a r y i n g b o i l i n g ranges and an a s p h a l t e n e - r i c h 
n o n - d i s t i l l a b l e r e s i d u e . C h a r a c t e r i z a t i o n of the d i s t i l l a t e and the 
n o n - d i s t i l l a b l e f r a c t i o n s i n d i c a t e s i g n i f i c a n t d i f f e r e n c e s i n the 
a s p h a l t e n e , a s h , a r o m a t i c i t y , molecu lar weight and aromatic r i n g 
d i s t r i b u t i o n s . 

Both CCB f r a c t i o n s ( d i s t i l l a t e and res idue ) were transformed 
i n t o aromatic p i t c h e s by a h i g h temperature thermal process a t 
atmospheric pressure f o l l owed by vacuum s t r i p p i n g . A number of 
r e a c t i o n parameters e f f e c t i n g p i t c h y i e l d and c h a r a c t e r i s t i c s were 
i n v e s t i g a t e d . 

CCB was f r a c t i o n a t e d by h i g h vacuum d i s t i l l a t i o n (100-500 m i c 
rons and 15/5 column) i n t o s i x d i s t i l l a b l e f r a c t i o n s w i t h b o i l i n g 
p o i n t s ranging from 270°C to 520°C a t 760 mm Hg and a non-
d i s t i l l a b l e res idue (510°C+). The b o i l i n g c h a r a c t e r i s t i c s of the CCB 
d i s t i l l a t e f r a c t i o n s are g i v e n i n Table I . The p h y s i c a l and chemical 
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8. DICKAKIAN Aromatic Pitches from Residue Fractions 127 

c h a r a c t e r i s t i c s of the d i s t i l l a t e and res idue f r a c t i o n s are g i v e n i n 
Table I I . The NMR data are g i v e n i n Table I I I and the aromatic r i n g 
d i s t r i b u t i o n s (by Mass Spectroscopy) are g i v e n i n Table I V . 

The CCB f r a c t i o n s were t h e r m a l l y - t r e a t e d a t 420°-450°C a t atmos
p h e r i c pressure i n a n i t r o g e n atmosphere and then vacuum s t r i p p e d 
(0.5-1.Omm Hg) to remove the unreacted f r a c t i o n s . The p i t c h chemical 
s t r u c t u r e was determined by NMR, and the p i t c h compos i t i on was d e t e r 
mined by s o l v e n t a n a l y s i s w i t h to luene ( a t r e f l u x ) and q u i n o l i n e 
( a t 75°C) . Toluene i n s o l u b l e s were determined because i t represents 
a fusab le p i t c h f r a c t i o n w i t h a 100% o p t i c a l a n i s o t r o p y on m e l t i n g . 

Three d i s t i l l a b l e f r a c t i o n s (Numbers 4, 5, and 6, i n Table I ) 
were t h e r m a l l y - t r e a t e d a t the same c o n d i t i o n s (430°C f o r 3 hours) to 
i n v e s t i g a t e the e f f e c t of the aromatic r i n g d i s t r i b u t i o n of the 
f r a c t i o n on the p i t c h y i e l d and compos i t i on . We found that i n c r e a s 
i n g the number of 4, 5, and 6 aromatic r i n g s r e s u l t s i n i n c r e a s i n g 
the p i t c h y i e l d and the r a t e of to luene i n s o l u b l e s f o r m a t i o n . The 
y i e l d and compos i t ion of p i t c h e s prepared from d i s t i l l a t e f r a c t i o n s , 
Numbers 4, 5, and 6 are g i v e n i n Table V . 

D i s t i l l a t e f r a c t i o n Number 4 (from Table I ) was t rea ted at 
430°C f o r v a r y i n g time ( 3 , 4, and 5 h o u r s ) . I n c r e a s i n g r e a c t i o n 
time l ed to i n c r e a s i n g p i t c h y i e l d and the r a t e of to luene i n s o l u 
b l e s f o r m a t i o n , but not q u i n o l i n e i n s o l u b l e s . Table VI g ives the 
y i e l d and compos i t i on of p i t c h e s prepared from d i s t i l l a t e f r a c t i o n 
Number 4. 

The temperature used f o r the thermal treatment i s a very 
important f a c t o r i n the d e a l k y l a t i o n , p o l y m e r i z a t i o n , and 
condensat ion of the polycondensed aromatic m o l e c u l e s . The e f f e c t of 
temperature on the to luene and q u i n o l i n e i n s o l u b l e s f o rmat ion was 
i n v e s t i g a t e d u s i n g two of the h igher b o i l i n g d i s t i l l a t e f r a c t i o n s 
(Numbers 5 and 6 from Table I ) . We found t h a t i n c r e a s i n g the 
thermal treatment temperature l e d to Increas ing the p i t c h y i e l d and 
the r a t e of to luene and q u i n o l i n e i n s o l u b l e s f o r m a t i o n . Table V I I 
presents d e t a i l s of the thermal treatment of d i s t i l l a t e f r a c t i o n s 
Numbers 5 and 6, a t 420°C, 430°C, 440°C and 450°C. F i g u r e s 1, 2 and 
3 i l l u s t r a t e g r a p h i c a l l y the e f f e c t of temperature on p i t c h y i e l d , 
and to luene and q u i n o l i n e i n s o l u b l e s f o r m a t i o n , r e s p e c t i v e l y . 

The u n d i s t i l l a b l e CCB res idue remaining a f t e r s e p a r a t i n g the 
d i s t i l l a b l e f r a c t i o n s from CCB has d i f f e r e n t c h a r a c t e r i s t i c s i n 
comparison to the d i s t i l l a t e . The CCB res idue has a higher b o i l i n g 
p o i n t (510°C) , h i g h ash c o n t e n t , h i g h e r asphal tene content (around 
20 weight %), h i g h cok ing c h a r a c t e r i s t i c s (26-36% coke y i e l d at 
550°C), h i g h e r average mo le cu lar weight (339) and h igher aromatic 
r i n g d i s t r i b u t i o n (6+ aromatic r i n g s ) . A comparison of the 
c h a r a c t e r i s t i c s of a C C B - d i s t i l l a t e f r a c t i o n and CCB-res idue i s 
g i v e n i n Table V I I I . 

CCB-res idue was t h e r m a l l y - t r e a t e d at 420°C f o r three hours at 
atmospheric pressure i n a n i t r o g e n atmosphere and then vacuum-
s t r i p p e d at 1.0 mm Hg to produce a p i t c h i n a v e r y h i g h y i e l d . We 
found that us ing CCB-res idue as a feed f o r the thermal - t reatment 
r e s u l t e d i n : 

(a) producing a p i t c h i n a very h i g h y i e l d (63.2% vs .24 .5% when 
us ing a d i s t i l l a t e f e e d ) . 

(b) CCB-res idue p i t c h has h igher content of to luene I n s o l u b l e s 
(32.0% vs 18.0% when us ing a d i s t i l l a t e f e e d ) . 
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128 PETROLEUM-DERIVED CARBONS 

(c) CCB-res idue p i t c h has h i g h e r q u i n o l i n e i n s o l u b l e s : to luene 
i n s o l u b l e s r a t i o than C C B - d i s t i l l a t e p i t c h (about 10 times 
h i g h e r ) . 

A comparison of the compos i t i on of p i t c h e s produced from 
C C B - d i s t i l l a t e and res idue (a t the same c o n d i t i o n s ) i s g i v e n i n Table 
I X . 

I n c o n c l u s i o n , the a s h - f r e e and a s p h a l t e n e - f r e e CCB 
d i s t i l l a t e f r a c t i o n s prov ide a p o t e n t i a l aromatic feedstock f o r 
producing h i g h l y aromatic and h i g h l y a n i s o t r o p i c p i t c h e s w i t h a h i g h 
to luene i n s o l u b l e s and low content of the h i g h mo le cu lar weight and 
i n f u s i b l e q u i n o l i n e i n s o l u b l e s . 

Table I . D i s t i l l a t i o n C h a r a c t e r i s t i c s of C C B - F r a c t i o n s 

B o i l i n g P o i n t 
C C B - F r a c t i o n (°C/760mm Hg) Wt.% of CCB Feed 

D i s t i l l a t e No. 1 271 - 400 10.0 
D i s t i l l a t e No. 2 400 - 427 23.8 
D i s t i l l a t e No. 3 427 - 454 13.3 
D i s t i l l a t e No. 4 454 - 471 11.7 
D i s t i l l a t e No. 5 471 - 488 13.4 
D i s t i l l a t e No. 6 488 - 510 10.0 
N o n - D i s t i l l a b l e Residue 510+ 17.5 

Table I I . C h a r a c t e r i s t i c s of C C B - F r a c t i o n s 

D i s t i l l a t e s 
N o n - D i s t i l l a b l e 

No. 4 No. 5 No. 6 Residue 
Asphal tenes (n-Heptane) n i l n i l n i l 22.0 

i n s o l u b l e s ) (Wt.%) 
Ash (Wt%) 0 .0004 0.0005 0.0004 0.110 
Number Average M o l . 

Weight 269 285 291 339 
Carbon/Hydrogen 
Atomic R a t i o 0.88 0.87 0.94 1.05 
Coking Y i e l d a t 
550°C (Wt.%) n i l n i l n i l 32.4 
Coking Y i e l d a t 

1000°C(Wt.%) n i l n i l n i l 17.0 
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8. DICKAKIAN Aromatic Pitches from Residue Fractions 129 

Table I I I . Chemical S t r u c t u r e of C C B - F r a c t l o n s 

NMR - Data D i i ï t i l l a t e s 
N o n - D i s t i l l a t e 

No. 4 No. 5 No. 6 Residue 

Aromatic Carbon (%) 62.5 62.8 65.8 68.8 
Aromatic Protons (%) 26.4 25.7 26.7 35.4 
B e n z y l i c Protons (%) 27.6 28.5 28.8 31.6 

T o t a l A l i p h a t i c Protons (%) 46.0 45.8 45.3 32.9 

Table I V . Aromatic Ring D i s t r i b u t i o n s of C C B - F r a c t l o n s 

D i s t i l l a t e s N o n - D i s t i l l a b l e 
Aromatic Rings No. 4 No. 5 No. 6 Residue 

2 r i n g s 17.0 9.4 10.4 14.0 
3 r i n g s 35.7 25.1 28.6 15.2 
4 r i n g s 42.0 50.1 47.6 31.0 
5 r i n g s 3.1 12.2 8.7 15.7 
6+ r i n g s 0.6 1.1 2.2 9.0 
3 + 4 r i n g s 77.7 75.2 76.2 46.2 
4 + 5 r i n g s 45.1 62.3 56.3 46.7 
3 + 4 + 5 r i n g s 80.8 87.4 84.9 61.9 

Table V . Aromatic P i t c h P r o d u c t i o n from CCB-Frac t i ons 
E f f e c t of D i s t i l l a t e F r a c t i o n B o i l i n g C h a r a c t e r i s t i c s 

Thermal P i t c h Composi t ion 
D i s t i l l a t e Treatment P i t c h Toluene Q u i n o l i n e 
F r a c t i o n B o i l i n g Range Temp. Time Y i e l d I n s o l u b l e s I n s o l u b l e s 

No. (°C/760mm Hg) (°C) ( H r s . ) (%) (%) (%) 

4 454 - 471 430 3 19.0 38.0 0.4 
5 471 - 488 430 3 25.0 42.0 0.5 
6 488 - 510 430 3 31.5 45.8 0.7 
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130 PETROLEUM-DERIVED CARBONS 

Table V I . Aromatic P i t c h P r o d u c t i o n from C C B - F r a c t i o n s 

E f f e c t of R e a c t i o n Time 

Thermal - P i t c h Composi t ion 
D i s t i l l a t e Treatment P i t c h Toluene Qu ino l ine 

F r a c t i o n Temp Time Y i e l d I n s o l u b l e s I n s o l u b l e s 
No. T C ) ( H r s . ) (%) (%) (%) 

4 430 3 18.0 41.5 0.5 
4 430 4 21.0 51.0 0.8 
4 430 5 27.6 63.5 1.2 

Table V I I . Aromatic P i t c h P r o d u c t i o n from C C B - F r a c t i o n s 

E f f e c t of R e a c t i o n Temperature 

Thermal - P i t c h Composi t ion 
D i s t i l l a t e Treatment P i t c h Toluene Q u i n o l i n e 

F r a c t i o n Temp. Time Y i e l d I n s o l u b l e s I n s o l u b l e s 
No. (°C) ( H r s . ) (%) (%) (%) 

5 420 3 22.5 27.0 0.1 
5 430 3 25.0 40.0 0.3 
5 440 3 32.0 61.5 1.3 
5 450 3 36.6 73.0 4.5 

6 420 3 24.4 37.0 0.2 
6 430 3 31.4 55.0 0.4 
6 440 3 37.1 73.0 10.5 
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8. DICKAKIAN Aromatic Pitches from Residue Fractions 131 

Table V I I I . Comparison of the C h a r a c t e r i s t i c s 
of CCB D i s t i l l a t e and Residue 

C C B - D i s t i l l a t e CCB-Residue 

B o i l i n g Range (°C/760mm Hg) 471 - 488 510+ 
Asphaltenes (Wt%) 

η-Heptane I n s o l u b l e s (Wt.%) n i l 18 - 22 
Coking Y i e l d @ 550°C (Wt%) n i l 26 - 32 
Coking Y i e l d @ 550°C (TGA) n i l 12 - 17 
Aromatic Carbon Atom (%) 65 69 
Carbon/Hydrogen Atomaic R a t i o 0.87 1.05 
Number Average M o l . Weight 285 339 
% M o l e c u l a r Weight (225 - 400) 94 77 
% Aromatic Rings ( 3 + 4 + 5 r i n g s ) 87 10 

Table I X . Aromatic P i t c h P r o d u c t i o n from CCB D i s t i l l a t e and Residue 

Thermal P i t c h Composit ion 
Treatment P i t c h Toluene Q u i n o l i n e 

Temp. Time Y i e l d I n s o l u b l e s I n s o l u b l e s 
Feed (°C) ( H r s . ) (%) (%) (%) 

D i s t i l l a t e 420 3 24.5 18.0 0.3 
Residue 420 3 63.2 32.0 7.4 
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132 PETROLEUM-DERIVED CARBONS 

TEMPERATURE IN DEGREES CENTIGRADE 

F i g u r e 1. E f f e c t o f temperature on p i t c h y i e l d . 

TEMPERATURE IN DEGREES CENTIGRADE 

F i g u r e 2 . E f f e c t o f temperature on to luene i n s o l u b l e s f o r m a t i o n . 
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5 + 

DISTILLATE 
FRACTION #5 

420 430 440 
TEMPERATURE IN DEGREES CENTIGRADE 

450 

Figure 3. E f f e c t of temperature on q u i n o l i n e i n s o l u b l e s formation. 

RECEIVED September 10, 1985 
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9 
Synthetic Aromatic Pitch 
Aromatic Pitch Production Using Steam-Cracker Tar 

G. Dickakian 

Specialties Technology Division, Exxon Chemical Company, Houston, TX 77029 

Steam cracker tar (SCT) is a by-product from the steam cracking of 
naphtha or gas oils to produce ethylene. The characteristics and 
yield of SCT is dependent on the feed characteristics, the plant 
design and severity of cracking. 

SCT, like other heavy aromatic materials, is composed of alkyl 
substituted low molecular weight polynuclear aromatic oils (Mn = 
160) and high molecular fraction (asphaltenes), insoluble in paraf-
finic solvents (Mn = 700 - 1500). The characteristics of SCT, 
derived from naphtha, gas o i l and desulfurized gas o i l steam 
cracking, are given in Table I. 

SCT can be converted into highly aromatic pitches by physical, 
thermal and chemical processes such as: vacuum or steam stripping, 
thermal or catalytic oxidative-polymerization at 229-260°C, or by a 
thermal process at 370-450°C at atmospheric nitrogen or hydrogen 
pressure. The physical or chemical characteristics of the pitches 
produced from SCT depend on the type of process and conditions used. 
Table II gives the characteristics of SCT pitches produced by 
distillation, catalytic air-oxidation and thermal process. 

The most suitable process for transforming SCT into highly 
aromatic pitch is the thermal process at high temperature (380-430°C) 
at atmospheric, high or reduced pressure. The main chemical reac
tions taking place during the thermal process are dealkylation, 
aromatization, and the condensation of aromatic rings into high 
aromaticity pitch. The increase in the aromatic carbon atom (by 
carbon - NMR) during a typical thermal process of SCT at 380°C at 
atmospheric pressure is illustrated in Figure 1. 

When using the thermal process for the production of SCT pitch, 
the temperature and time are important process parameters. The 
higher the temperature used, the higher is the aromaticity and 
condensation of the aromatic rings. The average carbon and proton 
distributions (determined by Nuclear Magnetic Resonance Spectroscopy) 
of SCT pitches prepared by thermal process at 390°C and 430°C are 
presented in Table III. 

SCT pitches produced by a thermal process at appropriate condi
tions have high coking yields, high aromatic carbon, low viscosity, 
high carbon content and very low content of polar atoms. A compari-

0097-6156/86/0303-0134$06.00/0 
© 1986 American Chemical Society 
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9. DICKAKIAN Aromatic Pitch Production Using Steam-Cracker Tar 135 

son of the p h y s i c a l and chemical c h a r a c t e r i s t i c s of two commercial 
petroleum p i t c h e s , two commercial c o a l t a r p i t c h e s and a SCT p i t c h 
prepared by a thermal process i s presented i n Table I V . 

V i s c o s i t y i s an important c h a r a c t e r i s t i c of p i t c h e s used as 
b i n d e r s f o r the p r o d u c t i o n of carbon and g r a p h i t e e l e c t r o d e s . We 
used a Haake balance to measure SCT, petroleum and c o a l t a r p i t c h 
v i s c o s i t y . SCT p i t c h e s have v i s c o s i t y between 1000-4000 cps a t 160°C. 
A comparison of the v i s c o s i t y - t e m p e r a t u r e r e l a t i o n s h i p of two SCT 
p i t c h e s prepared by thermal and c a t a l y t i c processes , a commercial 
petroleum and a c o a l t a r p i t c h used f o r the p r o d u c t i o n of carbon 
anodes i s g i v e n i n F i g u r e 2. 

We used thermal a n a l y s i s to determine the thermogravimetr i c 
a n a l y s i s (TGA) and the d i f f e r e n t i a l thermogravimetr i c a n a l y s i s (DTG) 
of SCT p i t c h e s to o b t a i n i n f o r m a t i o n on v o l a t i l i t y and coke y i e l d 
a t v a r i o u s temperatures up to 1000°C. DTG was found very u s e f u l i n 
d e f i n i n g process m o d i f i c a t i o n s to reduce v o l a t i l e s i n the p i t c h and 
i n c r e a s e p i t c h coke y i e l d . F i g u r e 3 g ives the DTG ( i n n i t r o g e n ) o f 
s e v e r a l SCT p i t c h e s prepared by d i s t i l l a t i o n , thermal and c a t a l y t i c 
p r o c e s s , i n comparison w i t h petroleum and c o a l t a r p i t c h e s . 

SCT p i t c h e s l i k e petroleum and c o a l t a r p i t c h e s c o n t a i n an 
asphaltene f r ee polycondensed aromatic o i l w i t h 2-6 aromatic r i n g s . 
The aromat ic o i l i n the p i t c h can be q u a n t i t a t i v e l y determined by 
u s i n g a h i g h vacuum d i s t i l l a t i o n w i t h continuous a g i t a t i o n to avo id 
p i t c h c r a c k i n g or c o k i n g . The o i l i n the p i t c h i s important as i t 
e f f e c t s p i t c h v o l a t i l i t y , v i s c o s i t y and the development of a n i s t r o p -
i c s t r u c t u r e when cok ing the p i t c h d u r i n g the c a r b o n i z a t i o n of the 
green carbon anodes. F i g u r e 4 g i v e s the vacuum d i s t i l l a t i o n curves 
of SCT, petroleum and c o a l t a r p i t c h e s . 

The molecu lar weight d i s t r i b u t i o n of SCT, petroleum and c o a l 
t a r p i t c h e s were determined by Ge l Permeation Chromatography a t h i g h 
temperature u s i n g 1 , 2 , 4 - t r i c h l o r o b e n z e n e as the s o l v e n t and a UV-
spectrophotometer a t wave - length 320 mm as the d e t e c t o r . A compar i 
son of the molecu lar weight d i s t r i b u t i o n curves of SCT p i t c h and 
petroleum and c o a l t a r p i t c h e s i s presented i n F i g u r e 5. 

I n summary, h i g h s o f t e n i n g p o i n t , h i g h coking v a l u e and h i g h 
a r o m a t i c i t y p i t c h e s can be prepared from SCT. The p h y s i c a l , t h e r m a l , 
chemical and cok ing c h a r a c t e r i s t i c s of SCT-P i t ches i s dependent on 
the type of process used , des ign of p l a n t and the process c o n d i t i o n s 
e s p e c i a l l y , temperature , t i m e , presence of c a t a l y s t or oxygen and 
p r e s s u r e . 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
9



Ta
bl

e 
I.

 
P

hy
si

ca
l 

an
d 

C
he

m
ic

al
 

C
ha

ra
ct

er
is

ti
cs

 
of

 
St

ea
m

 C
ra

ck
er

 
Ta

rs
 

fr
om

 N
ap

ht
ha

 a
nd

 G
as

 O
il

 C
ra

ck
in

g 

SC
T 

fr
om

 
N

ap
ht

ha
 

C
ra

ck
in

g 
SC

T 
fr

om
 G

as
 

O
il 

C
ra

ck
in

g 

SC
T 

fr
om

 
D

es
ul

fu
ri

ze
d 

Ga
s 

O
il

 C
ra

ck
in

g 
(1

) 
(2

) 

1.
 

P
hy

si
ca

l 
C

ha
ra

ct
er

is
ti

cs
 

V
is

co
si

ty
 

es
t 

at
 

21
0°

F 
Co

ki
ng

 V
al

ue
 

at
 

50
°F

 
(%

) 
To

lu
en

e 
In

so
lu

bl
es

 
(%

) 
η-

H
ep

ta
ne

 I
n

so
lu

bl
es

 
(%

) 
Po

ur
 P

oi
nt

 
(°

C
) 

As
h 

(%
) 

13
.9

 
12

 0.
20

0 
3.

5 

0.
00

3 

.2
00

 

19
. 

16
 0.
 

16
 

+5
 0.

00
3 

12
.4

 
24

 0.
25

0 
20

 
-6

 0.
00

3 

,1
00

 

25
 

25
 0.
 

15
 

+6
 0.

00
3 

2.
 

Ch
em

ic
al

 
St

ru
ct

ur
e 

Ar
om

at
ic

 
Ca

rb
on

 
(a

to
m

 %
) 

A
ro

m
at

ic
 

Pr
ot

on
s 

(%
) 

B
en

zy
li

c 
Pr

ot
on

s 
(%

) 
P

ar
af

fi
ni

e 
Pr

ot
on

s 
(%

) 
Ca

rb
on

/H
yd

ro
ge

n 
At

om
ic

 
R

at
io

 

65
 

34
 

40
 

25
 0.
 9

42
 

72
 

42
 

44
 

14
 1.
00

1 

71
 

42
 

46
 

12
 1.
07

9 

74
 

38
 

47
 

15
 1.
44

 

"0
 

m
 

H Ο
 

r m
 

c 6 m
 2 < m
 α η > CO
 

Ο
 

2!
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
9



Ta
bl

e 
II

. 
C

ha
ra

ct
er

is
ti

cs
 

of
 

SC
T,

 S
C

T-
Pi

tc
he

s 
Pr

od
uc

ed
 

by
 

D
is

ti
ll

at
io

n,
 

Po
ly

m
er

iz
at

io
n 

an
d 

Th
er

m
al

 
P

ro
ce

ss
es

 

P
ro

ce
ss

es
 

SC
T 

(F
ee

d)
 

Va
cu

um
 

D
is

ti
ll

at
io

n 
C

at
al

yt
ic

 
(A

ir
) 

Po
ly

m
er

iz
at

io
n 

Th
er

m
al

 

1.
 

P
hy

si
ca

l 
C

ha
ra

ct
er

is
ti

cs
 

Sp
. 

gr
. 

(a
t 

20
°C

) 
So

ft
en

in
g 

Po
in

t 
(R

&
B)

 °
C 

Co
ki

ng
 V

al
ue

 
at

 
55

0°
C 

(w
t%

) 
Be

nz
en

e 
In

so
lu

bl
es

 
(%

) 
Q

ui
no

li
ne

 
In

so
lu

bl
es

 
(%

) 
V

is
co

si
ty

 
es

t 
at

 
16

0°
C 

2.
 

Ch
em

ic
al

 
St

ru
ct

ur
e 

Ar
om

at
ic

 
Ca

rb
on

 
(%

) 
A

ro
m

at
ic

 
Pr

ot
on

s 
(%

) 
B

en
zy

li
c 

Pr
ot

on
s 

(%
) 

P
ar

af
fi

ni
c 

Pr
ot

on
s 

(%
) 

Ca
rb

on
/H

yd
ro

ge
n 

At
om

ic
 

R
at

io
 

11
0 

1 10
 

20
 0.

05
 

0.
05

 

70
 

42
 

46
 

12
 1.
07

9 

16
0 

1 
10

5 33
 0.

20
 

0.
10

 
97

9 72
 

42
 

46
 

12
 1.
27

 

1 
11

0 43
 

18
.0

 
0 

13
14

0 

19
1 

20
 

72
 

44
 

37
 

18
 1.
34

 

1.
26

5 
10

8 53
 

28
.0

 
2.

5 
30

00
 

77
 

50
 

37
 

13
 1.
37

 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
9



Ta
bl

e 
II

I 
E

ff
ec

t 
of

 
Th

er
m

al
 P

ro
ce

ss
 

Te
m

pe
ra

tu
re

 
on

 
th

e 
Ca

rb
on

 a
nd

 P
ro

to
n 

D
is

tr
ib

ut
io

n 
in

 
SC

T-
Pi

tc
h 

SC
T 

(F
ee

d)
 

SC
T-

Pi
tc

h 
Pr

ep
ar

ed
 

at
 

39
0°

C 

SC
T-

Pi
tc

h 
Pr

ep
ar

ed
 

at
 

43
0°

C 

A
ro

m
at

ic
 

Ca
rb

on
 

(a
to

m
 %

) 
71

 
76

 
78

 

Ar
om

at
ic

 
Pr

ot
on

s 
(%

 
of

 
to

ta
l 

pr
ot

on
s)

 
42

 
50

 
53

 

B
en

zy
li

c 
Pr

ot
on

s 
(%

 
of

 
to

ta
l 

pr
ot

on
s)

 
46

 
37

 
36

 

P
ar

af
fi

ni
c 

Pr
ot

on
s 

(%
 

of
 

to
ta

l 
pr

ot
on

s)
 

12
 

12
 

11
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
9



Ta
bl

e 
IV

 
C

ha
ra

ct
er

is
ti

cs
 

of
 

SC
T,

 P
et

ro
le

um
 

an
d 

C
oa

l 
Ta

r 
P

it
ch

es
 

SC
T 

P
it

ch
 

Pe
tr

ol
eu

m
 P

it
ch

es
 

C
oa

l 
Ta

r 
P

it
ch

es
 

(I
) 

(2
) 

(I
) 

(2
) 

1.
 

P
hy

si
ca

l 
C

ha
ra

ct
er

is
ti

cs
 

S
p.

 
g

r
. 

1.
26

5 
1.

22
3 

1.
26

0 
1.

27
0 

1.
25

9 
So

ft
en

in
g 

Po
in

t 
(R

&
B)

 
°C

 
11

0 
11

7 
11

0 
10

1 
11

3 
Co

ki
ng

 V
al

ue
 

at
 

55
0°

C 
(w

t 
%)

 
52

.0
 

54
.0

 
56

.0
 

56
.5

 
59

.7
 

As
h 

Co
nt

en
t 

(%
) 

0.
10

0 
0.

15
0 

0.
21

 
0.

20
0 

0.
30

0 
Be

nz
en

e 
In

so
lu

bl
es

 
(%

) 
27

.0
 

8.
0 

30
.0

 
41

.9
8 

48
.7

 
Q

ui
no

li
ne

 
In

so
lu

bl
es

 
(%

) 
2.

5 
0.

5 
11

.5
 

21
.7

 
26

.0
 

V
is

co
si

ty
 

(%
) 

(c
ps

) 
at

 
16

0°
C 

30
00

 
14

00
 

20
50

 
11

16
 

84
0 

2.
 

C
he

m
ic

al
 

C
ha

ra
ct

er
is

ti
cs

 

A
ro

m
at

ic
 

Ca
rb

on
 

(a
to

m
 %

) 
78

 
82

 
80

 
89

 
88

 
A

ro
m

at
ic

 
Pr

ot
on

s 
(%

) 
50

 
57

 
—

 
84

 
86

 
B

en
zy

li
c 

Pr
ot

on
s 

37
 

34
 

—
 

13
 

11
 

P
ar

af
fi

ni
c 

Pr
ot

on
s 

12
 

9 
—

 
3 

3 
Ca

rb
on

/H
yd

ro
ge

n 
At

om
ic

 
R

at
io

 
1.

37
 

1.
44

 
1.

57
 

1.
77

 
1.

76
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
9



PETROLEUM-DERIVED CARBONS 

120 τ ι - τ I I Τ I Τ ï I Λ —I 1 τ — 81 

110 - 80 

100 - - 79 
CO 90 ^ ^ ^ S O F T E N I N G POINT - 78 

oc 80 - 77 

IN
T 70 - 76 

Ο 60 * ~ AROMATIC CARBON - 75 

ϋ 50 - 74 
ζ 40 ζ 40 73 
L U »— 
U _ 

30 72 
o 20 71 

10 *r 1 I 1 1 1 1 1 ! 1 1 1 1 1 J 70 

Ε 

Ζ 
Ο ce 
oc 

< 
y 
< 
Ο 

F i g u r e 1, 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

HEATING TIME (HOURS) 

Carbon d i s t r i b u t i o n d u r i n g thermal t reatment . 

100,000 

£ ιο,οοο 

z 
LU 

Ο 

> 1000 

ιοοΐ 

SCT-PITCH (1): BY THERMAL PROCESS 

SCT-PITCH (2): BY CATALYTIC OXIDATION 
PROCESS 

PETROLEUM PITCH 

COAL TAR PITCH 

SCT-PITCH (1) 

SCT-PITCH (2) 

100 120 140 220 240 260 160 1 80 200 

TEMPERATURE (°C) 

V i s c o s i t y - t e m p e r a t u r e curves f o r S C T - p i t c h , c o a l t a r F igure 2 
p i t c h , and a petroleum p i t c h 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
9



9. DICKAKIAN Aromatic Pitch Production Using Steam-Cracker Tar 141 

Ζ 

ο 
υ 

0.06, 

SCT-PITCH (1] 

°- 0 5t3CT -PlTCH (2), 

— ι 1 1 1 1 1 
SCT-PITCH (1): By Distillation 

process 
SCT-PITCH (2): By catalytic oxida^ 

tion process 
SCT-PITCH (3): By thermal process 

DIG CONDITIONS: 
HEATING RATE: 10°C/min. 
NITROGEN RATE: 30cc/min. 

ίίχΓ 200 300 400 500 ^600^700 800 900 1000 

TEMPERATURE (°C) 

F i g u r e 3- D i f f e r e n t i a l thermogravimetr i c a n a l y s i s (DTG) i n n i t r o g e n 
o f SCT, petro leum, and c o a l t a r p i t c h e s . 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
9



142 PETROLEUM-DERIVED CARBONS 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
9



9. DICKAKIAN Aromatic Pitch Production Using Steam-Cracker Tar 143 

16i 1 1 1—ι—ι ι ι ι ι 1 1—ι—ι ι \ » 

WAVELENGTH = 320 2A 
TEMPERATURE = 93°C 
SOLVENT = TRICHLOROBENZENE 

ίο2 ίο3 io 4 

MOL. WEIGHT 

Figure 5. Molecular weight distribution of SCT, petroleum, and coal 
tar pitches. 

RECEIVED September 10, 1985 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

00
9



10 

Petroleum-Coke Overview 

James H. Waller, Gary W. Grimes, and John A. Matson 

The Pace Consultants, Inc., 5251 Westheimer, Houston, TX 77056 

Petroleum coke markets are complex due to coke's status as 
a refinery by-product and its use in a myriad of product 
applications, each influenced by unrelated economic forces. 
Heavier crude oils containing higher sulfur levels will in
crease the amount of 1,000+ Fahrenheit material available 
for coker feed, although coking units must compete with 
other bottom-of-the-barrel dispositions. However, the eco
nomic incentive to operate existing coking capacity will de
crease and reduce coker operating rates at least through 
1985. 

Petroleum coke markets are developed around a de
mand hierarchy that consists of several end-uses. Premium 
markets, including the use of calcined petroleum coke, will 
continue to be cyclical. As such, demand patterns for 
petroleum coke will remain volatile. 

Fuel grade petroleum coke will continue to experience 
incremental demand in Western European markets. As such, 
prices will closely follow steam coal sold in European mar
kets. Petroleum coke will continue to be priced at a discount 
to coal. 

Since the early 1950s, petroleum coke markets have changed radically. Once 
treated only as a refinery by-product by refiners, petroleum coke is now a 
permanent feature of several end use markets that are influenced by a 
variety of economic variables. Many refiners have begun to commit 
corporate resources to marketing their petroleum coke in hopes of realizing 
incremental revenues. Marketing was formerly left to a few specialized 
marketers who contributed to market viability by developing new customers 
and new uses of petroleum coke that are now considered as permanent 
market fixtures. 

In 1983, over 17 million short tons of petroleum coke were produced in 
the United States, where approximately two-thirds of the worldTs coking 
capacity is located. Pace estimated the value of this production to be over 
$650 million before further processing. 

0097-6156/86/0303-0144$06.00/0 
© 1986 American Chemical Society 
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10. WALLER ET AL. Petroleum-Coke Overview 145 

This presentation will focus on three basic market components: supply, 
demand (markets), and pricing. For petroleum coke, these components are 
not as straightforward as other petroleum product markets. Also, the 
following will discuss the use of petroleum coke by the utility power industry 
and new markets on the horizon. 

Supply 

Coking is the most economical method used to convert heavy residual fuel oil 
and heavy crudes to lighter, more valuable refined products. The buildup of 
coking capacity in the United States has resulted from economic forces that 
dictated a balance of light and heavy products. Coke production increases 
have generally followed increasing trends for light refined products such as 
gasoline and declining demand for residual fuel oil, as natural gas became a 
preferred fuel. 

Similar to other refining and industrial processes, the decision to 
construct and operate a coking unit is dependent upon unique economic 
factors. The price differential between residual fuel oil and crude oil is a 
major variable, although the relative prices of light and heavy crude, the 
demand for refined products, as well as the amount and type of conversion 
unit capacity also affect coking economics. Notice the value of petroleum 
coke was not included. Cokers have been justified in most cases even though 
the coke product was assumed to have zero value. 

Since petroleum coke is a by-product, normal supply/demand analysis of 
coke markets are insufficient to forecast production. The methodology 
used at Pace for forecasting both the quantity and quality of coke 
production (Figure 1) is: 

1. Forecast the demand for refined products using relationships tied to our 
economic forecasts and expected efficiency factors (such as miles per 
gallon of gasoline). 

2. Forecast the crude slate that would likely be used to meet the forecast 
demand. This is determined by an analysis of domestic reserves, 
historical production trends, and estimates of new production. The 
shortfall between domestic production and refinery crude runs is met by 
imported crudes which are selected on the basis of production/export 
capabilities, logistical factors, and historical trends. 

3. Once the crude slate is established, the supply of 1,000+ material is 
determined from our database of crude assays. 1,000+ material is that 
part of the barrel of crude oil which has a boiling point of 1,000°F or 
greater. This is typically the feed material to a coker. 

4. Forecast the quantity of 1,000+ material required to meet the demand 
for other products such as residual fuel oil and asphalt. The remaining 
1,000+ material is assumed to be coker feed. 

5. Use the coke yields typical for each forecast crude to determine the 
total production and quality of green coke. 

Our forecast is developed on a regional basis and then consolidated to a 
total U.S. forecast. We have computerized this forecasting methodogy, 
building a model that allows us to examine the effect of varying economic 
growth, product demands, and new crude discoveries on coke production and 
quality. 

The Pace forecast for refined products is shown graphically in Figure 2. 
The most notable features are increasing demand for middle distillates (diesel 
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146 PETROLEUM-DERIVED CARBONS 

and jet A), continued weakness in gasoline demand through 1990 followed by a 
slight upturn, and continued decline in demand for residual fuel oil through 
the remainder of this century. 

Figure 3 shows the crude runs necessary to meet our refined product 
demand forecast. The forecast includes two scenarios: one of normal 
trendline growth portrayed by several industry observers and Pace's own 
outlook for refinery crude runs based on a "cyclical" economic forecasting 
model. Our forecast shows runs to crude stills will remain below 12.5 million 
barrels per day for the remainder of the decade. 

The expected origin of crude oils to be processed in the future is shown 
in Figure 4. The crude oil actually processed, as mentioned earlier, has a 
pronounced effect on both coke quantity and quality, since individual crudes 
vary in terms of viscosity, sulfur content and other contaminants such as 
trace metals. 

As shown in Figure 5, average crude gravity is expected to drop another 
degree API by the end of the century. This is a less dramatic change than the 
almost two degree drop of the last six years. Sulfur content is expected to 
increase from about one percent to 1.2 percent by 2000. That portion of the 
average crude mix with a boiling point greater than 1000 degrees Fahrenheit 
is expected to increase approximately one percent by 2000. 

These and other factors are incorporated into Pace's coke production 
model. Our original forecast indicated peak coke production in 1982 of 
approximately 17 million short tons, followed by a sharp decline to 1985. The 
predicted decline never occurred for several reasons. We believe the major 
reason was the production momentum that occurred following the completion 
of several coker projects in late 1983. Many of the projects, originally 
planned at a time of attractive coking economics but started up under less 
favorable conditions, were operated regardless of the economics. It is 
difficult to complete an expensive refinery upgrade and let it sit because the 
economics no longer justify its operation. 

Figure 6 represents our current forecast of coke production and average 
sulfur content. Coke production through the first half of 1984 occurred at an 
annualized rate of 19.7 million short tons (about 86 percent of calendar day 
capacity basis). However, monthly production rates have recently dropped 
considerably. From AprilTs rate of about 56,000 short tons per day, which was 
the highest ever incurred by the United States refining industry, production 
has slipped to 52,000 short tons per day. 

Coke production should continue to follow a downward trend throughout 
1984 and 1985 before increasing through the remainder of the century. The 
basis for the forecast in the near term is an expected narrow price 
differential between both heavy crude and residual fuel and light crudes. 
Although several factors may be cited for narrow price differentials over the 
next 18 months to two years, the most obvious is the refining industry's (both 
at home and abroad) increased ability to process heavy crude oil into lighter 
refined products. Between 1980 and 1983, approximately 1.5 million barrels 
per day of new capacity was installed throughout the free world to destroy 
heavy oil; currently, another 1.9 million barrels per day of capacity is either 
announced or under construction. The buildup in heavy oil processing 
operations has been detrimental to coker economics. 

Figure 7 shows expected coke production levels in the United States by 
sulfur content category. Shown is Pace's current petroleum coke production 
forecast. Most of the additional coke production will be in the category of 
four percent sulfur or greater. 
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Figure 1. Methodology. 
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PETROLEUM-DERIVED CARBONS 
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Figure 4. U.S. crude oil supply. 
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Figure 5. United States crude quality. 
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10. WALLER ET AL. Petroleum-Coke Overview 149 

This figure also indicates the expanded coke capacity base and how 
under-utilized this equipment will be in the mid-1980s. No additional coking 
units are expected for 1986 through the end of this century. 

Demand. 

Several characteristics of petroleum coke markets should be 
recognized to fully understand market behavior. Succinctly, these include: 

• Price inelastic supply 
• Coke is a refinery by-product 
• Marketing functions are performed by specialized marketers 
• Several distinctive end uses exist 
• Demand follows an identifiable price hierarchy. 

The first two characteristics of today's coke markets were alluded to 
earlier. Coke prices rarely, if ever, influence the decision to produce coke or 
construct a coking unit. Therefore, the entire coke marketing scheme has 
been one of maximizing revenues from coke disposal requirements. 

Figure 8 illustrates 1983 coke markets according to consuming indus
tries worldwide. Most of the petroleum coke consumed by the steel industry 
occurs outside of the United States, since metallurgical coal is widely 
available here. Most calcined coke is consumed by the aluminum industry in 
the production of primary aluminum. Cement producers burn a coke/coal mix 
in their cement kilns. Finally, utility coke consumption is relatively a small 
portion of total demand. 

Figure 9 describes petroleum coke markets in terms of consuming world 
regions. Western Europe consumes the largest share of United States 
petroleum coke. The European steel and cement industries are consistent 
customers. In fact, the European fuel market (cement, ceramics, glass, 
utilities) can be considered as the market sump. If the price of coke declined 
to a hypothetical level, the European fuel market alone could probably absorb 
all of the United States coke production. 

Several combined factors lead to this conclusion. They include: 

• Europe is a net importer of solid fuels. 
• The European market is price sensitive and flexible enough to 

switch much of the consumption to the cheapest available 
source. 

• The low ash, high BTU characteristics of petroleum coke 
complement the high ash, low BTU characteristics of local 
coal. 

• Most installations have fuel blending equipment to take advan
tage of economical fuels. 

• The volume of coke consumption is small relative to coal 
consumption. 

Petroleum coke consumption by the utility power industry has been 
minor, even though another solid fuel, coal, has become the industry's major 
source of fuel. Domestically, only 630,000 short tons of petroleum coke was 
consumed by the United States utility industry in 1983, or approximately 
three percent of total domestic petroleum coke production. 

Four United States utilities burned petroleum coke in 1983: Delmarva 
Power and Light, Pennsylvania Power and Light, Northern States Power and 
Wisconsin Power and Light. The common incentive for burning petroleum 
coke was the reduction of fuel costs. Petroleum coke's high BTU content can 
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Figure 7. United States coke production. 
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Figure 8. World markets for U.S. green petroleum coke - 1983. 
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10. WALLER ET AL. Petroleum-Coke Overview 151 

contribute significantly to a lower fuel bill. Delmarva combines fuel oil with 
their coke, while the other utilities blend a coke-coal mixture for fuel. 

Several reasons may be cited for the domestic utility power industry's 
overall lack of interest in petroleum coke. One is the well established use of 
coal, which is purchased under long-term contracts with relatively level 
prices. By comparison, both the availability and price of coke are typically 
volatile from year to year. 

The high sulfur content of fuel grade petroleum coke has also restricted 
its use as utility power fuel. Additional capital costs would be incurred by a 
utility choosing to burn petroleum coke to reduce sulfur emissions. 

Use of petroleum coke would also require greater logistical, handling, 
and purchasing flexibility by a utility. With current technology, petroleum 
coke is burned as a blend with coal, anthracite, fuel oil or natural gas. This 
requires additional mixing equipment and storage space which may not be 
compensated for by lower petroleum coke prices. 

The final point for petroleum coke demand is new uses that are 
currently being developed. No single new application is expected to increase 
demand over the next few years. However, the combined effect could be 
significant. In fact, the existence of today's demand can be directly 
attributed to creative market development over the years for this refinery 
by-product. 

Briefly, new uses may include improved coke-fuel oil mixtures, feed
stock for petrochemical manufacture via gasification, lime kiln fuel for 
paper mills and as cogeneration fuel at refinery sites. The potential for coke 
usage with fuel oil is particularly high in Japan, where several industry 
participants estimate an additional 1.5 million short tons could be consumed 
annually. 

Also, cogeneration project developers are seriously considering petro
leum coke as a viable fuel source. The Delmarva Power plant in Delaware 
City, Delaware has been producing electricity and steam for Getty Oil's 
nearby refinery for several years. Atlantic Richfield is currently construct
ing a cogenerator at its Houston, Texas refinery with start up expected in 
1986. The ARCO project will generate 135 MW and consume 500,000 tons of 
petroleum coke each year. 

Pricing. 
Petroleum coke prices are determined by several factors, including 

quality characteristics (e.g., sulfur, metals, and ash content), availability of 
competing carbon-based products, and requirements for further processing. 
Petroleum coke marketers and producers have continuously attempted to 
maximize the value of their available supplies by selling as much coke as 
possible to higher-valued end-use markets, or developing new markets where 
premium prices could be supported. Thus, a pricing hierarchy has evolved to 
the extent that each end-use market maintains unique pricing mechanisms for 
petroleum coke. 

As mentioned previously, the European industrial fuels market is placed 
near the bottom of the petroleum coke market hierarchy. Home heating 
markets in Europe attract the highest prices for petroleum coke but consume 
a small fraction of annual production. The largest "premium" market by far 
is the domestic calcining industry. Market/pricing hierarchy is shown below. 
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152 PETROLEUM-DERIVED CARBONS 

Petroleum Coke Market Hierarchy 

• European Space Heating 
• united States Calcining 
• Japanese Carbide 
• Japanese Steel 
• European Steel 
• Japanese Industrial Fuel 
• European Industrial Fuel 
• United States Industrial Fuel 

The petroleum coke market hierarchy arose because the value and 
distribution of petroleum coke has historically been limited by the quality 
demanded in each specific end use. As this market hierarchy became 
defined, a clearly stratified pricing scheme emerged for various coke 
qualities. However, the market hierarchy can crumble if demand for higher 
quality petroleum coke decreases, as it has several times in the past. When 
this occurs, petroleum coke that previously was consumed by upper tier 
markets, such as the domestic calcining industry or Japanese steel industry, 
is dumped into the lower tier markets. 

Marketers who fail to anticipate cyclical downturns in their premium 
markets can suffer severe losses when forced to sell to fuel markets instead. 
To compound this fragile pricing structure, the supply keeps coming since 
petroleum coke production is inelastic to demand. 

Figure 10 illustrates the consequences of the volatile petroleum coke 
pricing scheme. In 1981, the aluminum industry was absorbing large 
quantities of low sulfur petroleum coke. This resulted in a terrific price 
spread between low sulfur and high sulfur coke. Rather quickly, however, the 
price differential disappeared in 1982 as the aluminum industry suffered the 
effects of economic recession. 

Since that time, several factors have combined to continue the price 
roller-coaster. Low sulfur petroleum coke prices rose considerably early in 
1984 as aluminum production increased. By the second quarter, low sulfur 
prices reached $60 per short ton and higher at several Gulf Coast production 
points. Prices for fuel-grade coke were also strong, due to several factors, 
including: 

• Strong demand in premium markets which prevented higher 
quality coke from being dumped into the fuels markets. 

• Active export markets that consisted of buyers stocking up 
with solid fuel and suppliers over-extending supply commit
ments. The buildup in customer stockpiles was indirectly 
linked to the British coal strike and the threatened United 
States coal strike. 

• A slight decrease in petroleum coke production that began in 
June. 

Fuel grade prices reached $42 to $44 by late summer. At these levels, 
many offshore customers began to shun coke purchases in favor of coal. 
Exports should remain soft for the remainder of the year as a result. 

The close pricing relationships between fuel grade petroleum coke and 
at least one coal sold in the world markets are shown in Figure 11. South 
African coal was chosen to illustrate this relationship because it is widely 
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Figure 9. Markets for U.S. green petroleum coke - 1983. 
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Figure 10. Gulf Coast green coke prices. 
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Figure 11. Price of U.S. green coke and South African coal. 
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154 PETROLEUM-DERIVED CARBONS 

available on a spot basis in several world markets. Petroleum coke is also 
very spot-oriented. 

As shown, petroleum coke sells at a discount to South African coal (as 
well as coal from other regions that is sold primarily through spot transac
tions). There are several reasons for this discount: 

• Petroleum coke has a higher sulfur content than South African 
coal. 

• Some forms of petroleum coke (such as shot coke) can have 
additional handling costs. 

• There is a "spot-on-spot" characteristic of coke—because of 
sudden declines in premium markets, more coke may be 
available for the spot fuel market—usually at an increased 
discount. 

Petroleum coke's discount to coal can be at times very unstable. Coal 
prices are primarily cost-based while coke prices depend on several factors 
previously mentioned. Although we do not believe fuel grade petroleum coke 
prices will follow coal/coke pricing relationships to the letter, we feel that as 
markets continue to develop, the relationship will become more clearly 
defined to market participants and observers. 

Summarizing petroleum coke pricing, there are as many pricing vari
ables to consider as there are applications of petroleum coke. Mechanisms 
for fuel grade coke have been discussed briefly; however, this ignores several 
other pricing considerations for calcined petroleum coke, needle coke, 
metallurgical petroleum coke, and others. These markets have myriad 
pricing factors which must be considered in establishing current prices or 
forecasting future prices. 

In spite of these complexities, two conclusions can be made. First, 
petroleum coke prices will remain volatile due to cyclical demand in premium 
markets, fragile market hierarchies, and the orientation toward significant 
spot purchasing arrangements. The second conclusion is that the absolute 
"floor" price of petroleum coke (regardless of quality) will be linked to steam 
coal in Western Europe. 

These conclusions have notable implications for petroleum coke con
sumers. For example, a common response of solid fuel consumers when asked 
about their views on possible petroleum coke purchases is "it is not available 
when I need it and when it is the price is too high." This statement 
underscores petroleum coke's volatility and describes the inherent risks 
involved in the markets. 

Fortunately for petroleum coke consumers, middle marketers exist who 
are willing to hold inventories and expose themselves to supply and demand 
risks. In return, marketers receive profit margins that could indeed be 
avoided if a consumer were to purchase petroleum coke directly from a 
producer (refiner). Middle marketers, therefore, absorb much of the risk 
involved in petroleum coke trade, stabilizing prices, and allowing more solid 
fuel consumers to consider and plan coke purchases. 

RECEIVED February 8, 1985 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

01
0



11 

Delayed-Coking Process Update 

Robert DeBiase, John D. Elliott, and Thomas E. Hartnett 

Foster Wheeler Energy Corporation, 110 South Orange Avenue, Livingston, NJ 07039 

Important recent trends and new developments have 
contributed to profitable, reliable, and safe operation 
of delayed cokers. A typical delayed coker consists of 
four sections: coking, fractionation, coker blowdown, 
and coke dewatering and handling. The main types of 
coke dewatering and handling systems are described as 
pit, pad, railcar, and dewatering bin. General coke 
types, feedstock considerations, pretreatment and 
process variables are reviewed with emphasis on recent 
trends towards minimizing production of fuel grade coke 
from heavy feedstocks. Typical uses of petroleum coke 
are discussed, including those for fuel grade coke. 

Trends and developments on the design of modern delayed 
cokers include improved heater design, larger coke 
drums designed for longer life at short operating 
cycles, extended range hydraulic decoking systems, 
enclosed blowdown systems and improved energy 
efficiency. Older delayed cokers can be revamped in a 
number of ways to increase capacity and improve the 
yield of desirable products. 

Delayed coking i s a processing technology t h a t has been i n use f o r 
over f i v e decades. During t h i s time, i t has come i n t o widespread 
use as an economic means f o r upgrading heavy crudes, residues, t a r s 
and decant o i l s to produce gas, g a s o l i n e , gas o i l and coke. I t i s 
seen as an a t t r a c t i v e residue upgrading process because of i t s 
moderate c a p i t a l investment and i t s a b i l i t y as a s i n g l e u n i t , to 
process a wide v a r i e t y of feedstocks. As more and more delayed 
cokers are b u i l t , new technology i s being developed to create a 
more p r o f i t a b l e , r e l i a b l e and safe operation. This paper w i l l 
b r i e f l y review the b a s i c aspects of delayed coking and discuss-
recent trends and new developments. 

In delayed coking, a r e s i d u a l feedstock i s charged to a 
furnace where i t i s r a p i d l y heated and thermally decomposed. The 
heater e f f l u e n t then enters a coke drum where the r e a c t i o n i s 

0097-6156/86/0303-0155$06.00/0 
© 1986 American Chemical Society 
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156 PETROLEUM-DERIVED CARBONS 

c o m p l e t e d a n d p e t r o l e u m c o k e a n d o v e r h e a d v a p o r s a r e f o r m e d . T h e 
p r o c e s s m e c h a n i s m f o r d e l a y e d c o k i n g i s a s f o l l o w s (1_) : 

(1) P a r t i a l v a p o r i z a t i o n a n d m i l d c r a c k i n g o f t h e f e e d a s 
i t p a s s e s t h r o u g h t h e f u r n a c e . 

(2) C r a c k i n g o f t h e v a p o r a s i t p a s s e s t h r o u g h t h e d r u m . 
(3) S u c c e s s i v e c r a c k i n g a n d p o l y m e r i z a t i o n o f t h e h e a v y 

l i q u i d t r a p p e d i n t h e d r u m u n t i l i t i s c o n v e r t e d t o 
v a p o r a n d c o k e . 

T h e c o k e p r o d u c e d i s m o s t l y e l e m e n t a l c a r b o n a n d i s u s e d i n 
a p p l i c a t i o n s d e s c r i b e d b e l o w . T h e g a s e o u s a n d l i q u i d p r o d u c t s a r e 
v a l u a b l e f e e d s t o c k s f o r d o w n s t r e a m p r o c e s s i n g o r s o m e t i m e s u s e d a s 
p r o d u c t s . 

U n i t D e s c r i p t i o n 

A t y p i c a l d e l a y e d c o k e r u n i t c o n s i s t s o f c o k i n g , f r a c t i o n a t i o n a n d 
b l o w d o w n s e c t i o n s , a l o n g w i t h c o k e h a n d l i n g f a c i l i t i e s . C o k e r g a s 
i s e i t h e r p r o c e s s e d i n a d e d i c a t e d v a p o r r e c o v e r y u n i t o r may be 
s e n t f o r p r o c e s s i n g , t o g e t h e r w i t h o t h e r g a s e s , t o a c e n t r a l i z e d 
v a p o r r e c o v e r y u n i t . 

C o k i n g S e c t i o n . F i g u r e 1 i s a s i m p l i f i e d p r o c e s s f l o w d i a g r a m o f 
t y p i c a l c o k i n g a n d f r a c t i o n a t i o n s e c t i o n s . T h e m a j o r e q u i p m e n t 
i n c l u d e d i n t h e c o k i n g s e c t i o n a r e t h e c o k e r h e a t e r , t h e c o k e 
drums a n d t h e h y d r a u l i c d e c o k i n g e q u i p m e n t . T h e f e e d s t o c k e n t e r s 
e i t h e r h o t f r o m a n u p s t r e a m p r o c e s s i n g u n i t o r c o l d f r o m s t o r a g e . 
I t i s o f t e n p r e h e a t e d w i t h i n t h e d e l a y e d c o k e r u n i t . T h e f e e d i s 
c h a r g e d t o t h e b o t t o m o f t h e f r a c t i o n a t o r w h i c h i s u s e d f o r f e e d 
s u r g e . I n t h e b o t t o m o f t h e f r a c t i o n a t o r t h e f e e d c o m b i n e s w i t h 
t h e c o n d e n s e d r e c y c l e . T h e r e s u l t i n g h e a t e r c h a r g e i s pumped t o 
t h e c o k e r h e a t e r w h e r e i t i s r a p i d l y h e a t e d t o t h e d e s i r e d c o k i n g 
t e m p e r a t u r e b e f o r e f l o w i n g t o t h e c o k e drum w h e r e t h e c o k i n g 
r e a c t i o n i s c o m p l e t e d . T h e c o k e r e m a i n s i n t h e d r u m a n d t h e o v e r 
h e a d v a p o r s a r e d i r e c t e d t o t h e f r a c t i o n a t i o n s e c t i o n . A minimum 
o f two c o k e drums a r e r e q u i r e d , one d r u m i s i n c o k i n g s e r v i c e 
w h i l e t h e o t h e r d r u m i s b e i n g d e c o k e d . A f t e r s t e a m i n g a n d c o o l i n g 
o f t h e c o k e , t h e u p p e r a n d l o w e r f l a n g e s o f t h e c o k e d r u m a r e 
r e m o v e d . N e x t , a p i l o t h o l e i s b o r e d t h r o u g h t h e c o k e u s i n g h i g h 
p r e s s u r e w a t e r a n d a h y d r a u l i c b o r i n g t o o l . T h e c o k e i s t h e n c u t 
o u t w i t h a h y d r a u l i c c u t t i n g t o o l . T h e c o k e f a l l s f r o m t h e d r u m 
t o t h e d e w a t e r i n g f a c i l i t i e s f o r s e p a r a t i o n o f t h e c o k e f r o m t h e 
w a t e r . 

F r a c t i o n a t i o n S e c t i o n . A t y p i c a l f r a c t i o n a t i o n s e c t i o n i n c l u d e s 
t h e c o k e r f r a c t i o n a t o r a n d a t t e n d a n t h e a t e x c h a n g e e q u i p m e n t , t h e 
l i g h t g a s o i l s i d e s t r e a m s t r i p p e r a n d t h e o v e r h e a d s y s t e m . T h e 
c o k e d r u m o v e r h e a d v a p o r s e n t e r t h e f r a c t i o n a t o r u n d e r s h e d t r a y s 
w h i c h a r e l o c a t e d b e l o w c o n v e n t i o n a l wash t r a y s . H o t i n d u c e d g a s 
o i l r e f l u x i s pumped t o t h e w a s h t r a y s t o c o n d e n s e r e c y c l e a n d t o 
w a s h t h e p r o d u c t v a p o r s . T h e l i g h t a n d h e a v y g a s o i l p r o d u c t s a r e 
c o n d e n s e d a s s i d e s t r e a m p r o d u c t s . T h e l i g h t g a s o i l p r o d u c t i s 
u s u a l l y s t e a m s t r i p p e d i n a s i d e s t r e a m s t r i p p e r . T h e o v e r h e a d 
v a p o r s f r o m t h e f r a c t i o n a t o r a r e p a r t i a l l y c o n d e n s e d a n d t h e g a s 
a n d g a s o l i n e p r o d u c t s a r e d i r e c t e d t o t h e v a p o r r e c o v e r y u n i t . 
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158 PETROLEUM-DERIVED CARBONS 

A p o r t i o n o f t h e c o n d e n s e d g a s o l i n e i s pumped b a c k t o t h e t o w e r a s 
r e f l u x . T h e s o u r w a t e r c o l l e c t e d i n t h e o v e r h e a d d r u m i s s e n t t o 
b a t t e r y l i m i t s f o r t r e a t i n g . 

C o k e r Blowdown S y s t e m . F i g u r e 2 shows a t y p i c a l c o k e r b l o w d o w n 
s y s t e m . T h i s s y s t e m i s u t i l i z e d f o r b o t h p o l l u t i o n c o n t r o l a n d 
f o r i n c r e a s e d r e c o v e r y o f h y d r o c a r b o n s . A f t e r a d r u m i s s w i t c h e d 
f r o m c o k i n g t o d e c o k i n g s e r v i c e , t h e c o k e i s s t e a m e d o u t a n d t h e n 
c o o l e d b y w a t e r i n j e c t i o n . D u r i n g t h i s t i m e , t h e h y d r o c a r b o n s 
s t r i p p e d f r o m t h e c o k e a r e d i r e c t e d , t o g e t h e r w i t h t h e r e s u l t a n t 
s t e a m , t o t h e b l o w d o w n s y s t e m . T h e s t e a m a n d h y d r o c a r b o n f r o m t h e 
s t e a m o u t a n d c o o l i n g c y c l e o p e r a t i o n s f l o w t o t h e c o k e r b l o w d o w n 
d r u m w h e r e t h e h e a v y h y d r o c a r b o n s a r e c o n d e n s e d b y a c i r c u l a t i n g 
g a s o i l s t r e a m . T h e s e h e a v y h y d r o c a r b o n s a r e pumped b a c k t o t h e 
c o k e r f r a c t i o n a t o r . S t e a m l e a v e s t h e t o p o f t h e c o k e r b l o w d o w n 
d r u m a n d i s c o n d e n s e d i n t h e b l o w d o w n c o n d e n s e r a l o n g w i t h a s m a l l 
amount o f o i l . T h e o i l a n d w a t e r a r e s e p a r a t e d i n t h e b l o w d o w n 
s e t t l i n g d r u m , w i t h t h e w a t e r g o i n g t o o f f s i t e t r e a t i n g f a c i l i t i e s 
o r t o t h e d e c o k i n g w a t e r t a n k , w h i l e t h e o i l g o e s t o s l o p f o r 
d e w a t e r i n g a n d r e c o v e r y . T h e r e m a i n i n g v a p o r s f r o m t h e b l o w d o w n 
s e t t l i n g d r u m may be c o m p r e s s e d a n d s e n t b a c k t o t h e c o k e r 
f r a c t i o n a t o r o v e r h e a d d r u m o r t r e a t e d a n d s e n t t o t h e f u e l g a s 
s y s t e m . A l t e r n a t i v e l y , t h e s e v a p o r s c a n be f l a r e d o r r e c o v e r e d b y 
a f l a r e g a s r e c o v e r y c o m p r e s s o r . 

C o k e D e w a t e r i n g a n d H a n d l i n g S y s t e m . When a c o k e d r u m i s b e i n g 
e m p t i e d , c o k e a n d w a t e r m u s t be c o l l e c t e d a n d s e p a r a t e d . To 
a c c o m p l i s h t h i s , t h e f a c i l i t i e s c o m m o n l y u s e d t o d a y i n c l u d e p i t 
d e w a t e r i n g , p a d d e w a t e r i n g , d e w a t e r i n g b i n , a n d d i r e c t r a i l c a r 
l o a d i n g . A s h o r t d e s c r i p t i o n o f e a c h f o l l o w s . 

I n p i t d e w a t e r i n g , t h e c o k e a n d w a t e r d r o p f r o m t h e c o k e d r u m , 
t h r o u g h a c h u t e , i n t o a l a r g e p i t w h i c h p r o v i d e s s e v e r a l d a y s o f 
s t o r a g e . W a t e r d r a i n s t h r o u g h t h e c o k e i n t o a maze w h e r e a n y 
r e m a i n i n g c o k e f i n e s s e t t l e t o t h e b o t t o m . C o k e i s r e m o v e d f r o m 
t h e c o k e p i t w i t h a n o v e r h e a d c r a n e . T h e l a r g e s t o r a g e c a p a c i t y o f 
t h e p i t makes i t e s p e c i a l l y s u i t e d f o r u n i t s w i t h f o u r o r more c o k e 
d r u m s . F o s t e r W h e e l e r h a s i m p l e m e n t e d t h i s a p p r o a c h i n many o f t h e 
r e c e n t l y b u i l t d e l a y e d c o k e r s . A t y p i c a l p i t d e w a t e r i n g s y s t e m i s 
d e p i c t e d i n F i g u r e 3. 

P a d t y p e d e w a t e r i n g i s s i m i l a r t o p i t d e w a t e r i n g . T h e m a j o r 
d i f f e r e n c e i s t h a t t h e c o k e a n d w a t e r d r o p o n t o a g r a d e l e v e l p a d . 
T r a d i t i o n a l l y , w a t e r d r a i n s t h r o u g h c o k e p a c k e d p o r t s i n t h e p a d 
w a l l a n d i s t h e n c l a r i f i e d o f r e m a i n i n g f i n e s i n a s e t t l i n g m a z e . 
A new c o k e f i n e s f i l t e r i n g s y s t e m h a s b e e n d e v e l o p e d b y F o s t e r 
W h e e l e r w h i c h r e m o v e s c o k e f i n e s f r o m t h e d e c o k i n g w a t e r b y u s e o f 
c o k e f i l l e d b a s k e t s . C o k e i s r e m o v e d f r o m t h e p a d w i t h a f r o n t - e n d 
l o a d e r . P a d d e w a t e r i n g o f f e r s a l o w e r c a p i t a l i n v e s t m e n t a n d 
s i m p l e r o p e r a t i o n t h a n p i t d e w a t e r i n g . T h e d r a w b a c k s o f p a d 
d e w a t e r i n g a r e t h a t t h e c o k e s t o r a g e c a p a c i t y i s l i m i t e d b y p l o t 
a r e a . A t y p i c a l p a d d e w a t e r i n g o p e r a t i o n i s i l l u s t r a t e d i n 
F i g u r e 4. 

D i r e c t r a i l c a r l o a d i n g a l l o w s t h e c o k e t o d r o p d i r e c t l y f r o m 
t h e c o k e d r u m i n t o a r a i l c a r . C o k e a n d m a j o r i t y o f f i n e s r e m a i n 
i n t h e r a i l c a r . W a t e r d r a i n s f r o m t h e r a i l c a r t o a sump a n d i s 
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160 PETROLEUM-DERIVED CARBONS 

t h e n pumped t o a c l a r i f i e r . T h i s s y s t e m o f f e r s t h e l o w e s t c a p i t a l 
i n v e s t m e n t , b u t r e q u i r e s e x t r a t i m e t o d e c o k e t h e c o k e drum t o 
a l l o w f o r r a i l c a r m o v e m e n t . I t i s u s u a l l y l i m i t e d t o u n i t s w i t h 
s m a l l c o k e d r u m s . A d i r e c t r a i l c a r l o a d i n g s y s t e m i s shown i n 
F i g u r e 5. 

A d e w a t e r i n g b i n s y s t e m i s one i n w h i c h t h e c o k e a n d w a t e r 
f a l l f r o m t h e c o k e d r u m i n t o a c r u s h e r a n d t h e n , e i t h e r b y g r a v i t y 
o r b y s l u r r y pump, a r e d i r e c t e d t o a d e w a t e r i n g b i n . I n a g r a v i t y 
f l o w s y s t e m , a n i n n o v a t i o n d e v e l o p e d b y F o s t e r W h e e l e r , t h e c o k e 
drum a n d c r u s h e r a r e m o u n t e d o n t o p o f t h e d e w a t e r i n g b i n . I n a 
s l u r r y s y s t e m t h e c r u s h e d c o k e i s pumped f r o m a sump l o c a t e d 
d i r e c t l y b e l o w t h e c o k e d r u m a n d c r u s h e r t o t h e d e w a t e r i n g b i n . 
T h e d e w a t e r i n g b i n i s a l a r g e v e r t i c a l d r u m w h e r e t h e c o k e a n d 
w a t e r a r e s e p a r a t e d b y g r a v i t y . T h e c o k e i s a l l o w e d t o s e t t l e a n d 
t h e w a t e r i s d r a i n e d f r o m t h e drum a n d d i r e c t e d t o a w a t e r t a n k f o r 
c l a r i f i c a t i o n . When d e w a t e r i n g i s c o m p l e t e , t h e c o k e i s d i s c h a r g e d 
f r o m t h e d e w a t e r i n g b i n . F o s t e r W h e e l e r h a s d e v e l o p e d t o t a l l y 
e n c l o s e d s y s t e m s w h i c h a r e e s p e c i a l l y d e s i r a b l e i n a r e a s w i t h 
s t r i c t e n v i r o n m e n t a l r e g u l a t i o n s . T h e m a i n d r a w b a c k o f t h e 
d e w a t e r i n g b i n i s t h a t i t r e q u i r e s t h e l a r g e s t c a p i t a l i n v e s t m e n t 
o f a l l d e w a t e r i n g f a c i l i t i e s . Of t h e two s y s t e m s , g r a v i t y a n d 
s l u r r y , g r a v i t y f l o w i s t h e more e x p e n s i v e . H o w e v e r , t h e s l u r r y 
s y s t e m r e q u i r e s a s u b s t a n t i a l amount o f w a t e r c i r c u l a t e d t o 
t r a n s p o r t t h e c o k e . T h e s l u r r y f l o w a n d g r a v i t y f l o w s y s t e m s a r e 
d e p i c t e d i n F i g u r e s 6 a n d 7, r e s p e c t i v e l y . 

T y p e s o f P e t r o l e u m C o k e 

T h e t h r e e m a i n t y p e s o f c o k e t h a t a r e p r o d u c e d i n a d e l a y e d c o k e r 
a r e t y p i c a l l y c a t e g o r i z e d a s n e e d l e c o k e , s p o n g e c o k e a n d s h o t c o k e . 
N e e d l e c o k e i s a p r e m i u m g r a d e c o k e , w h i c h i s c o n s i d e r e d a 
s p e c i a l t y c o k e a n d i s p r o d u c e d f r o m s p e c i f i c a r o m a t i c f e e d s t o c k s . 
T h e r e g u l a r g r a d e s o f c o k e a r e s p o n g e c o k e a n d s h o t c o k e . A s h o r t 
d e s c r i p t i o n o f e a c h t y p e o f c o k e f o l l o w s . 

N e e d l e C o k e . U s u a l l y p r o d u c e d f r o m h i g h l y a r o m a t i c t h e r m a l t a r , 
p y r o l y s i s t a r o r d e c a n t e d o i l s t o c k s . T h i s c o k e i s t y p i c a l l y 
c h a r a c t e r i z e d b y a f i b r o u s t e x t u r e w i t h l o n g , u n i d i r e c t i o n a l 
" n e e d l e s " o f c o k e . T h i s f o r m o f c o k e i s a p r e m i u m p r o d u c t , w h i c h 
i s s o l d t o t h e c a r b o n i n d u s t r y f o r u s e i n t h e m a n u f a c t u r e o f l a r g e 
g r a p h i t e e l e c t r o d e s . 

S p o n g e C o k e . T h i s t y p e o f c o k e i s c o n s i d e r e d a f o r m o f r e g u l a r 
c o k e a n d i s p r o d u c e d f r o m h i g h r e s i n - a s p h a l t e n e f e e d s . I t 
c o n t a i n s s m a l l p o r e s w i t h no i n t e r c o n n e c t i o n s . S p o n g e c o k e c a n 
v a r y f r o m l i g h t " h o n e y c o m b " v a r i e t i e s t o h e a v y i s o t r o p i c t y p e s . 
S p o n g e c o k e w i t h l o w s u l f u r a n d a s h c o n t e n t s i s g e n e r a l l y s o l d a s 
a n o d e c o k e t o b e u s e d i n t h e a l u m i n u m i n d u s t r y . H i g h s u l f u r , h i g h 
m e t a l s c o k e i s f r e q u e n t l y s o l d a s low v a l u e f u e l g r a d e c o k e . 

S h o t C o k e . A n o t h e r f o r m , g e n e r a l l y u n d e s i r a b l e , o f r e g u l a r c o k e i s 
f o r m e d a s s m a l l s p h e r e s o f t e n h e l d t o g e t h e r i n a m a t r i x o f s p o n g e 
c o k e o r i n l a r g e s p h e r e s o f s h o t c o k e a l o n e . T h e f o r m a t i o n i s 
h i g h l y d e p e n d e n t u p o n f e e d s t o c k s s u c h as M a y a , West T e x a s S o u r a n d 
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RAILROAD 
HOPPER CAR 

F i g u r e 3. P i t T y p e C o k e H a n d l i n g S y s t e m . 

F i g u r e 4. P a d T y p e D e w a t e r i n g S y s t e m . 

F i g u r e 5. D i r e c t R a i l C a r L o a d i n g . 
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some C a l i f o r n i a residues, shale o i l and g i l s o n i t e . Operating 
c o n d i t i o n s such as temperature, pressure and r e c y c l e a l s o a f f e c t 
shot coke formation. 

Feedstocks 

As crudes become heavier w i t h higher l e v e l s of s u l f u r and metals, 
i t becomes more d i f f i c u l t to produce acceptable marketable coke 
q u a l i t y while maximizing d e s i r a b l e l i q u i d product y i e l d . This 
mandates tha t r e f i n e r s and designers s c r u t i n i z e p h y s i c a l p r o p e r t i e s , 
upstream processing and downstream requirements when s e l e c t i n g a 
feedstock. 

The p h y s i c a l p r o p e r t i e s of a c e r t a i n feedstock t h a t determine 
the y i e l d s and product q u a l i t i e s i n c l u d e g r a v i t y , c h a r a c t e r i z a t i o n 
f a c t o r , carbon residue, s u l f u r content and metals content. The 
l a s t three p r o p e r t i e s are of s p e c i f i c importance. 

Carbon Residue. The carbon residue i s one f a c t o r used to determine 
coke y i e l d as a percentage of f r e s h feed, and i s defined as the 
carbon residue remaining a f t e r evaporation and p y r o l y s i s of the 
feedstock i n a s p e c i f i e d procedure. A l l other o p e r a t i n g c o n d i t i o n s 
being the same, as the carbon residue i s increased, more coke w i l l 
be produced. In recent years, as the q u a l i t y of crudes has 
diminished, the carbon residue of vacuum residue feedstocks has 
increased from t y p i c a l values of 10 to 20 weight % to 20 to 30 
weight % and more. 

S u l f u r Content. Another important feedstock p h y s i c a l property 
r e l a t e d to delayed coking i s the s u l f u r content. The s u l f u r 
present i n the feedstock tends to concentrate i n the coke, where 
the s u l f u r l e v e l i s u s u a l l y equal to or higher than t h a t of the 
feedstock. S u l f u r l e v e l s as high as 4 weight % i n today's 
feedstocks can cause unacceptably high l e v e l s of s u l f u r i n the 
coke product. The r e s u l t i n g coke may not be acceptable f o r 
m e t a l l u r g i c a l use and may be a problem when burned as f u e l . 

Metals Content. When producing coke f o r electrode or anode use, 
feedstock metals content must be reviewed r e l a t i v e to coke product 
s p e c i f i c a t i o n s . As i n the case of s u l f u r , metals tend to 
concentrate i n the coke. 

The most common upstream processing methods f o r producing 
r e g u l a r coke feedstocks are atmospheric and vacuum d i s t i l l a t i o n . 
Another upstream feedstock preparation process i s v i s b r e a k i n g . 
Other a l t e r n a t i v e s include charging heavy crude o i l or asphalt 
from a so l v e n t deasphalter. Charging whole crude w i l l a l l o w the 
coker f r a c t i o n a t o r to operate as both a crude u n i t , by d i s t i l l i n g 
o f f the l i g h t e r p o r t i o n of the crude, and a delayed coker by coking 
and c r a c k i n g the heavier r e s i d u a l f r a c t i o n . However, charging whole 
crude i s g e n e r a l l y l i m i t e d to heavy crudes w i t h minimal d i s t i l l a t e . 
Examples of re g u l a r grade coke feedstock and product y i e l d s are 
given l a t e r . 

When producing needle coke, the r e f i n e r must be more s e l e c t i v e 
i n determining i f a feedstock i s s u i t a b l e . Needle coke has a 
h i g h l y c r y s t a l l i n e s t r u c t u r e which must be produced from an 
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164 PETROLEUM-DERIVED CARBONS 

a r o m a t i c f e e d s t o c k w i t h low s u l f u r a n d m e t a l s c o n t e n t . N e e d l e c o k e 
t h a t m e e t s s t r i n g e n t s p e c i f i c a t i o n s commands a p r e m i u m p r i c e f o r 
u s e i n m a n u f a c t u r i n g g r a p h i t e e l e c t r o d e s . I n g e n e r a l , f e e d s t o c k s 
w h i c h a r e t o be u s e d f o r n e e d l e c o k e p r o d u c t i o n s h o u l d be t e s t e d i n 
a p i l o t p l a n t t o a s s u r e p r o d u c t q u a l i t y . 

B e c a u s e o f t h e i n c r e a s e d s u l f u r a n d i m p u r i t y l e v e l s i n c r u d e s 
c u r r e n t l y b e i n g p r o c e s s e d , r e f i n e r s i n r e c e n t y e a r s h a v e b e e n 
c o n s i d e r i n g r e s i d u e d e s u l f u r i z a t i o n u n i t s u p s t r e a m o f t h e d e l a y e d 
c o k e r . I n a d d i t i o n t o t h e r e d u c t i o n i n s u l f u r c o n t e n t , r e s i d u e 
d e s u l f u r i z a t i o n u n i t s a l s o l o w e r t h e m e t a l s a n d c a r b o n r e s i d u e 
c o n t e n t s . Due t o t h e r e d u c t i o n i n t h e c a r b o n r e s i d u e , t h e l i q u i d 
p r o d u c t y i e l d i s i n c r e a s e d a n d t h e c o k e y i e l d r e d u c e d . I n a d d i t i o n , 
t h e c o k e p r o d u c e d f r o m a d e s u l f u r i z e d r e s i d u e may b e s u i t a b l e f o r 
u s e a s a n o d e g r a d e c o k e . T a b l e I shows t h e y i e l d s a n d p r o d u c t 
p r o p e r t i e s a f t e r c o k i n g Medium A r a b i a n v a c u u m r e s i d u e , w i t h a n d 
w i t h o u t u p s t r e a m r e s i d u e d e s u l f u r i z a t i o n . 

P r o c e s s V a r i a b l e s 

T h r e e o p e r a t i n g c o n t r o l v a r i a b l e s i n a d e l a y e d c o k e r d i c t a t e t h e 
p r o d u c t q u a l i t y a n d y i e l d s f o r a g i v e n f e e d s t o c k . T h e s e v a r i a b l e s 
a r e t h e h e a t e r o u t l e t t e m p e r a t u r e , c o k e d r u m p r e s s u r e a n d t h e r a t i o 
o f r e c y c l e t o f r e s h f e e d . 

A t c o n s t a n t p r e s s u r e a n d r e c y c l e r a t i o , t h e l i q u i d p r o d u c t 
y i e l d i n c r e a s e s w i t h a n i n c r e a s e i n t e m p e r a t u r e . T h i s i s o f t e n a 
d e s i r e d e f f e c t , b u t t h e r e i s o n l y a n a r r o w r a n g e o v e r w h i c h t h e 
t e m p e r a t u r e c a n b e a d j u s t e d . As t h e t e m p e r a t u r e i s i n c r e a s e d , t h e 
t e n d e n c y o f t h e h e a t e r a n d t r a n s f e r l i n e t o c o k e i n c r e a s e s , c a u s i n g 
s h o r t e r r u n - l e n g t h s . A b o v e a c e r t a i n t e m p e r a t u r e , t h e c o k e f o r m e d 
c a n b e e x c e s s i v e l y h a r d a n d d i f f i c u l t t o r e m o v e f r o m t h e drum w i t h 
e x i s t i n g h y d r a u l i c c u t t i n g e q u i p m e n t . O p e r a t i n g t h e h e a t e r a t t o o 
low a n o u t l e t t e m p e r a t u r e c a n c a u s e d i f f i c u l t i e s a s w e l l . I f t h e 
t e m p e r a t u r e i s t o o l o w , t h e n t h e v o l a t i l e c o m b u s t i b l e m a t e r i a l 
(VCM) o f t h e c o k e w i l l be e x c e s s i v e l y h i g h o r , p o s s i b l y a s o f t t a r 

o r p i t c h c o u l d b e p r o d u c e d . M o d e r n u n i t s a r e d e s i g n e d s o t h a t a n 
8 t o 12 w e i g h t % VCM c o k e i s p r o d u c e d . 

A d e c r e a s e i n p r e s s u r e h a s t h e e f f e c t o f v a p o r i z i n g more h e a v y 
h y d r o c a r b o n s . As t h e p r o d u c t i o n o f d e s i r a b l e l i q u i d h y d r o c a r b o n s 
i s i n c r e a s e d a t low p r e s s u r e s , t h e c o k e y i e l d i s c o r r e s p o n d i n g l y 
d e c r e a s e d . T h u s , m o s t m o d e r n d e l a y e d c o k e r s h a v e b e e n d e s i g n e d t o 
o p e r a t e a t a low c o k e d r u m p r e s s u r e . 

T h e e f f e c t o f r e c y c l e r a t i o o n c o k e p r o d u c t i o n i s a n a l o g o u s t o 
t h e e f f e c t o f p r e s s u r e . As t h e r e c y c l e r a t i o i s d e c r e a s e d , t h e 
p r o d u c t i o n o f l i q u i d p r o d u c t s i s i n c r e a s e d . R e d u c t i o n o f r e c y c l e 
a l s o l o w e r s t h e f u e l u s a g e i n t h e f u r n a c e b e c a u s e o f l o w e r e d 
t h r o u g h p u t . R e c y c l e i s o f t e n r e d u c e d t o t h e minimum r a t e w h i c h 
s t i l l p r o d u c e s a c c e p t a b l e p r o d u c t q u a l i t i e s . 

R e g u l a r G r a d e C o k e O p e r a t i o n - T y p i c a l Y i e l d s a n d P r o d u c t Q u a l i t i e s 

I l l u s t r a t e d i n T a b l e I a r e t h e e s t i m a t e d y i e l d s a n d p r o d u c t 
q u a l i t i e s o f s e v e r a l r e p r e s e n t a t i v e d e l a y e d c o k e r f e e d s t o c k s . T h e 
y i e l d s w e r e e s t a b l i s h e d f r o m g e n e r a l i z e d c o r r e l a t i o n s u s i n g t y p i c a l 
o p e r a t i n g c o n d i t i o n s f o r t h e o p e r a t i o n n o t e d . 
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166 PETROLEUM-DERIVED CARBONS 

Needle Coke Operation - T y p i c a l Y i e l d s and Product Q u a l i t i e s 

Table I I shows estimated y i e l d s and product q u a l i t i e s f o r three 
t y p i c a l needle coker feedstocks. The feedstocks are considered 
d e s i r a b l e needle coker feedstocks because of t h e i r high d e n s i t y , 
low s u l f u r content and h i g h l y aromatic nature. Note the high 
production of coke, the r e s u l t of high pressure and high r e c y c l e 
r a t i s , which i s t y p i c a l i n needle coke production. 

Table I I . Estimated Y i e l d s and Product P r o p e r t i e s 
For Needle Coke Production 

Feed Thermal Tar 
P y r o l y s i s 

Tar 
Decanted 

O i l 
G r a v i t y , °API 2.4 -3.9 -0.7 
S u l f u r , Wt% 1.0 0.5 0.5 

Products 
Dry Gas, C -, Wt% 14.4 10.3 9.8 
C -380°F, Wt% 16.7 3.5 8.4 

Gr a v i t y , °API 54.9 41.7 59.8 
S u l f u r , Wt% 0.04 0.09 0.01 

Gas O i l , 380°F+, Wt% 15.7 31.2 41.6 
G r a v i t y , °API 23.3 11.5 16.9 
S u l f u r , Wt% 0.7 0.2 0.3 

Coke, Wt% 53.2 55.0 40.2 
S u l f u r , Wt% 1.0 0.6 0.6 

Uses of Petroleum Coke 

Petroleum coke i s e s s e n t i a l l y pure carbon and can be u t i l i z e d 
wherever one would use a s i m i l a r carbon product. I t may be used as 
a f u e l s u b s t i t u t e f o r c o a l and can sometimes be used as a feedstock 
f o r a p p l i c a t i o n s such as p a r t i a l o x i d a t i o n . Depending on i t s 
p r o p e r t i e s , petroleum coke has four b a s i c uses: f u e l , feedstock f o r 
downstream processing, m e t a l l u r g i c a l a p p l i c a t i o n s , and f o r s p e c i a l t y 
graphite and carbon products. 

As a f u e l , the most common uses of petroleum coke are i n f i r i n g 
cement k i l n s and steam generators. In the cement i n d u s t r y , petro
leum coke i s s u i t a b l e as f u e l i n k i l n s because of i t s low ash 
content, high heating value and the process's high s u l f u r allowances. 
As much as 50% coke can be burned i n combination w i t h bituminous 
c o a l or 75% coke when burned i n combination w i t h o i l and/or gas. 
The only l i m i t a t i o n on coke f o r cement k i l n f i r i n g may be i t s metals 
content. For steam generation, two options are a v a i l a b l e . The most 
common i s the burning of petroleum coke i n p u l v e r i z e d f u e l b o i l e r s . 
This u t i l i z a t i o n o f t e n r e q u i r e s t h a t downstream environmental 
processing of the f l u e gas be employed. Another method r e c e n t l y 
developed by Foster Wheeler f o r using high s u l f u r petroleum coke as 
f u e l f o r steam generation i s burning low q u a l i t y coke i n a s u l f u r 
capture f l u i d i z e d bed b o i l e r . The f l u e gas meets environmental 
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11. DEBIASE ET AL. Delayed-Coking Process Update 167 

standards f o r NOx and SOx. The only environmental c o n s i d e r a t i o n i s 
the removal of ash from the f l u e gas i n a baghouse and removal of 
the spent limestone. F l u i d i z e d bed b o i l e r s can be designed to burn 
petroleum coke along w i t h the option of burning high s u l f u r c o a l or 
heavy f u e l o i l . (2_) 

A p o t e n t i a l l y a t t r a c t i v e use f o r low q u a l i t y , r e g u l a r grade 
coke i s to g a s i f y i t to produce ammonia synthesis gas, f u e l gas, or 
hydrogen. Foster Wheeler has i n v e s t i g a t e d promising schemes f o r a i r 
p a r t i a l o x i d a t i o n (APO), where the coke i s p a r t i a l l y combusted wit h 
a i r a t elevated pressure to generate a gas c o n s i s t i n g e s s e n t i a l l y of 
hydrogen, carbon oxides, hydrogen s u l f i d e and ni t r o g e n . A f t e r s h i f t 
conversion, hydrogen s u l f i d e and carbon d i o x i d e are removed by 
scrubbing. S u l f u r may be recovered e i t h e r as s u l f u r i c a c i d or 
elemental s u l f u r . Depending on the d e s i r e d end product, n i t r o g e n 
may be p a r t i a l l y removed by cryogenic separation and f u r t h e r 
removed by pressure swing adsorption (PSA). Residual carbon 
monoxide i s removed by methanation or by PSA. 

One of the l a r g e s t uses of petroleum coke i s f o r anodes 
employed i n the production of aluminum. This usage demands a 
somewhat premium feedstock to produce sponge coke t h a t i s low i n 
metal and s u l f u r content i n order to meet product q u a l i t y s p e c i f i 
c a t i o n s . A f t e r production i n a delayed coker, anode q u a l i t y coke 
must be c a l c i n e d to remove VCM and moisture. 

A s p e c i a l i z e d a p p l i c a t i o n of petroleum coke i s the production 
of electrodes f o r the s t e e l i n d u s t r y . For t h i s a p p l i c a t i o n , i t i s 
necessary to use needle coke because i t s low c o e f f i c i e n t of thermal 
expansion and low r e s i s t i v i t y . The needle coke must have low 
s u l f u r and low metals content. A f t e r production i n a delayed coker, 
needle coke i s crushed and c a l c i n e d i n preparation f o r e l e c t r o d e 
production. 

By 1980, s p e c i a l a p p l i c a t i o n s accounted f o r approximately 11% 
of the t o t a l coke production i n the United States. These uses 
include t i t a n i u m pigments, carbon r a i s e r s and s y n t h e t i c graphite 
(3_). A s p e c i a l t y use of green coke i s as a high p u r i t y reactant i n 
the production of calcium and s i l i c o n carbide. (4_) 

Coke C a l c i n i n g 

When petroleum coke i s u t i l i z e d f o r anode and elect r o d e production 
and some s p e c i a l t y a p p l i c a t i o n s , i t i s necessary to c a l c i n e i t to 
remove moisture and hydrocarbon VCM. Product q u a l i t i e s , along w i t h 
production r a t e , are based on feedstock composition, k i l n tempera
ture p r o f i l e , k i l n residence time and c o o l i n g procedures. The two 
methods a v a i l a b l e f o r c a l c i n i n g coke commercially are the r o t a r y 
k i l n (5̂ ) shown i n Figure 8 and the r o t a r y hearth (€0 shown i n 
Figure 9. 

In the r o t a r y k i l n process, coke i s fed to a r o t a t i n g 
c y l i n d r i c a l furnace sloped s l i g h t l y toward the discharge end. Coke 
flows down the k i l n countercurrent to the hot gas flow. Moisture 
i s l i b e r a t e d from the coke i n the feed zone, then the coke passes 
through the combustion zone where VCM i s l i b e r a t e d . As coke leaves 
the k i l n , i t i s discharged to a coo l e r where i t i s quenched w i t h 
water and then cooled w i t h ambient a i r . Recent designs have 
incorporated energy e f f i c i e n t features such as a i r preheat and steam 
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168 PETROLEUM-DERIVED CARBONS 

S T A C K 
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C A L C I N E D C O K E 
TO Q U E N C H I N G 
A N D C O O L I N G 

Figure 8. T y p i c a l Rotary K i l n C a l c i n e r . 
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Figure 9. T y p i c a l Rotary Hearth Furnace. 
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11. DEBIASE ET AL. Delayed-Coking Process Update 169 

g e n e r a t i o n f a c i l i t i e s a s w e l l a s d e s i g n s i n w h i c h t h e l i b e r a t e d 
h y d r o c a r b o n s a r e u s e d a s a f u e l i n t h e c o m b u s t i o n z o n e . 

I n t h e p r o p r i e t a r y r o t a r y h e a r t h m e t h o d o f c a l c i n i n g c o k e , 
g r e e n c o k e i s f e d t o t h e p e r i m e t e r o f t h e r o t a t i n g c i r c u l a r t a b l e 
a n d g e n t l y moved t o w a r d t h e c e n t e r o f t h e h e a r t h i n a c i r c u l a r 
p a t h b y s t a t i o n a r y r a b b l e s . A c o m b u s t i o n z o n e a b o v e t h e c o k e b e d , 
f o r m e d b y l i b e r a t e d v o l a t i l e s , s u p p l i e s t h e h e a t n e c e s s a r y f o r 
c a l c i n a t i o n . A r o t a t i n g h e a r t h f u r n a c e c a n a l s o be e q u i p p e d w i t h 
e n e r g y e f f i c i e n t f e a t u r e s , s u c h a s s t e a m g e n e r a t i o n a n d a i r p r e h e a t . 

D e s i g n F e a t u r e s a n d C o n s i d e r a t i o n s 

T h r o u g h t h e y e a r s , d e l a y e d c o k i n g h a s e v o l v e d f r o m a " b l a c k a r t " 
t o a h i g h t e c h n o l o g y r e f i n i n g p r o c e s s . B o t h m a j o r a n d m i n o r p i e c e s 
o f e q u i p m e n t h a v e b e e n e x a m i n e d a n d u p d a t e d a s new t e c h n o l o g y 
b e c o m e s a v a i l a b l e , t h u s a s s u r i n g a s a f e , e c o n o m i c a l a n d r e l i a b l e 
d e s i g n . T o d a y ' s d e s i g n s m u s t c o m b i n e v e r s a t i l i t y a n d s t a t e - o f - t h e 
a r t t e c h n o l o g y w i t h low o p e r a t i n g a n d c a p i t a l i n v e s t m e n t c o s t s . 

T o i n c r e a s e h e a t e r r u n l e n g t h s w i t h t o d a y ' s h e a v i e r c r u d e s 
w h i l e i m p r o v i n g h e a t e r e f f i c i e n c y , i t h a s become n e c e s s a r y t o 
i m p r o v e t r a d i t i o n a l c o k e r h e a t e r d e s i g n . M o s t o f t h e r e c e n t 
i m p r o v e m e n t s i n s t i t u t e d b y F o s t e r W h e e l e r h a v e r e s u l t e d i n a more 
c o n s e r v a t i v e h e a t e r d e s i g n , g i v i n g more f l e x i b i l i t y t o t h e r e f i n e r 
t o l a t e r i n c r e a s e c a p a c i t y , o p t i m i z e o p e r a t i n g c o n d i t i o n s a n d 
i n c r e a s e r u n l e n g t h s . F i r e b o x e s h a v e b e e n d e s i g n e d w i t h more 
l i b e r a l d i m e n s i o n s a n d more s p a c e b e t w e e n t u b e s , w h i c h r e d u c e s t h e 
r a t i o o f p e a k t o a v e r a g e h e a t f l u x . I n j e c t i o n s t e a m i s u s e d t o 
r e g u l a t e t h e o i l v e l o c i t y t h r o u g h t h e h e a t e r c o i l t h e r e b y p r e v e n t i n g 
c o k i n g i n t h e t u b e s . H e a t e r s a r e d e s i g n e d w i t h e a c h p a r a l l e l c o i l 
h a v i n g s i t s own s e t o f b u r n e r s a n d i n d e p e n d e n t f l o w a n d t e m p e r a t u r e 
c o n t r o l . T h e s e f e a t u r e s p e r m i t r u n l e n g t h s t h a t r a n g e b e t w e e n 9 
t o 12 m o n t h s a n d l o n g e r i n n o r m a l o p e r a t i o n . {1) 

Of t h e new d e v e l o p m e n t s t h a t h a v e b e e n i n c o r p o r a t e d i n c o k e 
d r u m d e s i g n , t h e m o s t n o t a b l e i s s i z e . T h e f i r s t c o k e d r u m s u s e d 
w e r e 10 f e e t i n d i a m e t e r . W i t h t o d a y ' s i m p r o v e d m e t a l l u r g y a n d 
i n c r e a s e d h y d r a u l i c c u t t i n g c a p a c i t y , F o s t e r W h e e l e r h a s b e e n a b l e 
t o e m p l o y c o k e d r u m s u p t o 27 f e e t i n d i a m e t e r a n d 110 f e e t i n 
l e n g t h . (1_) A n o t h e r d e v e l o p m e n t b y F o s t e r W h e e l e r h a s b e e n t o 
d e t e r m i n e t h e e f f e c t o f s h o r t e n e d d e c o k i n g c y c l e s o n c o k e d r u m l i f e 
b y c o m p u t e r a n a l y s i s . R e s u l t s i n d i c a t e t h a t b y m o n i t o r i n g a n d 
c o n t r o l l i n g s t r e s s o n a d r u m d u r i n g r a p i d h e a t i n g a n d c o o l i n g , c o k e 
d r u m l i f e c a n b e e x t e n d e d . 

D e c o k i n g e q u i p m e n t a n d c o k e h a n d l i n g f a c i l i t i e s h a v e u n d e r g o n e 
s i g n i f i c a n t c h a n g e s s i n c e t h e a d v e n t o f d e l a y e d c o k i n g . D e c o k i n g 
e q u i p m e n t h a s e v o l v e d f r o m m e c h a n i c a l d e v i c e s e m p l o y e d w i t h t h e 
e a r l y s m a l l d i a m e t e r drums t o t h e u s e o f h i g h p r e s s u r e w a t e r , 
d e l i v e r e d t h r o u g h f l e x i b l e h o s e s w i t h t h e a b i l i t y t o c u t c o k e f r o m 
27 f o o t d i a m e t e r d r u m s . C o k e i s d e w a t e r e d b y o n e o f t h e s y s t e m s 
d e s c r i b e d p r e v i o u s l y . S t e a m , o i l a n d w a t e r r e m o v e d w h i l e c o o l i n g 
c o k e i n t h e d r u m a r e no l o n g e r d i r e c t e d t o a b l o w d o w n p o n d o r 
s e t t l i n g p o o l , b u t a r e s e n t t o a n e n c l o s e d b l o w d o w n s y s t e m w h e r e t h e 
o i l , g a s a n d w a t e r a r e s e p a r a t e d a n d r e c y c l e d . 

As w i t h m o s t r e f i n e r y u n i t s , t h e d e l a y e d c o k e r h a s b e e n u p d a t e d 
t o be a s e n e r g y e f f i c i e n t a s p o s s i b l e . M o d e r n c o k e r h e a t e r s now 
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170 PETROLEUM-DERIVED CARBONS 

i n c o r p o r a t e b o i l e r f e e d w a t e r p r e h e a t , s t e a m g e n e r a t i o n o r a i r 
p r e h e a t t o r a i s e t h e h e a t e r e f f i c i e n c y . H e a t e r s a r e no l o n g e r 
d e s i g n e d f o r o p e r a t i o n w i t h 20% e x c e s s a i r b u t f o r a s l i t t l e a s 
5-10% e x c e s s a i r . I n a d d i t i o n t o t h e i m p r o v e m e n t s i n h e a t e r 
d e s i g n , c o k e r s h a v e h a d f e e d p r e h e a t , s t e a m g e n e r a t i o n , a n d h e a t 
i n t e g r a t i o n w i t h o t h e r u n i t s a d d e d w h e r e p o s s i b l e . 

Revamps a n d R e t r o f i t s 

R e f i n e r s w i t h e x i s t i n g d e l a y e d c o k e r s o f t e n h a v e the o p t i o n t o 
e x p a n d t h e i r u n i t s a t a l o w e r i n c r e m e n t a l c o s t t h a n a d d i n g new 
u n i t s . F o r m o s t r e v a m p s t h e m a i n c o n c e r n i s w h e t h e r t h e 
f r a c t i o n a t i o n s e c t i o n h a s s u f f i c i e n t c a p a c i t y . M e t h o d s o f 
i n c r e a s i n g f r a c t i o n a t o r c a p a c i t y w h i l e l o w e r i n g o p e r a t i n g p r e s s u r e 
i n c l u d e u s i n g p a c k e d b e d s i n t h e f r a c t i o n a t o r a n d f u l l p o r t v a l v e s 
i n t h e v a p o r l i n e s . A d d i n g u p p e r p u m p a r o u n d s t o r e d u c e c o n d e n s e r 
o v e r h e a d d u t y a n d p r e s s u r e d r o p h a s a l s o p r o v e d h e l p f u l . T h e 
l e a s t e x p e n s i v e o p t i o n f o r i n c r e a s i n g f r a c t i o n a t o r c a p a c i t y i s t o 
i n c r e a s e t h e o p e r a t i n g p r e s s u r e . T h i s i s a c c o m p l i s h e d a t t h e 
e x p e n s e o f l o w e r l i q u i d y i e l d . 

Once i t h a s b e e n d e t e r m i n e d t h a t t h e c a p a c i t y o f t h e 
f r a c t i o n a t o r s e c t i o n i s a d e q u a t e f o r t h e new l o a d , t h e c a p a c i t y o f 
t h e c o k e d r u m s may b e i n c r e a s e d . T h e e a s i e s t way t o d o t h i s i s 
t o s h o r t e n t h e c o k e drum c y c l e . R e f i n e r s h a v e b e e n a b l e t o s h o r t e n 
c y c l e s t o l e s s t h a n 16 h o u r s w i t h minimum c a p i t a l i n v e s t m e n t . I f 
i t i s n o t p o s s i b l e t o s u b s t a n t i a l l y d e c r e a s e t h e l e n g t h o f t h e 
c o k i n g c y c l e , a n o t h e r a l t e r n a t i v e s u c c e s s f u l l y e m p l o y e d b y 
F o s t e r W h e e l e r i s t o a d d a n o t h e r c o k e d r u m . T h i s w i l l a l l o w c y c l e s 
f o r e a c h drum t o b e s h o r t e n e d t o 12 h o u r s o r l e s s a n d s t i l l a l l o w 
a d e q u a t e d e c o k i n g t i m e . T h e s e m e t h o d s f o r i n c r e a s i n g t h e c o k e 
c a p a c i t y a r e a l s o a p p l i c a b l e when p r o c e s s i n g h e a v i e r f e e d s t o c k s t h a t 
p r o d u c e more c o k e . I n t h i s c a s e , t h e f r a c t i o n a t i o n s e c t i o n w i l l 
o f t e n h a n d l e t h e d i s t i l l a t e p r o d u c t i o n w i t h o u t a n y m o d i f i c a t i o n . 

A n o t h e r o p t i o n o p e n t o r e f i n e r s i s t o r e t r o f i t a n e x i s t i n g 
h e a v y o i l u n i t s u c h a s a v i s b r e a k e r i n t o d e l a y e d c o k i n g s e r v i c e . 
O t h e r t h a n t h e c o k i n g s e c t i o n , t h e v i s b r e a k e r i s v e r y s i m i l a r t o 
a d e l a y e d c o k e r . I f p l o t a r e a p e r m i t s , a c o k i n g s e c t i o n may be 
a d d e d a n d t h e h e a t e r m o d i f i e d . 

Summary 

S i n c e i t s i n c e p t i o n , t h e b a s i c p r o c e s s o f d e l a y e d c o k i n g h a s 
r e m a i n e d b a s i c a l l y u n c h a n g e d , b u t t h e f e e d s t o c k s , p r o c e s s e q u i p m e n t 
a n d o p e r a t i n g p h i l o s o p h y h a v e c h a n g e d s u b s t a n t i a l l y . D e l a y e d 
c o k i n g h a s e v o l v e d t o p r o c e s s a w i d e r a n g e o f t o d a y ' s h e a v y , h i g h 
s u l f u r f e e d s t o c k s , w h i l e s t i l l p r o d u c i n g a c c e p t a b l e p r o d u c t y i e l d s 
a n d q u a l i t i e s . P r o c e s s i n g e q u i p m e n t h a s b e e n u p d a t e d t o p r o v i d e 
m o r e o n - s t r e a m t i m e a n d a more e n e r g y e f f i c i e n t o p e r a t i o n . I n y e a r s 
t o come, d e l a y e d c o k i n g i s e x p e c t e d t o c o n t i n u e t o r e m a i n a n 
i m p o r t a n t r e s i d u a l u p g r a d i n g p r o c e s s . 
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12 
Petroleum-Coke Calcining Technology 

H. H. Brandt 

Cal Carb, Inc., 27 River Ridge Road, Lake Charles, LA 70605 

The oldest and newest petroleum coke calciners employ 
rotary kilns to thermally upgrade green coke, thus 
rendering it suitable for use by the amorphous carbon 
and graphite industries. In response to environmental 
pressures and rising fuel costs, modern coke calcining 
facilities are much cleaner and much more thermally 
efficient. Despite numerous attractive features of the 
newer rotary hearth calcining technology, most practi
tioners s t i l l favor the well-proven rotary kiln 
concept. 

Basic Calcining Process 

Petroleum coke c a l c i n i n g i s a process whereby green or raw petroleum 
coke i s t h e r m a l l y upgraded to remove a s s o c i a t e d moisture and 
v o l a t i l e combustible matter (VCM) and to otherwise improve c r i t i c a l 
p h y s i c a l p r o p e r t i e s , e . g . , e l e c t r i c a l c o n d u c t i v i t y and r e a l d e n s i t y 
CO . The c a l c i n i n g process i s e s s e n t i a l l y a t ime-temperature 
f u n c t i o n ; the most important v a r i a b l e s to c o n t r o l are h e a t i n g r a t e , 
VCM to a i r r a t i o and f i n a l temperature. To a t t a i n the c a l c i n e d coke 
p r o p e r t i e s necessary f o r i t s end use by the amorphous carbon or 
g r a p h i t e i n d u s t r i e s , the coke must be heat t r e a t e d to temperatures 
of 1200-1350°C (2200-2500°F), or h i g h e r , to r e f i n e i t s c r y s t a l l i n e 
s t r u c t u r e . 

The eventual q u a l i t y of the c a l c i n e d coke i s d i r e c t l y r e l a t e d 
to the p a r t i c u l a r c h a r a c t e r i s t i c s / q u a l i t y of the green coke fed to 
the c a l c i n e r . While c a l c i n a t i o n cannot improve upon c e r t a i n q u a l i t y 
l i m i t s inherent i n the green coke, p o t e n t i a l q u a l i t y can be l o s t by 
improper c a l c i n i n g , e . g . , by u s i n g i n c o r r e c t h e a t i n g rates and/or 
atmospheric c o n d i t i o n s . 

The o ldes t and newest coke c a l c i n e r s i n North America (which 
accounts f o r almost 75% of the f ree wor ld c a p a c i t y ) are r o t a r y k i l n s 
s i m i l a r to those employed by the cement i n d u s t r y . The o r i g i n a l 
v e r s i o n s were q u i t e u n s o p h i s t i c a t e d , c o n s i s t i n g merely of l o n g , 
i n c l i n e d , r e f r a c t o r y l i n e d , s t e e l c y l i n d e r s which were at tached by a 
breeching to a stack at the upper end which prov ided the necessary 

0097-6156/86/0303-0172$06.00/0 
© 1986 American Chemical Society 
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12. BRANDT Petroleum-Coke Calcining Technology 173 

d r a f t and to a gas or o i l fed burner at the lower end which prov ided 
the heat (F igure 1 ) . In t h i s countercurrent system, the green coke 
i s fed i n t o the k i l n at the e l evated end and the process heat enters 
at the lower end. As the green coke moves d o w n h i l l due to the 
r o t a t i o n of the k i l n , i t s temperature i n c r e a s e s . Dur ing the 
j ourney , moisture evolves i n the heat-up zone (up to about 400°C), 
d e v o l a t i l i z a t i o n occurs i n a second zone between about 400°C and 
800-1000°C, and d e n s i f i c a t i o n takes p lace i n the f i n a l zone (up to 
about 1350°C). The t o t a l res idence t ime , which i s c o n t r o l l e d by the 
r o t a t i o n a l speed of k i l n , can be anywhere between 45 and 90 minutes 
(or even longer i n some s p e c i a l cases ) . 

When the hot ( 1200-1350°C) c a l c i n e d coke leaves the k i l n , i t i s 
t r a n s f e r r e d to a r o t a r y c o o l e r . This c o n s i s t s of a s t e e l c y l i n d e r , 
u s u a l l y l i n e d w i t h r e f r a c t o r y at the feed end, that i s s l i g h t l y 
i n c l i n e d to induce downward t r a v e l as i t i s r o t a t e d . In the coo ler 
the hot coke i s quenched by water sprayed from a number of n o z z l e s ; 
e x i t temperature i s c o n t r o l l e d at about 150°C (300°F) to assure a 
m o i s t u r e - f r e e product . 

Th i s bas i c process has a very poor energy e f f i c i e n c y , p r i m a r i l y 
because of the very h igh temperature of the exhaust gases ( i n c l u d i n g 
uncombusted v o l a t i l e s ) l e a v i n g the system. The stack gas temperature 
can exceed 1260°C (2300°F). In the days of u n l i m i t e d s u p p l i e s of 
cheap f u e l , t h i s thermal i n e f f i c i e n c y was l a r g e l y i g n o r e d . A l s o 
ignored was the f a c t that the t y p i c a l c a l c i n e r s tack emitted s e v e r a l 
tons of coke p a r t i c u l a t e s per hour , as p lants were l o c a t e d i n areas 
where such emissions went unnot i ced or were t o l e r a t e d . 

Modern Rotary K i l n C a l c i n e r s 

Changing times have d i c t a t e d major m o d i f i c a t i o n s of the b a s i c 
c a l c i n i n g process . S k y r o c k e t i n g energy costs and environmental 
c o n s i d e r a t i o n s are undoubtedly the two most important f a c t o r s 
p r o v i d i n g the impetus f o r the e v o l u t i o n of petroleum coke c a l c i n i n g 
technology . 

Except f o r the r o t a r y k i l n i t s e l f , which now represents only a 
f r a c t i o n of the t o t a l c a p i t a l c o s t , t o d a y f s modern coke c a l c i n i n g 
p l a n t s bear l i t t l e resemblance to the o r i g i n a l f a c i l i t i e s 
(F igure 2 ) . Even the k i l n i t s e l f has undergone major changes, not 
the l e a s t of which i s inc reased c a p a c i t y . A t y p i c a l modern k i l n , 
measuring approximate ly 200 f t ( l ength) χ 10.5 f t ( i n s i d e s h e l l 
d i a m e t e r ) , i s ab le to produce i n excess of 250,000 short tons 
a n n u a l l y compared to about 50,000 tons per year f o r i t s 
predecessors . 

To improve energy e f f i c i e n c y , r e f r a c t o r i e s w i t h s u p e r i o r Κ 
f a c t o r s are used i n l i n i n g the k i l n , thus reduc ing r a d i a n t heat 
l o s s e s . Moreover, k i l n mounted blowers now i n j e c t combustion a i r 
i n t o the k i l n s i n the zone where the v o l a t i l e s evolve from the coke, 
thus p e r m i t t i n g u t i l i z a t i o n of the Btu content i n these p r e v i o u s l y 
wasted gases. In modern c a l c i n e r s , most of the energy r e q u i r e d i s 
obta ined by burn ing the coke v o l a t i l e s and f i n e p a r t i c u l a t e matter 
i n the k i l n . I n some i n s t a n c e s , r o t a r y k i l n s equipped w i t h k i l n 
mounted blowers a c t u a l l y operate wi thout e x t e r n a l f u e l (except f o r 
s t a r t - u p ) . When these u n i t s are a l s o equipped w i t h i n c i n e r a t o r s ( to 
combust the unburned v o l a t i l e s and emit ted coke f i n e s ) and waste 
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176 PETROLEUM-DERIVED CARBONS 

heat b o i l e r s , they a c t u a l l y become net energy producers . Some of 
t o d a y ' s c a l c i n i n g p l a n t s even generate power and s e l l i t t o 
u t i l i t i e s . 

Other C a l c i n e r s 

Other l e s s common methods of c a l c i n i n g petroleum coke are a l s o or 
have been p r a c t i c e d . In e l e c t r i c c a l c i n i n g , p r a c t i c e d where an 
abundant supply of cheap e l e c t r i c a l power i s a v a i l a b l e , the r e q u i r e d 
temperature i s achieved by e l e c t r i c a l a r c i n g and r e s i s t a n c e h e a t i n g ; 
such c a l c i n e r s employ e i t h e r batch or continuous v e r t i c a l sha f t 
k i l n s . I n d i r e c t - f i r e d v e r t i c a l sha f t k i l n s , by-product coking 
ovens, as w e l l as bee h ive coke ovens have a l s o been used. Shaped 
carbon baking furnaces , when they employ green coke as pack ing 
m a t e r i a l , can a l s o be cons idered to be c a l c i n e r s . None of these 
systems, however, have c o n s i s t e n t l y accounted f o r s i g n i f i c a n t 
c a l c i n i n g tonnage and there fo re are mentioned only b r i e f l y . 

Rotary Hearth C a l c i n e r 

I n 1967, a new concept i n petroleum coke c a l c i n i n g reached the 
commercial stage when a r o t a r y hearth c a l c i n e r was p laced on-stream 
i n Burghausen, West Germany. This patented process ( 2 , 3 ) , the heart 
of which i s a s i n g l e , r o t a t i n g h o r i z o n t a l h e a r t h , was j o i n t l y 
developed by the Marathon O i l Company and the Wise Coal and Coke 
Company. The green coke i s fed i n at an outermost p o s i t i o n and 
t r a v e l s around the hear th i n a s e r i e s of c o n c e n t r i c c i r c l e s , coke 
movement being achieved by r o t a t i o n of the hear th (F igure 3 ) . 
Rabb les , or b lades , suspended from the roof f orce the coke inward 
and s imul taneous ly t u r n the bed, thereby un i f o rmly exposing the coke 
be ing c a l c i n e d to the burners l o c a t e d i n the roo f . The burners use 
f u e l only f o r s t a r t - u p ; once e q u i l i b r i u m c o n d i t i o n s are ach ieved , 
the v o l a t i l e s e v o l v i n g from the coke are prov ided w i t h combustion 
a i r v i a the burner por ts and the c a l c i n i n g process i s s e l f -
s u s t a i n i n g . 

I n the subject process , a soak ing p i t l o c a t e d at the center of 
the r o t a t i n g hear th holds the coke "at temperature" f o r a p e r i o d of 
time necessary to achieve the d e s i r e d product p r o p e r t i e s (F igure 4 ) . 
The soaking p i t a l s o acts as a surge b i n and a gas s e a l to prevent 
a i r leakage i n t o the h e a r t h s e c t i o n . From the soaking p i t , the hot 
coke i s d ischarged i n t o a c oo l e r f o r e i t h e r d i r e c t or i n d i r e c t water 
quench. The e n t i r e process system i s t i e d i n t o a waste heat b o i l e r 
to f u r t h e r improve i t s thermal e f f i c i e n c y . Among the advantages 
c la imed f o r t h i s technology a r e : 

• P a r t i c u l a t e - f r e e exhaust gas 
• E x c e l l e n t thermal e f f i c i e n c y 
• S i m p l i c i t y of o p e r a t i o n 
• Low r e f r a c t o r y maintenance 
• Improved carbon recovery 

The l a s t c l a i m has c e r t a i n l y been v e r i f i e d , but i t has some 
negat ive a s p e c t s . The h igher carbon y i e l d s are r e a l i z e d because the 
green coke f i n e s in t roduced to the c a l c i n e r e x i t as calcined product. 
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12. B R A N D T Petroleum-Coke Calcining Technology 111 

F i g u r e 4. Cross s e c t i o n of r o t a r y hear th c a l c i n e r . 
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178 PETROLEUM-DERIVED CARBONS 

Since most c a l c i n e d coke customers have r a t h e r s t r i n g e n t l i m i t s on 
f i n e s content , t h i s "advantage" becomes a d i s t i n c t d isadvantage . 
The s o l u t i o n to t h i s problem i s to feed fewer f i n e s to the u n i t ; 
t h i s can be achieved by very c a r e f u l coke drum c u t t i n g and green 
coke h a n d l i n g . A l t e r n a t i v e l y , the green coke or the c a l c i n e d coke 
can be screened to remove the f i n e s e i t h e r p r i o r to or a f t e r 
c a l c i n i n g ; e i t h e r of these s o l u t i o n s , however, would r e q u i r e c a r e f u l 
s c r u t i n y of a s s o c i a t e d costs and a l t e r n a t i v e o u t l e t s f o r the 
separated f i n e s . 

The other advantages c la imed are not unanimously accepted by 
the i n d u s t r y . I t i s s i g n i f i c a n t to note that s i n c e 1967, a dozen or 
more new c o n v e n t i o n a l k i l n s f o r coke c a l c i n i n g have been p laced o n -
stream i n North America and only two r o t a r y h e a r t h s . The overseas 
record i s s l i g h t l y more f a v o r a b l e to the newcomer. Moreover, the 
on ly companies adopt ing t h i s new technology are new entrants to the 
coke c a l c i n i n g i n d u s t r y ; none of the e x i s t i n g c a l c i n e r s which employ 
c onvent i ona l k i l n s have converted to the new technology . Is t h i s 
because the coke c a l c i n i n g i n d u s t r y i s o v e r l y conservat ive or has 
the e v o l u t i o n of the convent i ona l system met the chal lenge of t h i s 
newcomer? I t w i l l probably be a long time before t h i s ques t i on i s 
answered. 
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New Calcining Technology of Petroleum Coke 

M. Kakuta1, H. Yamasaki1, H. Tanaka1, J. Sato2, and K. Noguchi2 

1Osaka Research Laboratory, Koa Oil Company, 2-1, Takasago, Takaishi-shi, Osaka 592, 
Japan 

2 Koa Oil Company, 6-2, Ohte-Machi 2-chome, Chiyoda-ku, Tokyo 100, Japan 

This technology concerns a new calcining method for 
reducing the thermal expansion coefficient of the coke 
at the calcining stage. The low thermal expansion 
coefficient is an important factor in determining the 
quality of calcined coke for the production of graphite 
electrodes. Whereas the traditional calcining method 
adopts a one stage process, the new calcining method 
adopts a two stage process. The experimental results 
indicate that the development of unique microcracks 
appears in the coke after the new calcination, regard
less of the coke type, and these microcracks contribute 
to the effective reduction in the thermal expansion 
coefficient of the coke and the improvement of the 
puffing characteristics. The optimum process system 
of this new calcining technology has been studied by 
using a model calciner pilot plant. 

High grade graphite e l e c t r o d e s are r e q u i r e d t o accomodate the adop
t i o n of high-power (HP) and u l t r a - h i g h power (UHP) operations i n the 
e l e c t r o - a r c s t e e l i n d u s t r y . C a l c i n e d coke f o r a r t i f i c i a l g r aphite 
e l e c t r o d e s r e q u i r e a high q u a l i t y standard i n terms of the v a r i o u s 
p r o p e r t i e s , e s p e c i a l l y a low thermal expansion c o e f f i c i e n t . The 
process of c a l c i n i n g was normally considered as a heat treatment step 
a t a temperature ranging from 1,300°C t o 1,400°C t o ensure t h a t the 
c a l c i n e d coke had the p r o p e r t i e s appropriate f o r production of graph
i t e e l e c t r o d e s . Furthermore, many b e l i e v e (1-5) t h a t the p r o p e r t i e s 
of c a l c i n e d coke are h e a v i l y dependent upon the manufacturing c o n d i 
t i o n s of the green coke. Consequently, v a r i o u s manufacturing methods 
developed t o gain a low thermal expansion c o e f f i c i e n t centered on 
producing a needle coke a t the coker. Thus, new technologies f o r the 
c a l c i n i n g process were p r i m a r i l y aimed a t improving the e f f i c i e n c y 
and economy of the o p e r a t i o n . Our a t t e n t i o n was focused on the c a l 
c i n i n g process and upon i n v e s t i g a t i n g the s t r u c t u r a l changes of green 
coke as they r e l a t e d t o the c a l c i n i n g c o n d i t i o n s and c h a r a c t e r i s t i c s 
of c a l c i n e d coke (6,7). Then a new c a l c i n i n g method was developed 
which reduced the thermal expansion c o e f f i c i e n t of c a l c i n e d coke, 

0097-6156/86/0303-0179$06.00/0 
© 1986 American Chemical Society 
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180 PETROLEUM-DERIVED CARBONS 

i r r e s p e c t i v e of the types of green coke t o be processed, by a p p r o p r i 
a t e l y c o n t r o l l i n g the heating p a t t e r n during c a l c i n a t i o n (1,8). The 
new c a l c i n i n g process has been named the two-stage c a l c i n i n g process 
based on the p e c u l i a r method adopted. Experimental r e s u l t s i n d i c a t e 
t h a t unique microcracks appear i n the coke a f t e r the new c a l c i n a t i o n 
and t h a t these microcracks c o n t r i b u t e t o the e f f e c t i v e r e d u c t i o n i n 
the thermal expansion c o e f f i c i e n t of the coke and t o the improvement 
of the p u f f i n g c h a r a c t e r i s t i c s . This paper in c l u d e s an o u t l i n e of 
t h i s new c a l c i n i n g method, r e s u l t s of observations r e l a t e d t o the 
major causes of a red u c t i o n of the thermal expansion c o e f f i c i e n t and 
the study of the optimum process system of t h i s new c a l c i n i n g t e c h 
nology. 

O u t l i n e of New C a l c i n i n g Technology 

To evaluate the e f f e c t s of the new c a l c i n i n g method, c a l c i n i n g t e s t s 
were conducted i n two d i f f e r e n t ways, namely, the new and t r a d i t i o n a l 
methods, by u t i l i z i n g the r o t a r y k i l n - t y p e e l e c t r i c furnace. As 
shown i n Figure 1, the t r a d i t i o n a l c a l c i n i n g process i n v o l v e d a one 
stage process i n the c a l c i n e r w i t h a peak temperature of 1,300°C t o 
1,400°C and, a f t e r maintaining t h i s temperature f o r a w h i l e , c o o l i n g 
t o the room temperature. The new c a l c i n i n g process i s a two-stage 
processing i n which green coke i s c a l c i n e d i n i t i a l l y a t a temperature 
from 600°C t o 900°C, cooled, and r e - c a l c i n e d a t a temperature of 
about 1,300°C t o 1,400°C - the same l e v e l as the t r a d i t i o n a l method. 

Comparison of C a l c i n i n g Process: New vs . T r a d i t i o n a l Methods 

M a t e r i a l s 
To i d e n t i f y the d i f f e r e n c e s a r i s i n g from the new method, s i x d i f f e r 
ent types of green coke (samples A, B, C, D, Ε and F) were t e s t e d . 
P r o p e r t i e s of these green cokes are given i n Table I . From these 
p r o p e r t i e s and a l s o by microscopic observation r e s u l t s , Coke A was 
defined as low s u l f u r standard needle petroleum coke, and Coke Β as 
petroleum premium needle coke mainly of f i b r o u s t e x t u r e , Coke C of 
high s u l f u r content, Coke D of high ash content, and coke Ε as coke 
der i v e d from c o a l . Cokes C, D and Ε had mixed f i b r o u s and mosaic 
t e x t u r e s . Coke F had higher d e n s i t y , an extremely low r a t i o of 
i m p u r i t i e s , and a good o r i e n t a t i o n of the c r y s t a l l i t e . Coke F i s 
now produced by the l a b o r a t o r y coking apparatus and has been given 
the name of "Supreme Coke" (9-11). 

Table I . P r o p e r t i e s of Green Cokes 

Sample Name Coke A Coke Β Coke C Coke D Coke Ε Coke F 
V o l a t i l e Matter(wt%) 
Elemental A n a l y s i s 

8.2 7.6 10.6 16.1 7.8 4.0 

Real Density(g/cm 3) 
Ash (wt%) 

C (wt%) 
H (wt%) 
Ν (wt%) 
S (wt%) 

93.5 
3.4 
1.6 
0.48 
1.39 
0.08 

93.8 
3.3 
1.1 
0.73 
1.39 
0.05 

89.0 
3.2 
1.1 
5.7 
1.38 
0.08 

92.0 
4.2 
1.3 
0.36 
1.35 
1.22 

94.6 
2.8 
0.8 
0.29 
1.41 
0.11 

95.2 
3.3 
0.2 
0.14 
1.42 
0.00 
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KAKUTA ET AL. New Calcining Technology of Petroleum Coke 

Time (Hr ) T ime ( H r ) 
Traditional Method New Method 

F i g u r e 1. S i m p l i f i e d c a l c i n a t i o n p r o f i l e . 
Reproduced w i t h permiss ion from re ference 8b. 
Copyr ight 1981 Pergamon P r e s s , I n c . 
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182 PETROLEUM-DERIVED CARBONS 

Experimental Techniques. The v o l a t i l e matter and ash of the green 
cokes were measured by JIS (Japanese I n d u s t r i a l Standard) M 8812, 
and the s u l f u r was obtained by JIS M 8813. The p r o p e r t i e s of the 
c a l c i n e d coke samples were determined by measuring the thermal expan
s i o n c o e f f i c i e n t , apparent d e n s i t y ( t e s t sample of about 30 grams 
'3.5-4 T y l e r mesh' was measured by pycnometer method by d i s p l a c i n g 
water), and r e a l d e n s i t y (about 10 grams '200 T y l e r mesh under' of 
t e s t sample was measured by pycnometer method by d i s p l a c i n g n -butyl 
a l c o h o l ) . P o r o s i t y was c a l c u l a t e d from values of the apparent and 
r e a l d e n s i t i e s . Texture and s t r u c t u r e of coke samples were observed 
by p o l a r i z e d l i g h t microscopy and by scanning e l e c t r o n microscopy. 

Green carbon bodies were prepared by molding (rod; 2x2x8 cm3) 
and by e x t r u s i o n (rod; 2 cm d i a . and 11 cm length) from a mixture of 
ap p r o p r i a t e l y s i z e d c a l c i n e d coke and c o a l t a r binder p i t c h . The 
rods were then baked a t a slow r a t e t o 1,000°C i n an e l e c t r i c f u r 
nace and kept a t t h i s temperature f o r an hour. The extruded rods 
were f u r t h e r g r a p h i t i z e d a t 2,800°C f o r 0.5 hr . under an argon flow. 

The thermal expansion c o e f f i c i e n t was measured i n two d i r e c 
t i o n s - perpendicular t o the molding d i r e c t i o n and p a r a l l e l t o the 
extruding d i r e c t i o n , and thus p a r a l l e l t o the coke p a r t i c l e a l i g n 
ment. Test pieces were obtained on c y l i n d e r s of 5 mm d i a . and 50 mm 
length cut from rod a f t e r h e a t i n g . 

Bending strength and Young's modulus of the g r a p h i t i z e d rods 
were determined by JIS R 7202. 

The p u f f i n g c h a r a c t e r i s t i c was measured i n the d i r e c t i o n p a r a l 
l e l t o the molding d i r e c t i o n , and thus perpendicular t o the coke 
p a r t i c l e alignment. Baked t e s t pieces (1 in c h d i a . and 1 inch 
length) were used f o r the p u f f i n g t e s t i n the heat treatment ranging 
from 100°C to 2,800°C. 

P r o p e r t i e s of C a l c i n e d Coke. Table I I shows the p r o p e r t i e s of 
c a l c i n e d cokes A, B, C, D and F by the new and t r a d i t i o n a l methods. 
Regardless of the green coke type, the thermal expansion c o e f f i c i e n t 
of c a l c i n e d coke by the new method was lower than t h a t of t r a d i t i o n 
a l c a l c i n a t i o n method. P o r o s i t y values f o r c a l c i n e d cokes by the 
new method have a higher v a l u e , regardless of the coke type, than 

Table I I . P r o p e r t i e s of C a l c i n e d Cokes 

Sample Name Coke A Coke Β Coke C 
Calcining Method New τ New Τ New Τ 
CTE (xlO_6/°C) 1.5 1.9 1.2 1.6 2.1 2.5 
Real Density(g/cm3) 2.094 2.088 2.095 2.092 2.051 2.040 
Porosity (%) 40.3 35.8 37.0 33.1 39.1 36.3 

Sample Name Coke D Coke Ε 
C a l c i n i n g Method New Τ New τ 
CTE (xl0" 6/°C) 2~jT 274 ο7δ~ Τ Τ ϋ 
Real Density(g/cm 3) 2.092 2.082 2.146 2.142 
P o r o s i t y (%) 43.6 41.4 33.8 31.8 
Τ: T r a d i t i o n a l 
CTE: Thermal expansion c o e f f i c i e n t (30°C-100°C). 

Test piec e s : Molded pieces(1,000°CHT, 5 mm 
d i a . χ 50 mm l e n g t h ) . 
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13. K A K U T A ET A L . New Calcining Technology of Petroleum Coke 183 

t h o s e p r o c e s s e d u n d e r t h e t r a d i t i o n a l m e t h o d . ( T h i s i s due t o t h e 
d e v e l o p m e n t o f u n i q u e m i c r o c r a c k s w i t h i n c o k e p r o c e s s e d u n d e r t h e 
new m e t h o d , a s f o l l o w i n g m e n t i o n . ) 

T h e p r o p e r t i e s o f e x t r u d e d g r a p h i t e r o d s o b t a i n e d f r o m c a l c i n e d 
c o k e s A , Β a n d F b y two d i f f e r e n t c a l c i n i n g m e t h o d s a r e shown i n 
T a b l e I I I . T h e t h e r m a l e x p a n s i o n c o e f f i c i e n t o f g r a p h i t i z e d p i e c e s 
b y t h e new m e t h o d a r e l o w e r . T e s t r e s u l t s o n s t r e n g t h s , s h o w e d n o 
s i g n i f i c a n t d i f f e r e n c e b e t w e e n t h e c a l c i n e d c o k e e x p e r i m e n t a l l y m a n u 
f a c t u r e d b y t h e two d i f f e r e n t m e t h o d s . T h u s t h e new m e t h o d s h o w e d 
n o i l l e f f e c t s o n t h e m e c h a n i c a l s t r e n g t h s o f e l e c t r o d e s . P u f f i n g 
c h a r a c t e r i s t i c s d u r i n g g r a p h i t i z a t i o n w e r e i m p r o v e d b y t h e new c a l 
c i n i n g m e t h o d ( T a b l e I I I ) . T a b l e I V shows t h e p r o p e r t i e s o f l a r g e 
d i a m e t e r (20 i n c h e s ) a c t u a l e l e c t r o d e s o b t a i n e d f r o m t h e c o k e s b y 
two d i f f e r e n t c a l c i n i n g m e t h o d s . T h i s i n d i c a t e s t h e e f f e c t o f t h e 
new m e t h o d , e v e n a f t e r t h e m a n u f a c t u r e o f a c t u a l g r a p h i t e e l e c t r o d e s . 

T a b l e I I I . P r o p e r t i e s o f E x t r u d e d G r a p h i t e R o d s 

S a m p l e Name C o k e A C o k e Β C o k e F 

C a l c i n i n g M e t h o d 
C T E ( x l O " 6 / ° C ) 
B u l k D e n s i t y ( g / c m 3 ) 
B e n d i n g S t r e n g t h ( k g / c m 2 ) 
Y o u n g ' s M o d u l u s ( k g / m m 2 ) 
D y n a m i c , α Λ τ λ F e 2 0 3 0% 

P u f f i n g (%AL) 
F e 2 0 3 1% 

T r a d i  T r a d i  T r a d i 
New t i o n a l New t i o n a l New t i o n a l 

1.0 1.2 ÔT8 1.0 0.6 0.7 1.52 1.53 1.52 1.52 1.54 1.56 115 110 115 105 90 90 790 740 810 740 740 710 0.45 0.81 0.49 1.13 — — 

0.22 0.50 S h r i n k 0.16 — — 

C T E : T h e r m a l e x p a n s i o n c o e f f i c i e n t (30°C 
E x t r u d e d p i e c e s (2,800°CHT 5 mm d i a . 

- 300°C). T e s t p i e c e s ; 
χ 50 mm l e n g t h ) . 

T a b l e I V . P r o p e r t i e s o f A c t u a l G r a p h i t e Electrode(20 i n c h e s d i a . ) 

S a m p l e Name C o k e Β 
C a l c i n i n g M e t h o d New T r a d i t i o n a l 

C T E ( x l O ~ 6 / ° C ) 0.2 0.4 B u l k D e n s i t y ( g / c m 3 ) 1.64 1.65 B e n d i n g S t r e n g t h ( k g / c m 2 ) 140 145 Y o u n g ' s M o d u l u s ( k g / m m 2 ) 1120 1020 C T E : T h e r m a l e x p a n s i o n c o e f f i c i e n t (30°C-100°C). 
T e s t p i e c e s ; 5 mm d i a . χ 50 mm l e n g t h . 

T h e o r y o n t h e New C a l c i n i n g T e c h n o l o g y 

T h e m e c h a n i s m s o f t h e e f f e c t o f t h e new c a l c i n i n g t e c h n o l o g y h a v e 
b e e n c l e a r l y e l u c i d a t e d t h r o u g h t h e f o l l o w i n g e x p e r i m e n t a l s t u d y . 

M a t e r i a l s 
A s s t a r t i n g m a t e r i a l s , f o u r d i f f e r e n t t y p e s o f g r e e n c o k e ( A , B , C 
a n d D) w e r e u s e d f o r t h e t e s t i n g . P r o p e r t i e s o f t h e s e t e s t s a m p l e s 
a r e shown i n T a b l e I . 

E x p e r i m e n t a l T e c h n i q u e s . D i s t r i b u t i o n o f . p o r e s i z e was 
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184 PETROLEUM-DERIVED CARBONS 

determined by the mercury porosimeter. I n t e r l a y e r spacings and ap
parent c r y s t a l l i n e s i z e s were obtained by X-ray d i f f r a c t i o n method 
(6). Test pieces were prepared from green cokes A and Β by c u t t i n g 
them i n t o specimens of 5 mm χ 5 mm χ 50 mm. Dimensional changes 
during c a l c i n a t i o n were obtained by a d i f f e r e n t i a l d i l a t o m e t e r u s i n g 
quartz as the standard m a t e r i a l . The hea t i n g r a t e s were lO°C/min up 
to designated temperature under an argon gas atmosphere. 

T h e o r e t i c a l E xplanation. The major f a c t o r s of the thermal expansion 
c o e f f i c i e n t of c a l c i n e d coke are the degree of p r e f e r r e d o r i e n t a t i o n 
of the c r y s t a l l i t e s and v o i d s t r u c t u r e (12-14). For example, the 
thermal expansion c o e f f i c i e n t i s low f o r needle coke because i t i s 
s t r o n g l y a f f e c t e d by the p r e f e r r e d o r i e n t a t i o n of i t s c r y s t a l l i t e s . 
We found the l a t t e r f a c t o r - v o i d s t o be important. Experimental r e 
s u l t s showed t h a t when green coke was c a l c i n e d under the new methods, 
and the d e r i v e d c a l c i n e d coke was observed by scanning e l e c t r o n mi
croscopy (Figure 2) and i t s pore s i z e d i s t r i b u t i o n was measured by 
mercury porosimetry (Figure 3 ) , microcracks of s i g n i f i c a n t s i z e s (1 
to 60 microns) were developed. This was an important c o n t r i b u t i o n t o 
the r e d u c t i o n of the thermal expansion c o e f f i c i e n t s of the c a l c i n e d 
coke processed under the new method. 

Dimensional changes of green coke during c a l c i n a t i o n were meas
ured between each heat treatment, u t i l i z i n g h e a ting patterns of the 
new and t r a d i t i o n a l c a l c i n i n g processes. An example of such measure
ments on Coke A and Β i s given i n Figures 4 and 5. While coke mate
r i a l continued t o expand u n t i l i t reached about 600°C, quick c o n t r a c 
t i o n s s t a r t e d a t temperatures above 600°C (15). S p e c i f i c a l l y , under 
the new c a l c i n i n g method a considerable c o n t r a c t i o n was observed 
during the peak temperature p e r i o d of the primary p r o c e s s i n g , f o l 
lowed by some c o n t r a c t i o n during the c o o l i n g stage of the primary 
processing. During the secondary p r o c e s s i n g , a s l i g h t expansion was 
observed during h e a t i n g , f o l l o w e d by a c o n t r a c t i o n up t o the f i n a l 
c a l c i n i n g temperature. On the other hand, dimensional changes ob
served on coke processed under the t r a d i t i o n a l c a l c i n i n g method i n d i 
cated c o n t r a c t i o n from 600°C t o the f i n a l c a l c i n i n g temperature, 
showing t h a t the process of dimensional changes d i f f e r s between the 
new and t r a d i t i o n a l c a l c i n i n g processes. These f a c t s i n d i c a t e t h a t 
development and increase of microcracks under the new c a l c i n i n g 
method was de r i v e d from s p e c i a l d i s t r i b u t i o n of s t r e s s w i t h i n the 
coke caused by the expansion and c o n t r a c t i o n d uring t h i s heat t r e a t 
ment p a t t e r n . 

Table V shows the X-ray parameters obtained from the cokes by 
two d i f f e r e n t c a l c i n i n g methods. X-ray d i f f r a c t o m e t r y of i n t e r l a y e r 
spacing ( d o o 2 ) and apparent c r y s t a l l i n e s i z e (Lc) i n d i c a t e d no par
t i c u l a r d i f f e r e n c e between cokes processed under the two methods. 
Furthermore, no s p e c i f i c d i f f e r e n c e s were found on these samples 
a f t e r g r a p h i t i z a t i o n . These f a c t s show t h a t the new c a l c i n i n g method 
would not lead t o adverse e f f e c t s on the development and rearrange
ment of coke c r y s t a l l i n e s . 

From the study of the new c a l c i n i n g method, the f o l l o w i n g f a c t s 
were revealed (16): 

1. During the primary p r o c e s s i n g , the thermal expansion coef
f i c i e n t of c a l c i n e d coke changes, and t h a t treatment a t the range of 
700°C t o 900°C i s e f f e c t i v e . 
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KAKUTA ET AL. New Calcining Technology of Petroleum Coke 

Figure 2. Scanning e l e c t r o n micrographs of the c a l c i n e d cokes. 
A - l ; Coke A ( t r a d i t i o n a l method). 
A-2; Coke A (new method). 

Reproduced w i t h permiss ion from re ference 8b. Copyr ight 1981 
Pergamon P r e s s , I n c . 
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PETROLEUM-DERIVED CARBONS 

Figure 2. Scanning e l e c t r o n micrographs of the c a l c i n e d cokes. 
B - l ; Coke Β ( t r a d i t i o n a l method). 
B-2; Coke Β (new method). 

Reproduced wit h permission from reference 8b. 
Copyr ight 1981 Pergamon P r e s s , I n c . 
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188 PETROLEUM-DERIVED CARBONS 
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Figure 4. Dimensional changes of coke during c a l c i n a t i o n . 
Reproduced w i t h permiss ion from re ference 8b. Copyr ight 1981 
Pergamon P r e s s , I n c . 
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Figure 5. Dimensional changes of coke during c o o l i n g process of 
primary step and heat i n g process of secondary step under new 
c a l c i n i n g process. 
Reproduced w i t h permiss ion from re ference 8b. Copyr ight 1981 
Pergamon P r e s s , I n c . 
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13. KAKUTA ET AL. New Calcining Technology of Petroleum Coke 189 

Table V. Comparison of X-Ray Parameters Obtained from the Coke 
Manufactured by the Two D i f f e r e n t Methods 

Sample Name Coke A Coke Β Coke C Coke D 
C a l c i n i n g T r a d i - T r a d i - T r a d i - T r a d i -

Method New t i o n a l New t i o n a l New t i o n a l New t i o n a l 
C a l c i n e d Coke 

d o o 2 (A) 3.444 3.440 3.447 3.446 3.447 3.446 3.442 3.440 
Le (A) 38 40 38 40 42 41 38 40 

Gr a p h i t i z e d Coke 
doo 2 (A) 3.366 3.366 3.365 3.364 3.365 3.365 3.366 3.366 
Le (Â) 840 880 1000 1000 460 460 810 740 

Reproduced with permission from reference 8b. 

2. A f t e r the completion of the primary p r o c e s s i n g , the coke 
must be cooled t o room temperature. No s i g n i f i c a n t e f f e c t s r e s u l t 
from continued c a l c i n i n g process from the primary t o secondary pro
c e s s i n g without t h i s c o o l i n g . Thermal expansion i s not a f f e c t e d by 
a change of c o o l i n g r a t e i n the new c a l c i n i n g process. 

3. Thermal expansion c o e f f i c i e n t of c a l c i n i n g coke w i l l remain 
almost unchanged even i f the primary processing i s repeated. A l 
though the e f f e c t s of the atmosphere and heating r a t e during c a l c i n a 
t i o n on the d e n s i t y of c a l c i n e d coke can be recognized, the e f f e c t s 
on the thermal expansion c o e f f i c i e n t were minimal (1). 

Study on the optimum Process System 

A commercial s c a l e two-stage continuous c a l c i n i n g process has been 
conceptually designed and a model c a l c i n e r p i l o t p l a n t has been i n 
s t a l l e d . This p i l o t p l a n t c o n s i s t s of f i r s t stage and second stage 
r o t a r y k i l n s . Figure 6 shows the p i l o t p l a n t (300 mm i n s i d e d i a . χ 
3500 mm le n g t h , and coke feed r a t e of 20 kg/H). This model c a l c i n e r 
i s designed t o e s t a b l i s h the optimum c a l c i n i n g c o n d i t i o n s and equip
ment c o n f i g u r a t i o n f o r economic continuous production of two-stage 
c a l c i n e d coke and t o ob t a i n b a s i c design and engineering data f o r a 
commercial c a l c i n e r (17 ,18). 

P a r t i c u l a r a t t e n t i o n , i n the design of t h i s model c a l c i n e r , was 
given t o the u t i l i z a t i o n of combustion heat of v o l a t i l e matter emit
ted from the coke feed and t o o b t a i n i n g an accurate heat balance 
data f o r the two-stage c a l c i n i n g system. 

Test r e s u l t s obtained through the operation of t h i s model c a l 
c i n e r p i l o t p l a n t are summarized as f o l l o w s . 

The exhaust gas from f i r s t stage k i l n contains combustible gases 
( H 2 , C H i * and C O ) and i t has an approximate c a l o r i f i c value of 640 
kcal/m 3 ( 0 ° C , 1 atm). 

Figure 7 shows a schematic diagram of the model c a l c i n e r used 
f o r studying an economic continuous two-stage c a l c i n i n g system. The 
exhaust gas from f i r s t stage k i l n i s fed as f u e l f o r second stage 
k i l n . 

The operation of t h i s two-stage c a l c i n i n g system i n d i c a t e d t h a t 
the exhaust gas from f i r s t stage k i l n , w i t h a u x i l i a r y f u e l burning, 
could be u t i l i z e d as f u e l f o r second stage k i l n and the combustion 
of the exhaust gas i n second stage k i l n d i d not cause any d i f f i c u l 
t i e s i n maintaining a s t a b l e operation of second stage c a l c i n a t i o n . 
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13. KAKUTA ET AL. New Calcining Technology of Petroleum Coke 191 

Fuel 

Raw Coke Fuel(Auxiliary) 

Exhaust Gas 
1st Stage 

fil 

2nd Stage 

to Atmosphere 

Calcined Coke 

Figure 7 . Schematic diagram of two-stage c a l c i n i n g system. 

Table VI summarizes a t y p i c a l heat balance i n second stage of 
the above c a l c i n i n g system (Case A) i n comparison w i t h t h a t of an 
a l t e r n a t i v e system (Case B) i n which the exhaust gas from f i r s t stage 
k i l n i s not u t i l i z e d f o r second stage c a l c i n a t i o n . The amount, com
p o s i t i o n and temperature of the exhaust gas from f i r s t stage k i l n 
determine the a u x i l i a r y f u e l requirements f o r second stage k i l n . 

By the u t i l i z a t i o n of combustion heat of v o l a t i l e matter emitted 
from the coke feed, the c a l c i n i n g process capable of economic produc
t i o n of two-stage c a l c i n e d coke can be designed. 

Table VI. Heat Balance of Model C a l c i n e r (Second Stage) 

(Unit: k c a l / h r . - c a l c i n e d coke of 1 kg) 
Case A Case Β 

Input Heat 
Combustion Heat of Fuel 5 1 2 1 , 0 2 4 
Combustion Heat of 1 s t . Stage Exhaust Gas 667 -Combustion Heat of Coke & VM 6 7 5 6 5 5 
Sensible Heat of Coke & A i r 18 10 

(Total Input Heat) 1 , 8 7 2 1 , 6 8 9 
Output Heat 

Sensible Heat of Coke 5 1 3 513 
Sensible Heat of Flue Gas 786 6 5 8 
Decomposition & V a p o r i z a t i o n Heat of VM 10 10 
Heat Loss 5 6 3 5 0 8 

(Total Output Heat) 1 , 8 7 2 1 , 6 8 9 
VM: V o l a t i l e Matter 

Conclusion 

A p p l i c a t i o n of the new c a l c i n i n g technology reduces the thermal ex
pansion c o e f f i c i e n t , r e g a r d l e s s of the types of green coke. Major 
cause f o r r e d u c t i o n of the thermal expansion c o e f f i c i e n t and improve
ment of the p u f f i n g c h a r a c t e r i s t i c s i s the development of unique 
microcracks (1 t o 6 0 ym) w i t h i n processed coke. These microcracks 
f u n c t i o n as voids t o absorb and r e l a x the expansion of c r y s t a l l i t e s . 
Development of microcracks under the new c a l c i n i n g process seems t o 
have been caused by s p e c i f i c d i s t r i b u t i o n of s t r e s s w i t h i n the coke 
a r i s i n g from s i g n i f i c a n t expansion and c o n t r a c t i o n f o l l o w i n g the heat 
treatment p a t t e r n s . 
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192 PETROLEUM-DERIVED CARBONS 

These microcracks may have some effect in terms of mechanical 
strength when these cokes are processed into a r t i f i c i a l graphite 
electrodes. However, no significant difference in strength between 
graphitized test pieces obtained from actual electrodes under the 
new and traditional method was found. An optimum commercial new 
process system has been studied by using a model calciner p i l o t 
plant. 

By using two commercial plants conventionally, the t r i a l pro
duction of two-stage calcined coke has been carried out and calcined 
coke samples have been distributed to the graphite electrode manu
facturing companies for their evaluation. 
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14 
Petroleum-Coke Desulfurization 

A n Improved Thermal-Chemical Process 

H. H. Brandt1 and R. S. Kapner2 

1Diamond West Energy Corp., 27 River Ridge Road, Lake Charles, LA 70605 
2Chemical Engineering Department, The Cooper Union, 51 Astor Place, New York, 
NY 10003 

Current and foreseeable future supplies of anode grade 
petroleum coke for the primary aluminum industry are 
subject to coker feedstock quality limitations, i .e . , 
to higher levels of metallic impurities (V, Ni, Fe and 
Si) and increasing sulfur content. The presence of 
metals in coke directly affects refined aluminum 
quality, while sulfur, though tolerated by producers, 
causes environmental problems that appear to be on the 
edge of stringent federal regulations. Steadily rising 
coke sulfur levels have stimulated interest in removal 
methods. 

This paper briefly reviews the technology of 
petroleum coke desulfurization and the effects of 
sulfur removal processes on coke physical properties. 
A new thermal-chemical process is described which uses 
hydrogen sulfide as a gaseous reactant to remove coke 
sulfur after calcining. The process appears able to 
maintain high bulk and real coke densities by balanc
ing reaction temperature and contact time and is 
suitable for new calciner construction as well as a 
relatively easy retrofit to existing calciners. 

I m p u r i t i e s i n Coke - Nature of the Problem 

Free wor ld petroleum coke produc t i on has increased d r a m a t i c a l l y i n 
the past decade. The Uni ted States cont inues to be a dominant 
f a c t o r i n the petroleum coke i n d u s t r y , account ing f o r more than 75% 
of the t o t a l p r o d u c t i o n . 

In s p i t e of the phenomenal growth i n p r o d u c t i o n , there i s a 
r e a l and j u s t i f i e d concern about a coke shortage by the aluminum 
i n d u s t r y . The shortage Is i n the supply of anode grade coke. Th is 
i s the coke that i s used by the producers of pr imary aluminum 
(about one -ha l f pound per pound of aluminum). This i n d u s t r y 
consumes approx imate ly 10 m i l l i o n tons of raw petroleum coke 
a n n u a l l y or about 35% of the t o t a l f ree wor ld o u t p u t . Most of the 
r e c e n t l y b u i l t c o k e r s , as w e l l as many of the o l d e r ones, are be ing 

0097-6156/86/0303-0193$06.00/0 
© 1986 American Chemical Society 
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194 PETROLEUM-DERIVED CARBONS 

charged w i t h feedstocks that are h i g h i n s u l f u r and metals 
c o n t e n t s ; the r e s u l t a n t cokes are co r respond ing ly h i g h In s u l f u r 
and metals c o n t e n t s . While experience i n d i c a t e s that both of these 
contaminants can be t o l e r a t e d by the aluminum producers , they do 
c reate s e r i o u s problems. In the case of m e t a l l i c i m p u r i t i e s ( i . e . , 
V , N i , Fe and S i ) , the problem can be r e f l e c t e d In reduced anode 
e f f i c i e n c y ( e . g . , V o f ten ac t s c a t a l y t i c a l l y to i n c r e a s e o x i d a 
t i o n ) . Furthermore , a l l metals contaminate the aluminum; the 
m e t a l l u r g y r e q u i r e d to remove such contaminants i s expens ive . 
S u l f u r presents another problem whose s o l u t i o n i s l e s s c l e a r l y 
d e f i n e d . The problem i s a i r p o l l u t i o n . Two elements i n t h i s 
s c e n a r i o are on a c o l l i s i o n course . F i r s t , due to s h r i n k i n g 
s u p p l i e s of low s u l f u r ( l e s s than 2.5 wt%) cokes, concurrent w i t h 
inc reased requirements by the aluminum i n d u s t r y , the average s u l f u r 
content of s o - c a l l e d anode grade cokes has increased s i g n i f i c a n t l y . 
Ten years ago the average was 2.0 wt%, w h i l e t o d a y ' s s p e c i f i c a t i o n 
i s 3.5 wt%. Second, SO emiss ion l i m i t s are being t i g h t e n e d , and 
there are s t rong i n d i c a t i o n s that we w i l l see a quantum jump i n the 
environmental r e s t r i c t i o n s on S 0 x emissions i n the near f u t u r e . 

Technology of S u l f u r Removal 

D e s u l f u r i z a t i o n of coker feedstocks to produce lower s u l f u r cokes 
has proven not to be the s o l u t i o n to the problem. Nor i s there 
cause f o r optimism i n t h i s a r e a . Not on ly i s t h i s technology 
extremely expens ive , i t d o e s n f t always achieve the expected 
r e s u l t s . A 50% r e d u c t i o n i n feedstock s u l f u r content u s u a l l y y i e l d s 
a l e s s e r r e d u c t i o n of the s u l f u r content of the coke. 

That leaves us w i t h the cha l lenge to d e s u l f u r i z e the coke 
i t s e l f . There has long been an I n c e n t i v e to remove s u l f u r from 
coke s i n c e low s u l f u r coke has always commanded a premium p r i c e 
over i t s h igher s u l f u r c o u n t e r p a r t . There have been dozens of 
patents f i l e d on petroleum coke d e s u l f u r i z a t i o n technology 
( 1 - 1 8 ) . Al though f a r from e x h a u s t i v e , the l i s t of 18 patents c i t e d 
are those most p e r t i n e n t to t h i s d i s c u s s i o n . 

I t has been demonstrated i n the l a b o r a t o r y that s u l f u r can be 
removed from petroleum coke t h e r m a l l y , c h e m i c a l l y , or t h e r m a l -
c h e m i c a l l y . Thermal s u l f u r removal i s , as might be expected , a 
t ime-temperature f u n c t i o n . A long soak at r e l a t i v e l y low tempera
t u r e s , e . g . , s e v e r a l days at 2000°F (1095°C), can remove 50% or 
more of the conta ined s u l f u r . While no s p e c i f i c suppor t ing 
l i t e r a t u r e re ference can be s i t e d , t h i s e f f e c t i s commonly 
experienced when baking anodes i n r i n g furnaces where temperatures 
are h e l d from about 950-1050°C f o r per iods as long as one week. 
Such treatment a p p l i e d to petroleum coke per s e , however, i s 
i m p r a c t i c a l because of excess ive energy cos ts and i t s i n a b i l i t y to 
process l a r g e tonnages. Higher temperatures and s h o r t e r t i m e s , 
e . g . , 2600-2900°F (1425-1595°C) f o r 45-60 minutes , can a l s o remove 
50% or more of the s u l f u r , but create a h i g h degree of p o r o s i t y and 
reduce r e a l d e n s i t y ( 3 , 1 1 , 1 2 , 1 4 , 1 8 , 2 0 - 2 7 ) . Both of these p r o p e r 
t i e s are c r i t i c a l i n anode f a b r i c a t i o n . 

Chemical d e s u l f u r i z a t i o n techniques have a common drawback. 
They r e q u i r e p u l v e r i z i n g the coke to expose maximum sur face area to 
the r e a c t a n t ( s ) . Thus, the end product i s low s u l f u r coke w i t h no 
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14. BRANDT AND KAPNER Petroleum-Coke Desulfurization 195 

lump content . S ince anodes cannot be made wi thout a coarse f r a c 
t i o n , agglomerat ion of the f i n e s would be r e q u i r e d . T h i s i n t u r n 
would r e q u i r e a c o a l t a r b inder p i t c h and a baking s t e p . Even so , 
the f i n a l product becomes a r e l a t i v e l y weak lump w i t h p r o h i b i t i v e 
c o s t . Some chemical treatments employ v a r i o u s a d d i t i v e s , e . g . , 
a l k a l i e s , a c i d s , f l u o r i d e s or organic s o l v e n t s , w h i c h , i n a d d i t i o n 
to being expens ive , may leave res idues that are unacceptable 
( 1 , 2 8 - 3 1 ) . 

The accumulated data appear to suggest tha t a thermal - chemica l 
process should have the best chance f o r success . A c o n s i d e r a b l e 
amount of r esearch e f f o r t has been expended i n t h i s a r e a . The 
repor ted r e s u l t s , however, are f r e q u e n t l y i n c o n c l u s i v e and o c c a 
s i o n a l l y c o n f l i c t i n g . For example, most l a b o r a t o r y r e s u l t s support 
the c o n t e n t i o n that ^ S , hydrogen, methane and a v a r i e t y of o ther 
low molecular weight m a t e r i a l s such as hydrocarbons can induce 
d e s u l f u r i z a t i o n at e l eva ted temperatures (2-7,11,14-17,24,26,28,34-38); 
yet s e v e r a l s t u d i e s conclude (21,32,33) that the s u l f u r content of 
petroleum coke a c t u a l l y increases when i t i s exposed to ï^S at 
e l eva ted temperatures . Many s t u d i e s I n d i c a t e the need to p u l v e r i z e 
the coke p r i o r to treatment ( 9 , 1 2 , 3 9 ) , w h i l e others do n o t . S t i l l 
o thers c l a i m (10,22) that a two-stage temperature treatment i s 
b e n e f i c i a l . Two thermal - chemica l systems repor t (11,18) 90% s u l f u r 
removal u s i n g a t h r e e - s t e p process . In the f i r s t s t e p , the 
v o l a t i l e s are removed by treatment w i t h an i n e r t gas at 1400°F 
(760°C) . The temperature i s then reduced to 700°F (370°C) and the 
coke p a r t i a l l y o x i d i z e d (presumably to a c t i v a t e i t ) . The f i n a l 
s tep c o n s i s t s of r eheat ing the coke to about 1700°F (925°C) and 
t r e a t i n g i t w i t h methane or a s i m i l a r hydrocarbon. 

Some of the i n c o n s i s t e n c i e s i n the research are probably due 
to v a r i a t i o n i n petroleum cokes . I t i s g e n e r a l l y conceded that the 
coker i s the "garbage can" of the r e f i n e r y and as such i t seldom 
sees an i d e n t i c a l charge from day to day. Cokes w i t h v i r t u a l l y 
i d e n t i c a l chemical analyses can e x h i b i t markedly d i f f e r e n t behavior 
when subjected to i d e n t i c a l thermal t r ea tments . 

A New Thermal-Chemical D e s u l f u r i z a t i o n Process 

To da te , a l l of the research e f f o r t has not produced a commercial 
process to d e s u l f u r i z e petroleum coke f o r use i n aluminum c e l l 
anodes. However, there i s a new and unique process that promises 
to succeed where so many prev ious attempts have f a i l e d . T h i s new 
process has been patented (14) by Diamond West Energy C o r p o r a t i o n , 
and the research work, conducted at The Cooper Union i n New York 
C i t y , has been j o i n t l y funded by Kennedy Van Saun C o r p o r a t i o n and 
Diamond West. 

The process c o n s i s t s of c o n t a c t i n g c a l c i n e d coke w i t h a s u l f u r 
bear ing gas at e l evated temperatures . The concept of t r e a t i n g the 
c a l c i n e d coke immediately a f t e r i t i s d ischarged from the c a l c i n e r 
i s a key element i n m i n i m i z i n g energy c o s t s . The hot coke, at about 
2300°F (1260°C), i s fed i n t o a r e a c t o r d i r e c t l y from the c a l c i n e r , 
where i t may be f u r t h e r heated up to 2800°F (1540°C), and exposed 
to a s u l f u r bear ing gas f o r a per i od of time up to 90 minutes . 
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196 PETROLEUM-DERIVED CARBONS 

The d e s u l f u r i z a t i o n chemistry appears to depend on the 
presence of f r ee s u l f u r i n the c o n t a c t i n g gas and works i n 
c o n j u n c t i o n w i t h organic s u l f u r p y r o l y t i c a l l y r e l e a s e d from the 
coke. Gases that decompose to form f ree s u l f u r or reac t to form 
f ree s u l f u r are s u i t a b l e d e s u l f u r i z a t i o n agents and i n c l u d e , f o r 
example, r e f i n e r y sour gas , pure and d i l u t e I ^ S , mercaptans, 
mixtures of CO and S 0 2 or COS and H 2 0 . 

Laboratory t e s t s on two-pound sampl Ï of green petroleum cokes 
w i t h s u l f u r contents of 4 wt% to 6 wt% have s u c c e s s f u l l y reduced 
the s u l f u r l e v e l s to as low as 0.7 wt%. The degree of d e s u l f u r i z a 
t i o n can r e a d i l y be c o n t r o l l e d by a d j u s t i n g the temperature 
(nomina l ly between 2500 and 2800°F), the h o l d i n g time i n the 
r e a c t o r (between 5 and 90 m i n u t e s ) , and the reactant concentra t i ons 
and f low r a t e s . 

The exper imenta l work has been conducted i n h o r i z o n t a l furnace 
tube r e a c t o r s c o n t a i n i n g f i x e d beds of s i z e d (1/2 i n c h χ 4 mesh) 
coke e l e c t r i c a l l y heated and c o n t r o l l e d at p r e c i s e temperatures 
over the e n t i r e bed l e n g t h . The coke i s f i r s t c a l c i n e d , f o l l o w i n g 
a temperature p r o f i l e s i m i l a r to that of commercial c a l c i n i n g . The 
c a l c i n i n g i s immediately f o l l owed by d e s u l f u r i z a t i o n w i t h pure or 
d i l u t e s u l f u r gases metered from c y l i n d e r s . 

The data shown i n Table I were obta ined at r e a c t i o n tempera
tures of 2730 °F (1500°C) and are t y p i c a l of measured desul fur izat ion 

Table I . 

Thermal D e s u l f u r i z a t i o n With Added S u l f u r Gas 

Ho ld ing Time % D e s u l f u r i z a t i o n * * % D e s u l f u r i z a t i o n * * 
(min)* 

0 0 0 
10 15.2 27.5 
20 32.1 48.0 
30 55.0 66.8 
45 66.8 76.8 
60 71.2 83.8 

*Ho ld ing times are at constant temperature a f t e r c a l c i n a t i o n . 
**Percent d e s u l f u r i z a t i o n i s r e l a t i v e to s u l f u r content i n 

c a l c i n e d coke. 

r e s u l t s at a l l temperatures between 2550°F (1400°C) and 2900°F 
(1595°C). A n a l y s i s of these and other data suggests that the 
d e s u l f u r i z a t i o n process i s a complex sequence of steps t e n t a t i v e l y 
represented as : 
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14. BRANDT AND KAPNER Petroleum-Coke Desulfurization 197 

( -CS- ) (1) 

S v + ( -CS- ) 

2 S V + ( -C- ) 

-> c s 2 (2) 

-> c s 2 (3) 

Reac t i on (1) c o n s t i t u t e s a p u r e l y thermal i n i t i a t i o n of the d e s u l 
f u r i z a t i o n process descr ibed by (1) and ( 2 ) . Step (1) would appear 
to be s low, r a t e c o n t r o l l i n g and w i t h a h igh a c t i v a t i o n energy. 
A l s o i t i s very respons ive to temperature i n c r e a s e s - Hence, the 
g e n e r a l l y observed r a p i d a c c e l e r a t i o n of thermal d e s u l f u r i z a t i o n as 
the temperature increases from 2400°F (1315°C) to 2900°F (1595°C). 
By adding s u l f u r from an e x t e r n a l source , the d e s u l f u r i z a t i o n 
descr ibed i n step (2) i s no longer l i m i t e d by the r a t e at which 
s u l f u r i s s u p p l i e d by the coke i t s e l f and d e s u l f u r i z a t i o n proceeds 
more r a p i d l y than by a p u r e l y thermal process at every temperature . 
Exper imenta l data show that the d e s u l f u r i z a t i o n w i t h added e x t e r n a l 
s u l f u r , represented by r e a c t i o n ( 2 ) , i s dependent on temperature 
and c o n c e n t r a t i o n of s u l f u r i n the reac tant gas . I t has a s i g n i f i 
c a n t l y lower a c t i v a t i o n energy than r e a c t i o n ( 1 ) . 

The o b s e r v a t i o n that the a c t i v a t i o n energy of r e a c t i o n (1) i s 
g rea te r than that of r e a c t i o n (2) i s confirmed by exper imenta l data 
which show that the r e l a t i v e ra tes of d e s u l f u r i z a t i o n by thermal 
process ing and by the a d d i t i o n of a s u l f u r gas decrease as h o l d i n g 
temperature i s i n c r e a s e d . This p o i n t s out one of the more v a l u a b l e 
f ea tures of t h i s technology—a h igh r a t e of d e s u l f u r i z a t i o n can be 
supported at temperatures where thermal d e s u l f u r i z a t i o n i s not 
g e n e r a l l y a ch i eved . 

Another v a l u a b l e f ea ture i s the p r e s e r v a t i o n of the c r i t i c a l 
p r o p e r t i e s , r e a l d e n s i t y and bulk d e n s i t y . R e a l d e n s i t y i s a 
s p e c i f i c g r a v i t y measurement of the c a l c i n e d coke (performed on a 
sample that has been reduced to minus 200 mesh), and bulk density i s 
a p o r o s i t y d e t e r m i n a t i o n (performed on a 35 χ 65 mesh sample) . Both 
of these p r o p e r t i e s tend to d e t e r i o r a t e to unacceptable l e v e l s 
d u r i n g thermal d e s u l f u r i z a t i o n at h igh temperatures due to the 
c r e a t i o n of m i c r o - and macro -poros i ty as s u l f u r i s v a p o r i z e d and 
leaves the s o l i d coke m a t r i x . The p e r s i s t e n c e of h igh r e a l and bulk 
d e n s i t y va lues In cokes d e s u l f u r i z e d u s i n g t h i s new technology i s a 
promis ing i n d i c a t i o n that some s o r t of annea l ing process occurs 
d u r i n g the t rea tment . U n f o r t u n a t e l y , we do not have an e x p l a n a t i o n 
f o r t h i s phenomenon. The data from almost one hundred d e s u l f u r i z a 
t i o n runs s t r o n g l y support the c l a i m and are summarized i n Table I I . 

Table I I . Comparison of P h y s i c a l P r o p e r t i e s of D e s u l f u r i z e d Cokes 
w i t h T y p i c a l C a l c i n e d Coke S p e c i f i c a t i o n s 

Proper ty 
Commercial 

S p e c i f i c a t i o n 
S u l f u r Gas 

D e s u l f u r i z e d Coke 

Rea l Dens i ty (g / c c ) 2 .05-2 .11 
Bulk Dens i ty ( l b / c u f t ) 49 (minimum) 

2 .07-2 .16 
53-55 
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198 PETROLEUM-DERIVED CARBONS 

P i l o t p l a n t work i s p r e s e n t l y under way at Kennedy Van Saun's 
f a c i l i t i e s i n D a n v i l l e , P e n n s y l v a n i a . We hope to be ab le to 
develop hardware that can be r e t r o f i t t e d to e x i s t i n g c a l c i n e r s . 

Literature Cited 

1. Aldridge, C. L . ; Waghorne, R. H. , "Desulfurization of Fluid 
Petroleum Coke," U.S. Patent 3 600 130, August 17, 1971. 

2. Alford, H. E . ; Marsh, Ε. Ν., "Process for the Desulfurization 
of Petroleum Coke," U.S. Patent 4 146 434, March 27, 1979. 

3. Bauer, W. V. ; Isaacs, J . A. C.; LaMont, O. Μ., "Coke Desul
furization," U.S. Patent 4 203 960, May 20, 1980. 

4. Buchmann, F. J.; Hammer, G. P., "Low Sulfur Coke from Virgin 
Residua," U.S. Patent 3 702 816, November 14, 1972. 

5. Ford, F. P.; Nelson, J . F . , "Desulfurization of Fluid Coke 
with Sulfur Dioxide Containing Gas," U.S. Patent 2 739 105, 
March 20, 1956. 

6. Franz, W. F. ; Hess, H. V. , "Purification of Petroleum Coke," 
U.S. Patent 3 595 965, July 27, 1971. 

7. Franz, W. F. ; Hess, H. V. , "Purification of Petroleum Coke," 
U.S. Patent 3 598 528, August 10, 1971. 

8. Frischmuth, R. W., "Desulfurization of Carbonaceous Materials," 
U.S. Patent 4 270 928, June 2, 1981. 

9. Gorin, E . ; Zielke, C. W., "Desulfurization of Low Temperature 
Carbonization Char," U.S. Patent 2 717 868, September 13, 1955. 

10. Grove, J . H. , "Desulfurization of Petroleum Coke," U.S. Patent 
2 983 673, May 9, 1961. 

11. Hardin, E. E . ; Guffy, D. H.; Grindstaff, L. I . , "Thermal 
Desulfurization and Calcination of Petroleum Coke," U.S. 
Patent 4 160 814, July 10, 1979. 

12. Hsu, H. L.; Hardin, Ε. E.; Grindstaff, L. I., "Process for 
Calcining and Desulfurizing Petroleum Coke," U.S. Patent 
4 298 008, September 22, 1981. 

13. Johnson, H. S.; Andersen, Α. Η., "Process for Preparation of 
Carbon Disulfide and the Desulfurization of Coke," U.S. Patent 
3 009 781, November 21, 1961. 

14. Kapner, R. S.; O'Brien, R., "Desulfurization of Delayed 
Petroleum Coke," U.S. Patent 4 406 872, September 27, 1983. 

15. Lutz, I. H. , "Purification of Coke," U.S. Patent 4 208 307, 
September 25, 1978. 

16. MacGregor, D., "Process for Desulfurizing Sulfur Bearing 
Coke," U.S. Patent 4 011 303, March 8, 1977. 

17. Nelson, J . F . ; Ford, F. P.; Hubbard, A. W., "Desulfurization of 
Fluid Coke with Hydrogen Above 2400°F," U.S. Patent 2 872 384, 
February 3, 1959. 

18. Yoshimura, K; Hayashi, Μ., "Process for Preparation of High 
Quality Coke," U.S. Patent 4 100 265, July 11, 1978. 

19. Bopp, A. F. ; Goff, G. B.; Howard, Β. H. , "Influence of Maximum 
Temperature and Heat-Soak Times on the Properties of Calcined 
Coke," Light Metals 1984, pp. 869-882. 

20. El-Kaddah, N . ; Ezz, S. Y . , "Thermal Desulfurization of Ultra– 
High Sulfur Petroleum Coke," Fuel, 1973, 52(2), 128. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

01
4



14. BRANDT AND KAPNER Petroleum-Coke Desulfurization 199 

21. Gehlbach, R. E. ; Grindstaff, L. J.; Whittaker, M. P., "Effect 
of Calcination Temperature on Real Density of High Sulfur 
Cokes," presented at 106th AIME Annual Meeting, Atlanta, 
Georgia, March 6-10, 1977. 

22. Jones, S. S.; Hildebrandt, R. D.; Hedlund, M. C., "Influence of 
High-Sulfur Cokes on Anode Performance in Alumina Reduction," 
J . Metals, 1979, 31(9), 33-40. 

23. Kapner, R. S.; Cianco, Α.; Gootzait, E . ; Brandt, Η. H. , "A 
Thermochemical Process for the Production of Low Sulfur Anode 
Grade Petroleum Coke," Extended Abstracts, 16th Biennial 
Conference on Carbon, University of California, San Diego, 
July 18-23, 1983, pp. 586-587. 

24. Miura, K. ; Hashimoto, Κ., "A Model Representing the Change of 
Pore Structure During the Activation of Carbonaceous Mate
rials," Ind. Eng. Chem. Process Des. Dev., 1984, 23, 138. 

25. Rhedy, P. , "Structural Changes in Petroleum Coke During 
Calcination," Trans. Met. Soc. AIME, July 1967, :356239, 1084. 

26. Sadilla, F. M.; LaMonte, O. M.; Sze, M. C.; Bauer, W. V. , 
"Thermal Process Is Developed for Petroleum Coke Desulfuriza
tion," Oi l & Gas J., January 22, 1979, p. 64. 

27. Sadilla, F. M.; LaMonte, O. M.; Sze, M. C.; Bauer, W. V. , "New 
Process Desulfurizes Coke," Hydrocarbon Processing, March 
1979, p. 97. 

28. George, Ζ. M.; Schneider, L. G.; Tollefson, E. L . , "Desul
furization of a Fluid Coke Similar to the Athabasca Oi l Sands 
Coke," Fuel, 1978, 57(8), 497. 

29. Mahoud, B. H. ; Ayad, S.; Ezz, S. Y . , "Desulfurization of 
Petroleum Coke," Fuel, 1968, 47, 455. 

30. Phi l l ips , C. R.; Chao, K. S., "Desulfurization of Athabasca 
Coke by (a) Chemical Oxidation and (b) Solvent Extraction," 
Fuel, 1977, 56(1), 70. 

31. Sabott, F. Κ., "A Study of Methods of Removing Sulfur from 
Petroleum Cokes," Col. School of Mines Quart., July 1952, 47, 
1. 

32. George, Ζ. Μ., "Hydrodesulfurization of Coke from Athabasca 
Tar Sands Operation," Ind. Eng. Chem. Process Des. Dev., 1975, 
14, 298. 

33. Mason, R. B. , "Hydrodesulfurization of Coke," Ind. Eng. Chem., 
1959, 51, 1022. 

34. El-Tawil, S. Z.; Morsi, M. B. , "Thermal Treatment of Egyptian 
Petroleum Coke in an Oxygen Atmosphere," J . of Mines, Metals 
and Fuels, June 1979, p. 185. 

35. Hussein, M. H.; El-Tawil, S. Z. ; Rabah, Μ. Α., "Desulfuriza
tion of High-Sulfur Egyptian Petroleum Coke," J . Institute 
Fuel, September 1976, 49, 139. 

36. Kalinowsky, B. ; Wlodarski, R., "The Mechanism of Thermal 
Desulfurization of Petroleum Cokes with High Sulfur Content," 
Przemysl Chemiczny, 1968, 47, 351. 

37. Schafer, W. C., "Removal of Sulfur from Petroleum Coke," Col. 
School of Mines Quart., July 1952, 47, 27. 

38. Sef, F . , "Desulfurization of Petroleum Coke During Calcina
tion," Ind. Eng. Chem., July 1960, 52, 599. 

39. Parmer, B. S.; Tollefson, E. L., "Desulfurization of Oil Sands 
Coke," Can. J. Chem. Eng., 1977, 55, 185. 

RECEIVED March 21, 1985 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

01
4



15 

Granular Graphitic Carbon 

W. M. Goldberger1, P. R. Carney1, R. F. Markel2, and F. J. Deutschle3 

1Superior Graphite Company, 120 S. Riverside Plaza, Chicago, IL 60606 
2 R . F. Markel & Associates, 14 Gallery Center, Taylors, SC 29678 
3Superior Graphite Company, 4021 Calvin Drive, Hopkinsville, ΚY 42240 

Desulco is a granular graphitic carbon made by desul
furizing petroleum coke at temperatures approaching 
2500C. Desulco meets a sulfur specification of 0.03 
percent sulfur maximum as required for use of the 
product as a recarburiser for production of ductile 
iron. 

A highly advanced continuous electrothermal 
furnace process was developed by The Superior Graphite 
Company for production of Desulco. Commercial opera
tion was first begun in 1977 at Hopkinsville, Kentucky. 
Plants with total capacity of 30,000 metric tons are 
in operation in the U.S. and Europe. 

Desulco is characterized by its high purity, 
relatively low particle density and very high degree of 
microporosity. In addition to use worldwide as a 
carbon additive to molten iron, Desulco is finding 
increasing use in special graphite products such as 
lubricants, coating agents and electrically conductive 
f i l lers . 

Commercial cas t i r o n s are a l l o y s c o n t a i n i n g 2-4 percent d i s s o l v e d 
carbon . On c o o l i n g and s o l i d i f i c a t i o n , the d i s s o l v e d carbon p r e c i 
p i t a t e s as c r y s t a l l i n e g r a p h i t e . I n " g r a y " i r o n c a s t i n g s , the 
g r a p h i t e has been p r e c i p i t a t e d i n s p h e r i c a l or nodular form. D u c t i l e 
or nodular cast i r o n has e x c e l l e n t mechanical working c h a r a c t e r i s t i c s 
and i s f i n d i n g i n c r e a s i n g markets . 

S o l i d carbons are added to i r o n mel ts to ad jus t the carbon c o n 
tent before c a s t i n g . A l i s t i n g and a n a l y s i s of the v a r i o u s carbon 
sources used i s g iven i n Table I . S u l f u r present i n the carbon 
a d d i t i v e w i l l be r e t a i n e d by the i r o n . This i s not c r i t i c a l i n 
making gray i r o n s c a s t i n g s because the s u l f u r content of the meta l 
i s r e l a t i v e l y h i g h , i n the range 0 .04-0 .12 percent ( 1 ) . However, 
f o r p r o d u c t i o n of d u c t i l e i r o n , i t i s e s s e n t i a l to m a i n t a i n s u l f u r 
i n the range 0.005-0.015 p e r c e n t . For t h i s r eason , s y n t h e t i c 

0097-6156/86/0303-0200$06.00/0 
© 1986 American Chemical Society 
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15. GOLDBERGER ETAL. Granular Graphitic Carbon 201 

g r a p h i t e , which i s v i r t u a l l y s u l f u r f r e e , i s used to avo id a subse 
quent need to d e s u l f u r i z e the hot meta l before c a s t i n g . S y n t h e t i c 
g r a p h i t e has been a p r e f e r r e d " r e c a r b u r i s e r " i n d u c t i l e i r o n 
f oundr ies a l s o because i t conta ins no v o l a t i l e s and almost no a s h . 

Table I . T y p i c a l Analyses of V a r i o u s R e c a r b u r i s e r M a t e r i a l s 

A n a l y s e s , Percent 
F i x e d V o l a t i l e 

Carbon Type Carbon Ash Matter S u l f u r N i t r o g e n Hydrogen 
M e t a l l u r g i c a l 
Coke 89, .0 9. 4 1.60 0 .93 1. 00 -Brown Coa l Char 92, .0 2. 9 2.90 0 .28 0. 60 1.10 
C a l c i n e d A n t h r a 
c i t e 89, .2 10. 0 0.4 0 .35 0. 10 0.013 
P i t c h Coke 98, .0 0.55 0.50 0 .45 0. 60 0.20 
N a t u r a l Graph i te 86, .3 13. 2 0.44 0 .35 0. 06 0.20 
C a l c i n e d P e t r o 
leum Coke 99, .6 0. 4 0.4 1 .8 0. 60 0.15 
S y n t h e t i c 
Graph i te 99, .5 0. 5 <0.1 0 .02 <0. 01 <0.01 

S y n t h e t i c g r a p h i t e i s made i n r e l a t i v e l y l a r g e shapes, f or example, 
e l e c t r o d e s for s tee lmaking e l e c t r i c f u r n a c e s . The manufacture of 
shaped g r a p h i t e i n c l u d e s a s e r i e s of s teps i n v o l v i n g the b l e n d i n g of 
cokes w i t h p i t c h , s h a p i n g , baking and g r a p h i t i z i n g a t temperatures 
approaching 3000C i n l a r g e batch operated r e s i s t o r furnaces of the 
Acheson t y p e . As such , pr imary manufactured g r a p h i t e i s too expen
s i v e f o r use d i r e c t l y as a r e c a r b u r i s e r . However, the scrap 
g r a p h i t e generated as the machinings and breakage d u r i n g p r o d u c t i o n 
of pr imary manufactured g r a p h i t e s and from the stubs and breakage of 
g r a p h i t e e l e c t r o d e s i n use has been the main source of r e c a r b u r i s e r 
g r a p h i t e . As i s the case w i t h a l l secondary m a t e r i a l s , the a v a i l a 
b i l i t y and p r i c e s f l u c t u a t e w i d e l y . The Desulco development was 
intended to prov ide a s t a b l e source of c o n s i s t e n t q u a l i t y g r a p h i t i c 
carbon r a i s e r to supplement the supply of scrap g r a p h i t e . 

Development of the Desulco Process 

Delayed petroleum coke was cons idered the pr imary carbonaceous raw 
m a t e r i a l because i t i s a g r a p h i t i z a b l e carbon that was immediately 
a v a i l a b l e i n tonnages w e l l i n excess of foundry usage. As noted i n 
Table I I , on ly about 6 percent of the p r o d u c t i o n of more than s i x 
m i l l i o n tons of petroleum coke i s f o r carbon a d d i t i o n i n i r o n and 
s t e e l . Moreover, petroleum coke would be a v a i l a b l e i n p a r t i c l e 
s i z e s s u i t a b l e f o r c rush ing and screen ing to the s i z e range d e s i r e d 
i n foundry p r a c t i c e . In a d d i t i o n , except f o r i t s h i g h s u l f u r c o n 
t e n t , petroleum coke has been a r e l a t i v e l y h i g h p u r i t y carbon . As 
the name i n d i c a t e s , the Desulco Process was designed to d e s u l f u r i z e 
petroleum coke; and more s p e c i f i c a l l y , to d e s u l f u r i z e below the 0.03 
percent l e v e l s s p e c i f i e d by the d u c t i l e i r o n i n d u s t r y f o r r e c a r b u r -
i s e r s . 
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202 PETROLEUM-DERIVED CARBONS 

Table I I . Production and Usage of Petroleum Coke—1980 Estimate* 

Production 6,150,000 Tons Delayed 
200,000 Tons F l u i d 

6,350,000 Tons T o t a l 

D i s t r i b u t i o n Percent 

Aluminum Reduction 68 
19 

6 
3 
4 

E l e c t r o d e (Carbon/Graphite) 
M e t a l l u r g i c a l (Recarburisers) 
Titanium Dioxide 
Mis cellaneous 

*Courtesy Asbury Graphite, Inc. of C a l i f o r n i a 100 

Review of Process A l t e r n a t i v e s . Superior Graphite began i n 1968 to 
i n v e s t i g a t e p o s s i b l e a l t e r n a t i v e s f o r d e s u l f u r i z a t i o n of petroleum 
cokes. The methods considered included v a r i o u s chemical treatments 
and d i r e c t thermal p u r i f i c a t i o n processes. The chemical treatment 
methods included h y d r o d e s u l f u r i z a t i o n and r e a c t i o n s w i t h v a r i o u s 
a l k a l i metal compounds. Fine g r i n d i n g of the coke appeared to be 
req u i r e d and r e a c t i o n c o n d i t i o n s g e n e r a l l y i n v o l v e d high pressure. 
The chemical methods reported at the time t h e r e f o r e appeared complex 
and u n l i k e l y to achieve at a reasonable cost the low l e v e l s of 
product s u l f u r r e q u i r e d . A l t e r n a t i v e l y , thermal d e s u l f u r i z a t i o n a t 
about 2500C was known to y i e l d a product meeting s u l f u r s p e c i f i c a 
t i o n s as made evident by the conventional process of g r a p h i t i z i n g 
shaped mixtures of petroleum coke and c o a l t a r p i t c h . In a d d i t i o n 
to s i m p l i c i t y , thermal p u r i f i c a t i o n o f f e r e d a s i g n i f i c a n t advantage 
i n not r e q u i r i n g f i n e g r i n d i n g of the coke. 

A review of a v a i l a b l e data on thermal d e s u l f u r i z a t i o n of vari o u s 
petroleum cokes i n d i c a t e d a gene r a l i z e d d e s u l f u r i z a t i o n r e l a t i o n s h i p 
as shown i n Figure 1. To achieve n e a r l y complete d e s u l f u r i z a t i o n i t 
was recognized that temperatures i n excess of 2400C would be 
re q u i r e d . 

Laboratory s t u d i e s made by Superior Graphite to b e t t e r under
stand the k i n e t i c s of thermal d e s u l f u r i z a t i o n e s t a b l i s h e d that above 
2400C, d e s u l f u r i z a t i o n i s r a p i d and e s s e n t i a l l y complete w i t h i n 
about 5 minutes regardless of p a r t i c l e s i z e (Figure 2 ) . This was 
found to be true f o r both green cokes and c a l c i n e d cokes. I t was of 
p a r t i c u l a r i n t e r e s t to a l s o note that d e s p i t e s u b j e c t i n g cokes to 
extremely r a p i d h e a t i n g , l i t t l e change occurred i n p a r t i c l e s i z e 
i n d i c a t i n g that grains of coke are s u f f i c i e n t l y porous to allow a 
r a p i d e v o l u t i o n of gas without rupture (Table I I I ) ; although to some 
extent, d i f f e r e n c e s i n t h i s property w i l l vary w i t h cokes from 
d i f f e r e n t o r i g i n . 

Achieving the required degree of d e s u l f u r i z a t i o n d i c t a t e d e l e c 
trothermal heating. Fixed-bed e l e c t r o t h e r m a l furnaces of the 
Acheson type were i n i t i a l l y considered f o r use d i r e c t l y w i t h granu
l a r coke; but the t e s t r e s u l t s were d i s a p p o i n t i n g . The product of 
the Acheson furnace was not uniform i n i t s s u l f u r content. Adapta
t i o n of the Acheson Process, which i s a batch process, presented 
problems i n m a t e r i a l s handling that were considered very d i f f i c u l t 
to r e s o l v e at the 10,000 tons per year c a p a c i t y determined to be the 
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GOLDBERGER ET AL. Granular Graphitic Carbon 

0 15 30 45 
Minutes 

F i g u r e 2. D e s u l f u r i z a t i o n of C a l c i n e d Petroleum Coke as a 
t i o n of Time at Temperature. 
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204 PETROLEUM-DERIVED CARBONS 

minimum economic p r o d u c t i o n r a t e . Moreover, a continuous r a t h e r than 
a batch method would be needed to take advantage of the r a p i d d e s u l 
f u r i z a t i o n k i n e t i c s and to best c o n t r o l the gaseous e m i s s i o n s . 

Table I I I . Change i n S i z e D i s t r i b u t i o n of C a l c i n e d Petroleum 
Coke A f t e r Rapid Heat ing to 2480C 

Weight Percent Reta ined 
Coke Thermally Processed Coke 

Mesh S i z e As Received 2400C (4500F)-5 M i n . 

+12 22.5 16.5 
-12 + 20 74.3 78.6 
-20 + 28 2.9 4.9 
-28 + 35 0.3 TR 
-35 + 48 0 TR 
-48 + 65 0 TR 
-65 + 100 0 TR 

TR=Trace 

Features of the Desulco P r o c e s s . The Desulco Process subsequently 
developed by Super ior Graphi te employs continuous e l e c t r o t h e r m a l 
c h a r g e - r e s i s t o r h e a t i n g and i s s i m i l a r i n that regard to the Acheson 
Process but designed s p e c i f i c a l l y f o r continuous p u r i f i c a t i o n of 
g ranu lar carbons . The process has these f o l l o w i n g f e a t u r e s : 

• A b i l i t y to achieve and s u s t a i n a r e l a t i v e l y l a r g e zone of 
uni form temperature i n excess of 2500C. 

• High energy e f f i c i e n c y to enable granular coke to be d e s u l f u r -
i z e d at l e s s than 2 Kw-hr /Kg (0.9 K w - h r / l b ) . 

• Extremely h i g h r a t e s of energy t r a n s f e r and h i g h throughput . 

• Continuous and uni form movement of coke through the furnace 
wi thout need f o r mechanical devices or moving p a r t s w i t h i n 
the h igh temperature zones. 

• S t e a d y - s t a t e o p e r a t i o n w i t h f u l l y automated process c o n t r o l . 

• F u l l y conta ined gaseous e f f l u e n t f o r e f f e c t i v e environmental 
c o n t r o l . 

C o m m e r c i a l i z a t i o n . P r o d u c t i o n of Desulco was begun by Super ior 
Graph i te a t H o p k i n s v i l l e , Kentucky i n May 1977. The i n i t i a l produc 
t i o n c a p a c i t y of the H o p k i n s v i l l e p l a n t was 11,000 shor t tons per 
y e a r . This was increased to over 20,000 tons i n 1981. To d a t e , 
more than 80,000 tons of Desulco has been produced at H o p k i n s v i l l e . 
A Desulco p l a n t was b u i l t a t S u n d s v a l l , Sweden by CarboNord, a j o i n t 
venture company formed by Super ior Graphi te and the KemaNord Indus 
t r i a l Chemical Company of Sweden. The CarboNord p l a n t , r a t e d at 
12,000 m e t r i c tons c a p a c i t y , began p r o d u c t i o n of Desulco i n Septem
ber 1984. The Desulco product made i n Sweden w i l l supply the 
European market . 
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15. GOLDBERGER ET AL. Granular Graphitic Carbon 205 

The P r o p e r t i e s of Desulco 

Desulco i s a p a r t i a l l y g r a p h i t i c carbon g r a i n . Al though s i m i l a r i n 
chemica l p u r i t y to s y n t h e t i c scrap g r a p h i t e , processed at g r a p h i t i -
z i n g temperatures as a g r a i n r a t h e r than a formed shape, the c r y s -
t a l l i n i t y and o ther p h y s i c a l p r o p e r t i e s of Desulco d i f f e r from that 
of scrap g r a p h i t e g r a i n . These d i f f e r e n c e s i n p r o p e r t i e s are l a r g e l y 
a t t r i b u t e d to the f a c t tha t no p i t c h was used nor was the g r a i n com
pacted before heat ing to g r a p h i t i z i n g temperature as i s done i n the 
manufacture of shaped s y n t h e t i c g r a p h i t e . A l s o , the t ime-temperature 
h i s t o r y i n p r o d u c t i o n of Desulco d i f f e r s s u b s t a n t i a l l y from that 
used i n p r o d u c t i o n of formed g r a p h i t e . Temperature r i s e r a t e s of 
p a r t i c l e s fed to the Desulco furnaces are est imated to be i n the 
range 50-150C per second w i t h a temperature of 2500C achieved i n 
l e s s than 1 minute . The res idence time a t temperature i n the 
Desulco process i s between 5 and 30 minutes . I n the c o n v e n t i o n a l 
method of making shaped s y n t h e t i c g r a p h i t e , the temperature i s 
r a i s e d s l o w l y r e q u i r i n g approximate ly 1 day or longer to reach g r a 
p h i t i z i n g temperature ( 2 ) . The g r a p h i t i z a t i o n c y c l e of the Acheson 
process can w e l l exceed 5 days depending on the s i z e of furnace and 
q u a n t i t y of m a t e r i a l c o n t a i n e d . 

Chemical A n a l y s e s . The p r o d u c t i o n s p e c i f i c a t i o n and a t y p i c a l 
analyses of Desulco i s g i ven i n Table I V . The t r a c e element a n a l y 
ses of the ash forming elements does vary w i t h the coke. An 
example analyses of Desulco ash i s g iven i n Table V . 

Table I V . S p e c i f i c a t i o n and T y p i c a l Analyses of Desulco 

Weight Percent 
S p e c i f i c a t i o n T y p i c a l 

Carbon 99.5 min 99.9 
Ash 0.5 max Less than 0 .1 
V o l a t i l e s 0.2 max Less than 0 .1 
M o i s t u r e 0.2 max Trace 
S u l f u r 0.03 max Less than 0.02 
Hydrogen - 20-60 ppm 
N i t r o g e n - 35-70 ppm 

Table V . Example of A n a l y s i s of Components i n Desulco Ash 

Component W t . , Percent 

Calc ium Oxide 3k.3 
S i l i c o n Oxide 2 5 · 5 

Aluminum Oxide 10.3 
Vanadium Oxide 8.4 
I r o n Oxide 3 · 7 

N i c k e l Oxide 3 · 5 

Ti tan ium Oxide N i l 

M i s c e l l a n e o u s Balance 
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206 PETROLEUM-DERIVED CARBONS 

The contents of the gases n i t r o g e n and hydrogen are i n the l e s s than 
100 ppm l e v e l s t y p i c a l of s y n t h e t i c g r a p h i t e s as shown i n the t a b u 
l a t e d comparison of Table V I . 

Table V I . Comparison of N i t r o g e n and Hydrogen 
Content of Desulco w i t h Var ious R e c a r b u r i s e r s 

P a r t s Per M i l l i o n 1 

Type N i t r o g e n Hydrogen 

Desulco 35-70 25-60 
S y n t h e t i c Graphi te 30-80 40-70 
Mexican Graph i te 300-700 1500-2500 
A n t h r a c i t e Z 760-1,600 130-140 
Petroleum Coke 3 2300-10,600 1600-1650 

Notes 
1. Range of samples a n a l y z e d . 
2. E l e c t r i c a l l y c a l c i n e d . 
3. C a l c i n e d . 

P a r t i c l e S i z e . Run-o f - furnace Desulco i s a f ree f l ow ing granular 
m a t e r i a l ranging i n s i z e from 0.15 mm to 10 mm (100 mesh to 3/8 i n ) . 
A genera l s i z e d i s t r i b u t i o n i s g iven i n Table V I I . Th i s r u n - o f -
furnace product can be s i z e d to v a r i o u s customer p r e f e r r e d grades . 

Table V I I . P a r t i c l e S i z e D i s t r i b u t i o n of Desulco As Produced 

Wt. R e t a i n e d , 
T y l e r Mesh S i z e Range, mm Percent 

P l u s 6 P l u s 3.36 9 
-6 + 10 3.36 χ 1.68 26 
-10 + 28 1.68 χ 0.60 35 
-28 + 65 0.60 χ 0.21 25 
Minus 65 Minus 0.21 5 

100 

Bulk D e n s i t y . As n o t e d , l i t t l e change occurs i n the o v e r a l l s i z e 
or shape of the coke p a r t i c l e s due to the Desulco furnace t reatment ; 
t h e r e f o r e , the l o s s of v o l a t i l e s and s u l f u r reduces the b u l k d e n s i t y 
of the p r o d u c t . The b u l k d e n s i t y of Desulco w i l l vary w i t h the coke 
source and i s g e n e r a l l y i n the range between 0.58 and 0.80 g /cc (35-
50 l b . / c u . f t . ) . 

P a r t i c l e D e n s i t y : P a r t i c l e d e n s i t y of the as produced Desulco 
g r a i n determined by he l ium or l i q u i d pycnometry w i l l a l s o vary w i t h 
the source of coke i n the range 1 .40-1.60 g/cc i n the r u n - o f - f u r n a c e 
g r a i n . Desulco i s t h e r e f o r e s u b s t a n t i a l l y more porous than s y n t h e 
t i c g r a p h i t e s made by the c o n v e n t i o n a l p i t c h impregnat ion and 
Acheson furnace g r a p h i t i z a t i o n process . P a r t i c l e d e n s i t y v a r i e s 
w i t h p a r t i c l e s i z e ; and , the p a r t i c l e d e n s i t y w i l l approach the 
t h e o r e t i c a l d e n s i t y of g r a p h i t e (2.26 g/cc) as the Desulco p a r t i c l e 
i s reduced to micron s i z e d powder. The p a r t i c l e d e n s i t y of r u n - o f -
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15. GOLDBERGER ET AL. Granular Graphitic Carbon 207 

furnace Desulco g r a i n i s compared i n Table V I I I w i t h c a l c i n e d d e l a y 
ed petroleum coke before and a f t e r g r a p h i t i z a t i o n of these coke 
m a t e r i a l s when g r a p h i t i z a t i o n i s done over a 10 hour heat up p e r i o d 
to 2500C and slow c o o l i n g c y c l e under argon . 

Table V I I I . Comparison of P h y s i c a l P r o p e r t i e s of 
Desulco w i t h S e v e r a l Cokes and G r a p h i t i c G r a i n s * 

P a r t i c l e A S u r f a c e 0 

D e n s i t y , A r e a , Pore Volume 0 Pore R a d i u s 0 

M a t e r i a l g/cm3 M 2 / g Percent A° 

D e s u l c o E 1.46 0.572 35.4 192 
CPC-1 1.86 0.769 17.7 2000 
C P C - 1 F 2.02 0.362 10.7 420 
CPC-2 1.73 0.729 23.5 1080 
C P C - 2 F 2.08 0.317 8.0 500 
CPC-3 1.86 0.614 17.7 1060 
C P C - 3 F 1.98 1.738 12.4 120 

*CPC (Ca l c ined Petroleum Coke) : A l l petroleum cokes delayed type 
g r a p h i t i z e d by i n d u c t i v e l y h e a t i n g s t a t i c sample to 2500C over 10 
hour p e r i o d , h o l d i n g 30 minutes and slow c o o l i n g . Argon atmosphere 
m a i n t a i n e d . 

Notes 

A . P a r t i c l e d e n s i t y by he l ium pycnometry. 
B . Surface area by BET a b s o r p t i o n of argon at l i q u i d n i t r o g e n 

temperature . 
C. Pore volume percent c a l c u l a t e d from measured p a r t i c l e d e n s i t y . 
D. Determined by mercury p o r o s i m e t r y . 
E . Desulco sample i n Table V I I I prepared from c a l c i n e d petroleum 

coke CPC-1 . 
F . G r a p h i t i z e d . 

E l e c t r i c a l . Desulco i s i s o t r o p i c and i t s e l e c t r i c a l r e s i s t i v i t y i s 
measured to be between that of c a l c i n e d petroleum coke and a h i g h 
carbon content n a t u r a l v e i n g r a p h i t e ( S r i L a n k a ) . The measurement 
of the e l e c t r i c a l r e s i s t i v i t y of g ranu lar m a t e r i a l s i s not a s t a n 
d a r d i z e d procedure ; Super ior Graph i te u t i l i z e s a h i g h c o n d u c t i v i t y 
meta l p i s t o n to contact and compress s l i g h t l y a column of the g r a i n 
or powder w i t h i n a non-conduct ing c y l i n d e r w a l l . Table IX shows a 
comparison of the determined r e s i s t i v i t y of Desulco i n comparison 
w i t h o ther carbon and g r a p h i t e m a t e r i a l s a t two s i z e ranges . The 
r e s i s t i v i t y of Desulco w i l l g e n e r a l l y be s l i g h t l y greater than s y n 
t h e t i c g r a p h i t e g r a i n and w i l l vary depending on the precursor 
petroleum coke used ; the va lues g iven i n Table IX are f o r comparison 
only and not intended f o r d e s i g n . 
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208 P E T R O L E U M - D E R I V E D C A R B O N S 

Table I X . Comparison of E l e c t r i c a l R e s i s t i v i t y 
of Desulco w i t h Var i ous Graph i t e M a t e r i a l s 

M a t e r i a l 

R e s i s t i v i t y , ohm-cm 
G r a i n S i z e 

20x65 Mesh 325 Mesh 

V e i n Graphite -4712 (97%C) 
V e i n Graphite -4200 (90%C) 
S y n t h e t i c Graphi te 
Desulco 
C r y s t a l l i n e F l a k e Graph i te 
M i c r o c r y s t a l l i n e (Mexican) Graphi te 
C a l c i n e d Coke 

0 .006-0 .001 
0.011 
0.0125 
0.0160 

0 .017-0 .021 
0.040-0.050 

0.1016 

0.020 

0.030 
0.033 
0.043 
0.090 

S t r u c t u r e of Desulco 

The c r y s t a l s t r u c t u r e of Desulco i s s u b s t a n t i a l l y more ordered than 
that of the s t a r t i n g petroleum coke; b u t , not as ordered as that of 
a s y n t h e t i c g r a p h i t e made by the Acheson process . 

A comparison of the x - r a y peak response of Desulco w i t h that of 
green and c a l c i n e d cokes and a t y p i c a l s y n t h e t i c g r a p h i t e made by 
the Acheson process i s shown i n Table X . I t can be seen that the 
green coke gave on ly one peak at the 2Θ = 25.5° p o s i t i o n . The 
c a l c i n e d coke samples g ive w e l l - d e f i n e d (0002) g r a p h i t e peaks a t 2Θ 
= 26° , i n d i c a t i n g a decrease i n i n t e r l a y e r spac ing from that of the 
green coke s t r u c t u r e . However, the c a l c i n e d cokes gave broad d i f 
f r a c t i o n maxima at 2Θ = 43° w i t h the needle coke (Ca l c ined Coke 1) 
a l s o showing a very broad response a t 2Θ = 53° . With the Desulco 
sample, there i s some r e s o l u t i o n of the peaks i n the 2Θ = 42° to 46° 
range and c o n s i d e r a b l y b e t t e r d e f i n i t i o n of the 2Θ = 54° peak. The 
emergence of the peak a t 2Θ = 77° i s a l s o e v i d e n t . The Desulco 
peaks are not as w e l l de f ined as the Acheson g r a p h i t e which a l s o 
shows a peak corresponding to 2Θ = 8 3 . 5 ° . 

Table X . Graph i t e D i f f r a c t i o n Peak Examinations 

Graph i te Green C a l c i n e d Cokes S y n t h e t i c 
Peaks d(A°) 29° Coke 1 2 Desulco Graphi te 

0002 3.36 26 .5 25.5 26 26 26.4 26 .6 
1010 
1011 

2.13 
2.03 

42 
44 

.4 

.6 
- {43(b)} {43(b)} 42.5 

44.3(b) 
42 
44 

.5 

.6 
10Ï2 1.80 50 .4 - - - -
0004 1.678 54 .7 - 53(vb) - 54.4 54 .6 
10Ï3 1.544 59 .9 - - - -
1120 1.232 77 .5 - - - 77.5 77 .5 
1122 1.158 83 .5 - - - - 83 .5 

b= =broad; vb=very broad 

C r y s t a l l i t e s i z e determined from the d i f f r a c t i o n p a t t e r n measure
ments are g iven i n Table XI and show the h igher degree of t h r e e -
d imens iona l o r d e r i n g of Acheson g r a p h i t e compared w i t h Desu l co . 
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15. GOLDBERGER ET AL. Granular Graphitic Carbon 209 

Table X I . Comparison of C r y s t a l l i t e S i z e s 
and I n t e r l a y e r Spacing 

(dimension i n Angstrom u n i t s , A°) 

M a t e r i a l L 10Ï0 L 1011 d 0002 2 d 0 0 0 4 

Green Coke 1 _ _ 3.493 nm 
C a l c i n e d Coke 1 29 - 3.410 3.409 
C a l c i n e d Coke 2 22 - 3.418 3.420 
C a l c i n e d Coke 3 28 - 3.422 3.422 
Desulco Product 1 295 45 3.373 3.372 
Desulco Product 2 325 40 3.384 3.378 
Desulco Product 3 325 35 3.366 3.367 
S y n t h e t i c Graphi te 480 110 3.356 3.359 

Notes 
nm = not measured 
Desulco products 1 and 2 were obta ined from C a l c i n e d Cokes 1 and 2 
r e s p e c t i v e l y . 

The a b i l i t y of Desulco p a r t i c l e s to w i t h s t a n d mechanical deformation 
appears remarkable . Desp i te the h i g h l y porous s t r u c t u r e , Desulco 
g r a i n can be compacted to e s s e n t i a l l y the t h e o r e t i c a l d e n s i t y of 
g r a p h i t e wi thout breakage. Upon r e l e a s e of the compaction p r e s s u r e , 
the g r a i n w i l l r e t u r n almost to the f u l l volume i t had occupied b e 
fore compaction. Super ior Graph i te monitors the degree of " r e s i l i 
ency" of Desulco by measuring the percentage i n c r e a s e i n volume of 
a sample of g r a i n a f t e r r e l e a s e of the compaction pressure a p p l i e d 
to f u l l y compress the g r a i n . The a p p l i e d pressure used i s 603.3 
Kg/cm2 (10,000 p s i ) . Measurements are made w i t h a c l o s e l y s i z e d 
g r a i n . Desulco w i l l e x h i b i t r e s i l i e n c y measurements g e n e r a l l y i n 
the range 100-150 p e r c e n t ; tha t i s Desulco g r a i n compacted to the 
f u l l d e n s i t y of g r a p h i t e w i l l expand to more than twice that volume 
upon r e l e a s e of the compaction p r e s s u r e . Al though a l l g r a p h i t e s and 
g r a p h i t i c carbon m a t e r i a l s e x h i b i t s i g n i f i c a n t e l a s t i c behavior 
because of the inherent s t r e n g t h of the atomic s t r u c t u r e of the 
g r a p h i t e b a s a l p l a n e , Desulco e x h i b i t s a s u b s t a n t i a l l y h igher 
r e s i l i e n c y than other g r a p h i t i c m a t e r i a l s . The r e l a t i v e magnitudes 
of t h i s d i f f e r e n c e i s g iven i n Table X I I . 

Table X I I . Comparison of R e s i l i e n c y of Var ious M a t e r i a l s 

M a t e r i a l R e s i l i e n c y A , Percent 

C a l c i n e d Petroleum Coke 9 
N a t u r a l F l a k e Graphi te 9-12 
N a t u r a l V e i n Graph i te 16 
N a t u r a l M i c r o c r y s t a l l i n e Graph i te 22-25 
S y n t h e t i c Graph i te 45-60 
Desulco 100-150 
Notes 
A . Percentage inc rease i n sample volume over volume under compaction 
pressure of 603.3 Kg/cm2 (10,000 p s i ) when compaction pressure i s 
r e l e a s e d . 
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210 PETROLEUM-DERIVED CARBONS 

The degree of r e s i l i e n c y must be r e l a t e d to the p o r o s i t y of the 
m a t e r i a l ; and, Desulco has a very h i g h pore volume as i n d i c a t e d i n 
Table I X . The data i n Table V I I I a l s o suggest tha t the p o r o s i t y i s 
main ly " s e a l e d " as the Desulco sample shown i n Table V I I I has a s i g 
n i f i c a n t l y greater pore volume than i t s precursor petroleum coke; 
b u t , a lower BET sur face a r e a . 

This p o s s i b i l i t y of a s i g n i f i c a n t degree of " s e a l e d " p o r o s i t y 
i n Desulco i s f u r t h e r i n d i c a t e d by the mercury poros imetry r e s u l t s 
shown i n F i g u r e 3 . The i n i t i a l i n t r u s i o n c y c l e shows that a p p r o x i 
mately 70 percent of the pores are s m a l l e r i n diameter than about 
400 Angstroms. However, when the experiment was repeated i n the 
second c y c l e w i t h the a l ready i n t r u d e d sample l e f t i n p l a c e , the 
d i s p l a c e d volume versus pressure r e l a t i o n s h i p remains the same below 
the 70 percent p o i n t . I t i s more l o g i c a l that the observed volume 
change i n t h i s r e g i o n of c a l c u l a t e d pore diameter i s due to the 
c o m p r e s s i b i l i t y of a m a t e r i a l w i t h sea led and i n a c c e s s i b l e pores 
r a t h e r than a c t u a l mercury i n t r u s i o n . Otherwise , the mercury would 
have had to exude from the micropores when the a p p l i e d pressure was 
being r e l e a s e d to a l l o w the pores to be i n t r u d e d again d u r i n g the 
second c y c l e as the data would i n d i c a t e . Thus the Desulco p a r t i c l e 
appears to be a s t r u c t u r e compris ing macropores h e l d by a w e b - l i k e 
m a t r i x of g r a p h i t i c carbon c o n t a i n i n g s u b s t a n t i a l i n a c c e s s i b l e 
m i c r o p o r o s i t y between l a y e r p l a n e s . The s e r i e s of photomicrographs 
i n F i g u r e 4 shows the Desulco s t r u c t u r e . 

F a c t o r s I n f l u e n c i n g the S t r u c t u r e of Desu l co . The s p e c i f i c p e t r o 
leum coke used as the Desulco precursor has a decided e f f e c t on the 
s t r u c t u r e o b t a i n e d . This i s most ev ident i n the p a r t i c l e d e n s i t y 
and b u l k d e n s i t y of the produc t . Temperature and h e a t i n g r a t e w i l l 
a l s o i n f l u e n c e Desulco p r o p e r t i e s as shown i n Table X I I I . The 
h igher the d e s u l f u r i z a t i o n temperature and the more r a p i d the temp
e r a t u r e r i s e r a t e o f the p a r t i c l e s , the h igher the degree of m i c r o 
p o r o s i t y as i n d i c a t e d by the increased e l e c t r i c a l r e s i s t i v i t y and 
r e s i l i e n c y ; temperature be ing the more important f a c t o r . 

Table X I I I . E f f e c t of Temperature and Heat ing Rate 
on P h y s i c a l P r o p e r t i e s of Thermal ly Treated Petroleum Coke 

Temp. T i m e , A D e n s i t y , B R e s i s t . , R e s i l . , c 

C M i n . g /cc ohm-cm χ 1Q 2 Percent 

2000 240 1.80 1.751 88 
2000 30 1.67 1.869 89 
2000 5 1.56 1.896 92 
2400 240 1.80 0.870 108 
2400 30 1.63 1.007 122 
2400 5 1.68 1.013 122 
Notes 
A . Time to reach temperature. 
B. P a r t i c l e d e n s i t y measured by l i q u i d pycnometry. 
C. Percentage i n c r e a s e i n sample volume over volume under compac

t i o n pressure of 603.3 K g / c m 2 (10,000 p s i ) when compaction 
pressure i s r e l e a s e d . 
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15. GOLDBERGER ET AL. Granular Graphitic Carbon 211 

Θ - I N I T I A L INTRUSION CYCLE 
φ - S E C O N D INTRUSION CYCLE 

ζ 

RADIUS R IN ANGSTROMS, (A°) 

F i g u r e 3. Apparent Pore S i z e D i s t r i b u t i o n of Desulco by Mercury 
P o r o s i m e t r y . 
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212 PETROLEUM-DERIVED CARBONS 

F i g u r e 4. S t r u c t u r e of Desulco—Photomicrographs of Desulco 
P a r t i c l e s a t Var i ous Degrees of M a g n i f i c a t i o n . 
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15. G O L D B E R G E R ET A L . Granular Graphitic Carbon 213 

I n d u s t r i a l Use of Desulco 

The e l e c t r i c furnace m e l t i n g of s t e e l scrap r a t h e r than cupola m e l 
t i n g i s a t rend t h a t w i l l probably cont inue r e s u l t i n g i n i n c r e a s i n g 
need f o r r e c a r b u r i s e r s . And as the d u c t i l e i r o n segment of the 
foundry i n d u s t r y grows, so w i l l the demand f o r c o n s i s t e n t m a t e r i a l s 
that a l l o w improved process c o n t r o l . 

The acceptance of Desulco as a premium q u a l i t y r e c a r b u r i s e r i n 
foundry a p p l i c a t i o n i s due main ly to i t s r a p i d d i s s o l u t i o n i n molten 
i r o n . F i g u r e 5 compares the r a t e of carbon pickup of v a r i o u s r e c a r 
b u r i s e r m a t e r i a l s and shows the Desulco r a t e to be the h i g h e s t . Ash 
forming m i n e r a l matter and s u l f u r are known to impede carbon d i s s o l u 
t i o n i n molten i r o n (3,4,5); and , these i m p u r i t i e s are removed to 
extremely low l e v e l s i n the manufacture of Desu l co . And because i t 
i s f r ee of m i n e r a l m a t t e r , s l a g formers are not added to the molten 
meta l system when Desulco i s used . 

I t i s a l s o noteworthy t h a t Desulco i s now being used i n l u b r i 
cants and other g r a p h i t e c o n t a i n i n g products and t h e r e f o r e t h i s 
s p e c i a l type of petroleum d e r i v e d carbon i s expected to serve a 
wider range of i n d u s t r i a l needs f o r many years to come. 

F i g u r e 5. Increase i n Carbon Equiva lency Versus S o l u t i o n Time 
f o r Var ious Carbon R a i s e r s . 
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214 PETROLEUM-DERIVED CARBONS 

Literature Cited 

1. Coates, R.B., "Types, Selection and Applications of Recarbur
isers in the U.K. Foundry Industry," The British Foundryman 
1979, 72, 178. 

2. Liggett, L.M., "Carbon-Baked and Graphitized, Products, Manu
facture," Encyclopedia of Chem. Tech. Ed. Kirk-Othmer John 
Wiley & Son: 1964. Second Edition Vol. 4 158. 

3. Coon, P.M., "Some Factors Influencing the Rate of Solution of 
Carbon in Iron," British Cast Iron Research Association Journal 
Report No. 1272 July 1977, 391. 

4. Coon, P.M., "Carbon Pick-Up in Electric Furnaces," British Cast 
Iron Research Association Journal Report 1296 March 1978, 133. 

5. Loper, C. R. Jr., Shirvani, S. and Liu, S.L. "Carbon Saturation 
Study of Various Carbon Raisers Added to Cast Iron Melts," Dept. 
of Met. and Min. Engrg., Univ. Wisconsin May 1983 Report to 
Superior Graphite Company. 

RECEIVED February 12, 1985 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

01
5



16 

Carbonization and Coke Characterization 

Harald Tillmanns 

Sigri Elektrographit GmbH, Werk Griesheim, 6230 Frankfurt (M) 83, Federal Republic of 
Germany 

When the carbonization process is divided into its dis
tinct physical and chemical parts and both are 
considered according to their contributions to the over
al l process, only then is a description of the mechanism 
possible. Carbon precursors and the products of their 
carbonization are characterized by various test methods 
whose objectives can be the control of coking, a 
description of the carbon or the determination of its 
suitability for further application. This paper 
considers the significance of selected common charac
terization procedures. 

The carbonization of natural or industrial hydrocarbon mixtures 
annually produces about 2.2 b i l l i o n tons of solid carbon which, 
depending on the final heat treatment temperature, is called coke 
or graphite. A wide range of premium carbons that are not based 
directly on coal, produced by plastic phase pyrolysis of fusible or 
liquid isotropic hydrocarbons, constitute about one percent (22 
million t/a) of the total solid carbon material produced; included 
are: 

% of Total 
Production 

Highly orientated carbons 
(e.g., needle coke) 

5 

Mosaic structured carbons 
(e.g., regular coke) 

75 

Nearly isotropic structured carbon 
(e.g., binder coke) 

13 

Other carbon products 
(e.g., isotropic coke, glassy 
carbon and carbon fiber) 

7 

0097-6156/86/0303-0215S08.25/0 
© 1986 American Chemical Society 
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216 PETROLEUM-DERIVED CARBONS 

Three i n d u s t r i e s produce carbon products based on the c a r b o n i 
z a t i o n process : 

• crude o i l and c o a l t a r r e f i n i n g , 
• carbon manufac tur ing , and 
• Fe and A l m e t a l l u r g i c a l i n d u s t r i e s . 

I n d u s t r i e s concerned w i t h the c a r b o n i z a t i o n process , the f e e d 
s t o c k s , or the products thereo f are i d e n t i f i e d i n F i g u r e 1. The 
areas of a c t i v i t y of the d i f f e r e n t i n d u s t r i e s I n t e r a c t , as shown by 
the o v e r l a p p i n g of the carbon products of common I n t e r e s t . 

B a s i c a l l y the same t e s t i n g methods are used f o r e i t h e r 
s tudy ing the c a r b o n i z a t i o n process or c h a r a c t e r i z i n g carbon 
m a t e r i a l s . In s tudy ing c a r b o n i z a t i o n , however, the t e s t i n g p r o 
cedures are a p p l i e d under non-steady s t a t e c o n d i t i o n s (so c a l l e d 
" i n s i t u " measurements) or are a p p l i e d under steady s t a t e c o n 
d i t i o n s w i t h the r e a c t i o n s p l i t i n t o s i n g l e steps by batch type 
r e a c t i o n systems. There are two b a s i c t e s t i n g s t r a t e g i e s f o r the 
s e v e r a l o b j e c t i v e s of s tudy ing carbon m a t e r i a l s or the c a r b o n i 
z a t i o n process : 

F i r s t : Measure p h y s i c a l and chemical p r o p e r t i e s of the 
m a t e r i a l ( f eeds tock , in termedia te product , or f i n a l 
p r o d u c t ) . 

Second: Measure " e m p i r i c a l da ta " to des c r ibe the m a t e r i a l ; 
these are s t r o n g l y dependent on the t e s t i n g 
procedure . 

O b j e c t i v e s : Descr ibe carbon m a t e r i a l p r o p e r t i e s or the changes of 
p r o p e r t i e s d u r i n g manufac tur ing . 

P r e d i c t manufacturing behavior ( c o k i n g , c a l c i n i n g , 
b a k i n g , g r a p h i t i z i n g ) . 

P r e d i c t p r o p e r t i e s of the product ( coke , carbon 
a r t i f a c t s , g r a p h i t e a r t i f a c t s ) . 

P r e d i c t a p p l i c a t i o n s b e h a v i o r . 

Measurement of p h y s i c a l or chemical p r o p e r t i e s r e s u l t i n 
r e p r o d u c i b l e data which depend only on the p r o p e r t i e s of the sample 
i f proper t e s t i n g methods are used . In comparison, measurement of 
" e m p i r i c a l d a t a " i s determined main ly by sample p r e p a r a t i o n or 
t e s t i n g parameters and no p u r e l y mater ia l -dependent p r o p e r t i e s can 
be e v a l u a t e d . These p r i n c i p l e s must be cons idered i f r e s u l t s of 
d i f f e r e n t t e s t i n g methods are compared; r e l i a b i l i t y of r e s u l t s and 
conc lus i ons are c ons t ra ined by the v a l i d i t y of the t e s t i n g method. 

A genera l d e s c r i p t i o n of the c a r b o n i z a t i o n processes us ing the 
c h a r a c t e r i z a t i o n methods f o r w i d e l y used coke products l i k e b inder 
coke , r e g u l a r coke, and needle coke i s g iven i n t h i s r ev i ew . The 
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16. TILLMANNS Carbonization and Coke Characterization 217 

primary aim of the author i s to present the f o l l o w i n g three main 
aspects of c a r b o n i z a t i o n , based on the schematic model of 
mesophase- and coke - format ion g iven i n F igure 2: 

1. d i f f e r e n t i a t i n g chemical and p h y s i c a l processes ; 

2. de termining the i n f l u e n c e of q u i n o l i n e i n s o l u b l e c o n 
s t i t u e n t s i n the coking f eeds tocks ; and 

3. measuring the c a r b o n i z a t i o n process k i n e t i c s . 

The d i f f e r e n t manufacturing techniques f or h i g h l y s p e c i a l i z e d 
carbon products ( i . e . , i s o t r o p i c coke, g l a s s y carbon , and carbon 
f i b e r ) are not covered by t h i s paper . Moreover, a d i s c u s s i o n of 
the m u l t i p l i c i t y of t e s t i n g methods used to study the c a r b o n i z a t i o n 
behavior of d i f f e r e n t feedstocks and to c h a r a c t e r i z e d i f f e r e n t coke 
q u a l i t i e s i s a l s o beyond the scope of t h i s p r e s e n t a t i o n . 

P h y s i c a l and Chemical P y r o l y s i s Processes 

Two aspects of the p y r o l y s i s process must be d i s t i n g u i s h e d : 

• d i s t i l l a t i o n as the p h y s i c a l aspect and 

• thermal decomposit ion as the chemical a spec t . 

The o b j e c t i v e s of the t e s t i n g methods used are to separate the 
p h y s i c a l and chemical aspects and to de f ine p a r t i c u l a r s t a t e s 
d u r i n g p y r o l y s i s . 

A number of assumptions have to be taken i n t o c o n s i d e r a t i o n i n 
e v a l u a t i n g the proposed model and understanding i t s l i m i t a t i o n s and 
range of i n t e r p r e t a t i o n s . These a r e : 

• The i n i t i a l m a t e r i a l i s a pure hydrocarbon c o n t a i n i n g on ly 
hydrogen and carbon or the heteroatom content i s so s m a l l 
that i t has no e f f e c t on the data w i t h i n the p r e c i s i o n of 
the t e s t i n g method. 

• P y r o l y s i s i s a combination of d i s t i l l a t i o n and thermal 
decompos i t ion . 

• C a r b o n i z a t i o n i s pure thermal decomposit ion forming a 
v o l a t i l e , low molecular weight f r a c t i o n and a r e s i d u a l 
h i g h molecu lar weight f r a c t i o n by d i s p r o p o r t i o n a t i o n 
r e a c t i o n s . 

• Thermal decomposit ion i s dominated by r a d i c a l r e a c t i o n s . 
• Increased temperature decreases the H/C r a t i o of the 

hydrocarbons d i s t i l l e d i n p y r o l y s i s . 

Pure d e c a r b o n i z a t i o n i s not r e l e v a n t f o r hydrocarbon 
p y r o l y s i s , but may be of i n t e r e s t f o r h igh temperature treatment of 
s o l i d carbon m a t e r i a l l i k e coke. 
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PETROLEUM-DERIVED CARBONS 

R E F I N E R Y 

C O K E , P I T C H 

C A R B O N I N D 

E L E C T R O D E 

S T E E L I N D 

F i g u r e 1. R e l a t i o n of carbon hand l ing i n d u s t r i e s . 
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F i g u r e 2. Model of coke f o r m a t i o n . 
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16. TILLMANNS Carbonization and Coke Characterization 219 

Different processes contributing to pyrolysis are listed In 
Figure 3. There Is a basic difference between the f i r s t and the 
subsequent three processes. D i s t i l l a t i o n removes molecules 
unchanged in atomic composition, whereas the other three processes 
cause a degradation of the molecules. Molecular degradation 
results in lower molecular weight fractions (which are volatile) 
and in a residual fraction consisting of non-volatile constituents 
and recombined radical fragments which form high molecular weight 
components. 

A significant difference Is observed in the composition of the 
volatile products. As illustrated in Figure 4, the hydrogen 
content of the total volatiles is reduced with increasing d i s t i l 
lation temperatures. In contrast, carbonization produces an 
increase of the hydrogen content of the total volatile products as 
carbonization progresses. Experimental data shown in Figure 5 
demonstrate how spin concentration and the formation of methane and 
hydrogen indicate the beginning of carbonization and the resultant 
significant change in the H/C ratio of the volatile matter. 

A carbonization model results i f i t is assumed that, apart 
from d i s t i l l a t i o n , the carbonization processes of the pyrolysis can 
be described by three parameters: 

1. relative weight loss or residue, 

2. relative carbon content, and 

3. relative hydrogen content. 

Using these three parameters the carbonizing materials or the 
carbonizing part of the i n i t i a l material can be characterized in 
any reaction state by a point laying on the triangle area A-B-C in 
Figure 6. 

The theoretical amount of mesophase (characterized by a 
hydrogen content of 3.5%) formed is described by the area of D-H-F 
for decarbonizing materials and the area of H-F-G-C for dehydro-
genating materials given in Figure 7. 

The Intersection of area A-B-C with area D-H-F and the area 
H-F-G-C represents the state of 100% mesophase defined by the 
hydrogen content of 3.5%. The state Is given In Figure 8 by the 
dotted line between E-F and F-C. 

Pyrolysis follows a reaction path described schematically in 
Figure 8. The starting material (I 1) Is characterized by i t s 
hydrogen and carbon content and i t s mass is related to the mass of 
the i n i t i a l material at the start of carbonization (II). D i s t i l 
lation reduces the mass from I 1 to the 100% point (II); the reduced 
carbon and hydrogen content are depicted between I and II. Pure 
d i s t i l l a t i o n , which is not part of the carbonization, i s followed 
by the thermal degradation II to III; thus weight loss and changes 
in the hydrogen and carbon content are depicted. At point III, 
theoretical 100% mesophase is formed, which f i n a l l y is converted to 
pure residual carbon (IV). 
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PETROLEUM-DERIVED CARBONS 

Distillation 
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F i g u r e 3. P o s s i b l e r e a c t i o n s dur ing the c a r b o n i z a t i o n . 
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F i g u r e 4. D i s t i l l a t i o n and c a r b o n i z a t i o n . 
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TILLMANNS Carbonization and Coke Characterization 

F i g u r e 6- Model of c a r b o n i z a t i o n . 
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PETROLEUM-DERIVED CARBONS 
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F i g u r e 7. Model of c a r b o n i z a t i o n . 

Max. coke yield/residue 

F i g u r e 8. Model of c a r b o n i z a t i o n . 
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16. TILLMANNS Carbonization and Coke Characterization 223 

Thus the pyrolysis of hydrocarbons can be generally described 
by the following information provided by the proposed model: 

• H/C ratio of the starting material (I), 
• amount of evaporable or d i s t i l l a b l e material (Ι', I), 
• H/C ratio of the i n i t i a l material at the start of carbon

ization (II), 
• theoretical yield of mesophase (III) in comparison to 

residue with hydrogen content of 3.5 %, and 
• carbon yield (IV) based on the i n i t i a l material at the 

start of carbonization. 

This model characterizes the reaction path of the hydrocarbon 
pyrolysis by four reaction states (I-II-III-IV), with each reaction 
state being described by three parameters: 

• relative hydrogen content, 
• relative carbon content, and 

• residue related to the start of carbonization. 

Influence of Quinoline Insolubles 
The model described in the preceding section did not take into 
account any factor which might influence the structure of the coke 
formed. As can be seen in Figure 9, quinoline insolubles are 
formed above the temperature where weight loss has begun. In 
addition to the reactivity of the isotropic-liquid phase, quinoline 
Insoluble particles within hydrocarbon mixtures are of significant 
importance in Influencing the structure of the coke formed during 
carbonization. Generally, two different types of quinoline insolu
bles can be distinguished: 

• primary or original type of quinoline insolubles which are 
only poorly defined optically and have a low hydrogen 
content of 1.5%; and 

• secondary or mesophase type of quinoline insolubles which 
are spherically shaped, are characterized by well-known 
optical structure, and have a hydrogen content of 3.5%. 

The f i r s t question that arises with respect to the carboni
zation reaction is whether the different types of quinoline 
insolubles cause differences in the formation rate of quinoline 
insoluble mesophase. Figure 10 indicates there is no difference in 
the formation rate of primary and secondary types of quinoline 
insolubles. The formation rate depends not significantly on the 
type but strongly on the amount of quinoline insolubles present 
during carbonization. The data In Figure 10 show that the for
mation rate at 400 °C Is Increased from 2% Ql/h up to 10% Ql/h i f 
the quinoline insolubles content in the starting material is 
increased from 5 to 25%. The formation rate of quinoline insolu
bles is related nearly linearly to the quinoline insolubles content 
of the starting material, being (at 400°C in this experiment) 0.4% 
per hour per % quinoline insolubles of the starting material. 
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224 PETROLEUM-DERIVED CARBONS 
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F i g u r e 9. Weight l o s s and the Ql f o r m a t i o n . 
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F i g u r e 10. Formation r a t e of Ql as a f u n c t i o n of the o r i g i n a l 
Ql c o n t e n t . 
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16. TILLMANNS Carbonization and Coke Characterization 225 

However, as shown i n F i g u r e 11, the type of q u i n o l i n e i n s o l u 
b l e s s t r o n g l y i n f l u e n c e the s t r u c t u r e of the coke formed. Pr imary 
q u i n o l i n e i n s o l u b l e s l ead to an i s o t r o p i c coke w i t h a very h i g h 
c o e f f i c i e n t of thermal expansion (16x10 ~ 6 / K ) . i n c o n t r a s t , 
secondary q u i n o l i n e i n s o l u b l e s a l s o produce n e a r l y i s o t r o p i c coke, 
but they h a r d l y a f f e c t the c o e f f i c i e n t of thermal expansion 
(0% sec . QI = 3.5x10 ~ 6 / K ; 20% sec . QI = 4.1x10 ~6/κ). 

There e x i s t s a wide range of other v a r i a b l e s which a f f e c t coke 
s t r u c t u r e ( e . g . , s o l u b l e r e a c t i v i t y , cok ing c o n d i t i o n s , and a d d i 
t i v e s ) which are not d i s cussed h e r e . However, f o r a l l t e c h n i c a l 
hydrocarbons , and e s p e c i a l l y f o r the coking of c o a l based t a r s and 
p i t c h e s , q u i n o l i n e i n s o l u b l e s have the dominant i n f l u e n c e on the 
s t r u c t u r e . 

K i n e t i c s of C a r b o n i z a t i o n 

A number of methods are used to evaluate a data set to d e s c r i b e the 
k i n e t i c s of c a r b o n i z a t i o n , such as determining the temperature / t ime 
dependence of v i s c o s i t y , q u i n o l i n e i n s o l u b l e s f o r m a t i o n , or weight 
l o s s . 

Thermogravimetric a n a l y s i s can f o l l o w weight l o s s d u r i n g 
hydrocarbon p y r o l y s i s . A l a b o r a t o r y thermobalance w i t h a sample 
s i z e of 100 mg to 1 g g ives very s i m i l a r r e s u l t s f o r d i f f e r e n t 
types of p i t c h e s as shown i n F i g u r e 12 (KS s o f t e n i n g p o i n t : 50° and 
90°C) . But k i n e t i c de terminat ions based on us ing the Arrhen ius 
equat ion to meet the weight l o s s curve must recognize that one 
b a s i c assumption of t h i s type of c a l c u l a t i o n i s not met. That i s 
the assumption of a homogeneous r e a c t i o n of the c a r b o n i z a t i o n 
process from room temperature up to the f i n a l s t a t e . In r e a l i t y , 
I t i s w e l l known that there Is a d r a s t i c change i n the composi t ion 
of the r e s i d u a l m a t e r i a l which probably mod i f i e s the r e a c t i o n 
o r d e r , the frequency f a c t o r , and the a c t i v a t i o n energy. 

In c o n t r a s t to t h i s , the technique reported h e r e i n uses the 
weight l o s s of p i t c h d u r i n g heat treatment to eva luate a set of 
apparent k i n e t i c data ( r e a c t i o n o r d e r , frequency f a c t o r , and a c t i 
v a t i o n energy ) , t a k i n g i n t o account that the composi t ion and nature 
of the r e a c t a n t s are v a r y i n g . 

The exper imenta l way to so lve the a n a l y t i c a l problem i s to 
heat up the sample to a de f ined weight l o s s at d i f f e r e n t h e a t i n g 
r a t e s (assuming that the u l t i m a t e composi t ion of the res idue i s the 
same) and observe that the po in t of e q u i v a l e n t weight l o s s I s 
reached at d i f f e r e n t temperature l e v e l s . At t h i s po in t the temper
a ture treatment i s changed to i s o t h e r m a l c o n d i t i o n s and one f o l l o w s 
the f u r t h e r weight l o s s . Th is technique permits measuring weight 
l o s s r a t e a t d i f f e r e n t r e a c t i o n temperatures . The exper imenta l 
procedure Is i l l u s t r a t e d s c h e m a t i c a l l y i n F igure 13. 

The r e s u l t i n g weight l o s s curves us ing t h i s exper imenta l t e c h 
nique are p l o t t e d f o r d i f f e r e n t i s o thermal treatment temperatures 
i n F i g u r e 14. The r a t e of weight l o s s versus the res idue produces 
a l i n e a r r e l a t i o n . The l i n e a r l i n e s f o r the i s o t h e r m a l weight l o s s 
curves are s h i f t e d a long the o v e r a l l weight l o s s curve w i t h 
i n c r e a s i n g temperature . In the beginning the s lopes of the l i n e s 
are very s i m i l a r ; above 400°C the s lopes of the l i n e s decrease . 
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PETROLEUM-DERIVED CARBONS 

T E M P E R A T U R E °C 

F i g u r e 12. Thermogram of p i t c h . 
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TILLMAN Ν S Carbonization and Coke Characterization 

RELTIME % 

F i g u r e 13. Scheme of e v a l u a t i o n . 

' I ι 

l ogdOO-R) 
F i g u r e 14. Rate of weight l o s s v s . r e s i d u e . 
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228 PETROLEUM-DERIVED CARBONS 

These thermobalance data were used to c a l c u l a t e a set of 
apparent k i n e t i c data f or each s t a t e of weight l o s s . The A r r h e n i u s 
p l o t s ( F i g u r e 15) show an increase of the slope w i t h i n c r e a s i n g 
r e l a t i v e weight l o s s up to 76.7%; at 91.4% r e l a t i v e weight l o s s the 
s lope i s decreased . 

The r e s u l t i n g apparent k i n e t i c data are g iven In F i g u r e 16. 
The f i r s t c o n c l u s i o n i s , as expected, that c a r b o n i z a t i o n i s not a 
homogeneous process descr ibed by one set of k i n e t i c d a t a . The 
r e a c t i o n order i s n e a r l y constant at about 3 up to 400°C and Is 
determined by the exper imenta l procedure . The a c t i v a t i o n energy 
inc reases l i n e a r l y w i t h weight l o s s up to 75%. A c t i v a t i o n energ ies 
range from 30 to 600 K G / M o l . The maximum a c t i v a t i o n energy i s 2 to 
2.5 times the evaporat i on energy of aromatic compounds w i t h a 
molecu lar weight of 700-800. The h igh l e v e l of a c t i v a t i o n energy 
i s c e r t a i n l y caused p a r t l y by the s trong I n t e r a c t i o n of the 
aromatic molecules i n the i s o t r o p i c phase which u l t i m a t e l y 
o r i e n t a t e and form the mesophase. The frequency f a c t o r a l s o 
Increases w i t h weight l o s s , reaching a peak at about 75% weight 
l o s s ; the subsequent decrease may be r e l a t e d to s o l i d i f i c a t i o n of 
the r e s i d u e . Th i s d r a s t i c change i n the phase of the res idue must 
i n f l u e n c e the apparent k i n e t i c data s i g n i f i c a n t l y . 

Th i s mathematical model d e s c r i b i n g the inhomogeneous p y r o l y s i s 
r e a c t i o n s by a set of apparent k i n e t i c data (which are changing 
w i t h the progress of the p y r o l y s i s ) should be understood as a f i r s t 
attempt to set up a mechanism to p r e d i c t p y r o l y s i s . The targe t of 
the a p p l i c a t i o n of t h i s model would be to eva luate the i n f l u e n c e of 
temperature programs on baking b e h a v i o r . 

Coke C h a r a c t e r i z a t i o n 

A l l the many methods used to c h a r a c t e r i z e coke samples cannot be 
d i s cussed w i t h i n the scope of t h i s paper . For b r e v i t y and s i m 
p l i c i t y , t h i s d i s c u s s i o n on coke q u a l i t y focuses on three 
parameters : 

• hydrogen content of c a l c i n e d coke to c h a r a c t e r i z e the 
c a l c i n a t i o n s e v e r i t y , 

• mechanical p r o p e r t i e s of coke g r a i n s , and 
• I r r e v e r s i b l e d i l a t a t i o n of carbon a r t i f a c t s caused by coke 

puf f i n g . 

Hydrogen content of c a l c i n e d coke i s o f t e n used to c o n t r o l 
commercial coke c a l c i n i n g s e v e r i t y . I t Is w e l l known that o v e r a l l 
the hydrogen content Is r e l a t e d to f i n a l c a l c i n i n g temperature . 
But d e t a i l e d analyses show that the hydrogen content alone cannot 
be used to deduce the f i n a l heat treatment for cokes of d i f f e r e n t 
q u a l i t y . Besides the f i n a l temperature, there i s a l s o an i n f l u e n c e 
of the res idence time and the s u l f u r content of the green coke. 
Residence time i s of l e s s e r s i g n i f i c a n c e f o r t e c h n i c a l c a l c i n i n g 
processes because a s t a t e c l o s e to e q u i l i b r i u m i s reached. The 
i n f l u e n c e of green coke s u l f u r content i s of much grea ter s i g n i f i 
cance; i t can cause misjudgments w i t h respect to the r e q u i r e d 
c a l c i n i n g temperature i f d i f f e r e n t q u a l i t y cokes are compared. 
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F i g u r e 15. Arrhen ius p l o t . 
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F i g u r e 16. K i n e t i c d a t a . 
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230 PETROLEUM-DERIVED CARBONS 

As shown in Figure 17, coke with a 1.5% sulfur level has the 
highest rate of hydrogen release, whereas the coke samples with 
0.6% and 0.2% sulfur have a much smaller rate of hydrogen 
release. Thus, the sulfur present in green coke can result in 
higher hydrogen release during calcination; i f the hydrogen content 
is solely used as the controlling parameter, over calcination of 
the coke could occur. 

Another important property of commercial coke is the crushing 
strength of coke grains as an indicator of their handling sensi
t i v i t y (but not the strength of the final carbon a r t i f a c t ) . There 
is a good correlation between the coefficient of thermal expansion 
and the crushing strength (Figure 18). A second factor influencing 
the crushing strength is the bulk density of the coke grains. 

The importance of the crushing strength in respect to the 
coefficient of thermal expansion w i l l increase in the future. 
Sensitivity of cokes of different quality to handling during their 
manufacture, their transportation and manufacture of the carbon 
products therefore may be a criterion for selection. 

Figure 17. Hydrogen release as function of temperature 
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16. TILLMANNS Carbonization and Coke Characterization 231 

One of the most d i scussed items i n recent times i s the p u f f i n g 
behavior of coke, e s p e c i a l l y of c o a l t a r based needle coke . The 
d i l a t a t i o n behavior of cokes of d i f f e r e n t q u a l i t y , as measured 
d u r i n g g r a p h i t i z a t i o n of e l e c t r o d e s , are shown i n F i g u r e 19. Over 
a l l , the curves correspond to the p u f f i n g curves measured i n 
l a b o r a t o r y equipment. One facet r e l a t e d to p u f f i n g that i s seldom 
d i s cussed i s the f a c t that bes ides the s trong e l o n g a t i o n c a l l e d 
p u f f i n g , a very s t rong shr inkage i n the f i n a l s t a t e of g r a p h i t i 
z a t i o n a l s o takes p l a c e . Inso far as the i n t e r n a l s t r e s s / s t r a i n 
s i t u a t i o n i s concerned, t h i s l a t t e r phenomenon may cause problems 
s i m i l a r to (or worse than) those caused by p u f f i n g . 

Whi le there are many a p p l i c a b l e methods reported i n the l i t e r 
a t u r e , t h i s paper was r e s t r i c t e d to a s u b j e c t i v e s e l e c t i o n of 
t e s t i n g procedures i n the hope that i t would s t i m u l a t e the deve l op 
ment of b e t t e r a n a l y t i c a l t e chn iques , r e c o g n i z i n g that there i s 
always a l i m i t a t i o n of v a l i d i t y f o r each method and e v a l u a t i o n of 
r e s u l t s . A n a l y s i s of carbon m a t e r i a l s and e s p e c i a l l y of the 
c a r b o n i z a t i o n process w i l l never l ose i t s a t t r a c t i o n as a f a s c i 
n a t i n g a p p l i c a t i o n of the a r t of b lack magic . 
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232 PETROLEUM-DERIVED CARBONS 

τ Γ 
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F i g u r e 19. D i l a t a t i o n curves of e l e c t r o d e s . 
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Anode-Carbon Usage in the Aluminum Industry 

Samuel S. Jones 

Industrial Carbon Consultant, P.O. Box 43698, Tucson, AZ 85733 

The aluminum industry consumes about 0.45 lb. of anode 
carbon for each pound of aluminum produced. The ideal 
carbon should have a moderately-isotropic structure 
with minimum oxidant-accessible surface of low, uni
form reactivity, and a maximum ash content, excluding 
bath salts, of a few tenths of one percent. Indus
trial anode carbon is a baked composite usually made 
of calcined petroleum coke f i l ler with a binder of 
coal-tar pitch coke. While there is no shortage of 
calcined petroleum coke, the quality is not very good 
and likely to become worse. Also, coke binders are 
subject to variability in both quality and supply. 
In this context, a review is presented of the complex 
chain of events affecting anode performance, ranging 
from the properties of precursors for f i l ler cokes 
and binder pitches, through production of these raw 
materials and their fabrication into anode carbon, 
and concluding with anode performance evaluation in 
full-size prebake and Soderberg cells of different 
designs. 

The aluminum i n d u s t r y consumes much more carbon , as baked anode com
p o s i t e s , than the t o t a l of a l l o ther i n d u s t r i a l uses f o r baked and 
g r a p h i t i z e d carbon p r o d u c t s . The f ree w o r l d 1 s t o t a l annual aluminum 
p r o d u c t i o n c a p a c i t y i s approx imate ly 16 m i l l i o n shor t t o n s , about 
o n e - t h i r d be ing produced i n the U n i t e d S t a t e s . World aluminum 
p r o d u c t i o n i n v o l v e s the consumption ( o x i d a t i o n ) of about e i ght m i l 
l i o n tons of anode carbon. P r o d u c t i o n occurs by e l e c t r o l y t i c depo
s i t i o n from c r y o l i t e - a l u m i n a me l t s u s i n g a process patented s i m u l 
t a n e o u s l y , but independent ly , i n 1886 by H a l l i n America and H e r o u l t 
i n France . Whi le minor process m o d i f i c a t i o n s have been made i n the 
i n t e r v e n i n g y e a r s , and p r o d u c t i v i t y g r e a t l y i n c r e a s e d , s u b s t a n t i a l l y 
the same process i s s t i l l used . The i n d u s t r i a l e l e c t r o l y t i c c e l l 
c o n s i s t s of a sha l l ow carbon v e s s e l about 10 f t . wide by 30 f t . l o n g , 
and 1-2 f t . deep, which a c t s as the cathode and conta ins the fused 
s a l t bath and molten aluminum product . The carbon anodes are s u p 
ported above the cathode and lowered i n t o the c e l l a t the r a t e of 

0097-6156/86/0303-0234$06.00/0 
© 1986 American Chemical Society 
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17. JONES Anode-Carbon Usage in the Aluminum Industry 235 

about one i n c h per day as the carbon i s o x i d i z e d . The c e l l operates 
a t temperatures i n the 940-980°C range and produces approximate ly a 
ton of aluminum per day w i t h a c u r r e n t of about 150,000 amperes (4-6 
a m p / i n 2 c u r r e n t dens i ty ) and a c e l l p o t e n t i a l of 4-5 v o l t s . 

The anode carbon f o r the c e l l i s u s u a l l y a baked composite of 
c a l c i n e d petroleum-coke f i l l e r bound w i t h c o a l - t a r p i t c h coke. The 
carbon composite may e i t h e r be compacted i n t o b l o c k s which are baked 
before use i n the c e l l (prebake anode), or be baked i n p l a c e (as a 
s i n g l e b lock) above the c e l l as the green paste moves downward toward 
the anode e l e c t r o l y t i c face (Soderberg anode) (1 ,2 ,3 ) · For prebake 
c e l l s , e l e c t r i c a l connect ion i s made by i n s e r t i n g a s t e e l conductor 
r o d , or p i n , i n t o the top of the anodes. Soderberg anodes may have 
e i t h e r v e r t i c a l (VS) or n e a r - h o r i z o n t a l (HS) conductor r o d s . 

I t i s the purpose of t h i s paper to rev iew the important f a c t o r s 
which a f f e c t anode carbon usage i n the aluminum i n d u s t r y . C o n s i d e r a 
t i o n i s g iven to the e n t i r e c h a i n of events a f f e c t i n g carbon consump
t i o n , from the p r o p e r t i e s of the precursors f o r f i l l e r cokes and 
b inder p i t c h e s , through p r o d u c t i o n of these raw m a t e r i a l s and t h e i r 
f a b r i c a t i o n i n t o anode carbon , and conc lud ing w i t h anode performance 
e v a l u a t i o n i n f u l l - s i z e prebake and Soderberg c e l l s of d i f f e r e n t 
d e s i g n s . 

How Anode Carbon i s Consumed 

Anode carbon i s consumed by four s u b s t a n t i a l l y d i f f e r e n t mechanisms. 
The r e l a t i v e c o n t r i b u t i o n of each mechanism to t o t a l consumption can 
v a r y c o n s i d e r a b l y depending on many f a c t o r s of c e l l des ign and o p e r a 
t i o n . However, most carbon i s consumed by the b a s i c e l e c t r o l y t i c 
r e a c t i o n s by which aluminum i s depos i ted a t the cathode w h i l e aggres 
s i v e nascent oxygen a t t a c k s the anode. For example, about 79% of the 
carbon i s removed e l e c t r o l y t i c a l l y when atomic oxygen, as O " ^ i s 

depos i ted w i t h the pr imary format ion of CO2 a t the normal c u r r e n t 
d e n s i t y f o r i n d u s t r i a l c e l l s . Th i s o x i d a t i o n i s very aggress ive and 
u n s e l e c t i v e i n a t t a c k i n g the carbon sur face m i c r o s t r u c t u r e wherever 
atomic oxygen i s d e p o s i t e d . However, r e a c t i o n overvo l tage i s lower 
f o r more r e a c t i v e s u r f a c e s , and t h i s f a c t o r determines where the 
oxygen w i l l be depos i ted a t low c u r r e n t d e n s i t i e s . Overvol tage s e 
l e c t i v i t y decreases w i t h i n c r e a s i n g c u r r e n t d e n s i t y used f o r i n d u s 
t r i a l c e l l s . Whi le the d e t a i l s about v a r i o u s s teps i n t h i s process 
remain c o n t r o v e r s i a l , probable steps i n the process are as f o l l o w s : 

D i s s o c i a t i o n of Oxygen-Carrying Complexes 

A10Fx-x = A l F x X + 0~ 2 1) 

Discharge and Chemisorpt ion of Oxygen 

0 " 2 + xC = C x 0 + 2e 2) 

Convers ion of C x 0 

2CX0 = CO2 (ads) + (2x - l )C 3) 

Desorpt i on of CO? 
C0 2 (ads) = C02 (g) 4) 
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236 PETROLEUM-DERIVED CARBONS 

I n the present example, of the 79% carbon consumed by the above 
mechanism, about 12% r epresents excess carbon consumed due to c u r 
r e n t i n e f f i c i e n c y , the second consumption mechanism. Present -day 
c e l l s have c u r r e n t e f f i c i e n c i e s i n the 85-95% range. Current i n e f f i 
c i ency r e a c t i o n s i n v o l v e b a c k - r e a c t i o n s of e l e c t r o l y t i c CO2 w i t h 
reduced meta l spec ies from the cathode. An example of t h i s r e o x i d a -
t i o n mechanism, f o r d i s s o l v e d aluminum, i s g iven by the f o l l o w i n g 
e q u a t i o n : 

A l (d i s ) + 3/2C02 = 1/2A1 20 3 + 3/2CO 5) 

The t h i r d mechanism of carbon consumption i s a i r b u r n of prebake 
anode tops and the bottom edges of Soderberg anodes d u r i n g c e l l 
o p e r a t i o n . T h i s mechanism t y p i c a l l y accounts f o r about 17% of t o t a l 
prebake carbon consumption, but can vary ( f o r d i f f e r e n t c e l l des igns) 
from l e s s than 10% to about 40% d u r i n g severe a i r b u r n problems. The 
f o l l o w i n g equat ion represents such a i r b u r n r e a c t i o n s : 

C + 0 2 ( a i r ) = CO/CO2 + sur face ox ides 6) 

The f o u r t h consumption mechanism, r e s p o n s i b l e f o r about 4% of 
t o t a l carbon consumed, i s the r e d u c t i o n of pr imary C0 2 by carbon i n 
the pores j u s t above the e l e c t r o l y t i c face of the anode, and by f r e e 
carbon i n the b a t h , a c cord ing to the f o l l o w i n g e q u a t i o n : 

C0 2 + C = 2C0 7) 

I n c o n t r a s t to the a g g r e s s i v e , u n s e l e c t i v e a t t a c k of the f i r s t , 
and p r i n c i p a l carbon removal mechanism, r e a c t i o n 7 i s q u i t e s e l e c 
t i v e . F a c t o r s a f f e c t i n g t h i s s e l e c t i v i t y are anode gas p e r m e a b i l i t y , 
temperature , and the presence of i m p u r i t y o x i d a t i o n c a t a l y s t s . 

I n a d d i t i o n to o x i d a t i o n l o s s e s - b y the above four mechanisms, 
mechanical carbon l o s s (dust ing) a l s o occurs due to uneven o x i d a t i o n 
of the anode s u r f a c e . Furthermore , a v a r i e t y of o ther f a c t o r s , 
r e l a t e d to anode f a b r i c a t i o n and use , can a f f e c t carbon consumption. 
The most important of these f a c t o r s are (1) raw m a t e r i a l q u a l i t y , 
(2) aggregate s i z i n g and c o n t r o l , (3) p i t c h i n g l e v e l and c o n t r o l , 
(4) adequate paste m i x i n g , (5) paste compaction, (6) proper b a k i n g , 
(7) rodd ing procedures , (8) o x i d a t i o n c o a t i n g s , and (9) c e l l oper 
a t i n g v a r i a b l e s (anode exposure, anode heat ba lance , bath tempera
t u r e , gas exhaust r a t e , housekeeping) . The h i s t o r y of anodes, from 
precursors f o r raw m a t e r i a l s through consumption i n the c e l l , i s a 
complex c h a i n of events which can g r e a t l y a f f e c t carbon usage. I t 
i s d i f f i c u l t to achieve optimum c o n d i t i o n s a t a l l p o i n t s i n the 
c h a i n , and a v a r i e t y of compromises are p o s s i b l e w h i l e s t i l l o b t a i n 
i n g reasonable carbon economy. 

C h a r a c t e r i s t i c s of Good Anode Carbon 

Maximum-performing anode carbon has minimum o x i d a n t - a c c e s s i b l e s u r 
face of l ow, uni form o x i d a t i o n s e n s i t i v i t y to a i r (0 2 ) and C0 2. 
T h i s i d e a l carbon should a l s o be as pure as i s p r a c t i c a l , and have 
the r e q u i r e d e l e c t r i c a l c o n d u c t i v i t y and mechanical s t r e n g t h to 
f u n c t i o n as p l a n t anode m a t e r i a l . Anode carbon c o n s i s t s of three 
e lements : (1) g r a p h i t e c r y s t a l l i t e s i n v a r i o u s s i z e s , shapes, and 
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17. J O N E S Anode-Carbon Usage in the Aluminum Industry 237 

o r i e n t a t i o n s , a s s o c i a t e d w i t h d i f f e r e n t q u a n t i t i e s and arrangements 
of (2) i m p u r i t i e s , and (3) v o i d s . Graph i t e c r y s t a l l i t e s are the 
b a s i c b u i l d i n g b l o cks of anode carbon. They are v e r y a n i s o t r o p i c , 
w i t h proper ty va lues f o r s t r e n g t h , e l e c t r i c a l and thermal conduct 
i v i t y , and o x i d a t i o n r e s i s t a n c e which d i f f e r markedly i n the b a s a l 
p lanes of the c r y s t a l from those a t r i g h t angles to the b a s a l p l a n e s . 
For t h i s reason , the p r o p e r t i e s of b u l k anode carbon w i l l r e f l e c t 
the g r a p h i t e m i c r o s t r u c t u r e of which i t i s composed. The proper ty 
va lues of t h i s s t r u c t u r e are f u r t h e r a f f e c t e d by i t s a s s o c i a t i o n 
w i t h i m p u r i t i e s and v o i d s . I m p u r i t i e s a f f e c t carbon performance 
by (1) a c t i n g as o x i d a t i o n c a t a l y s t s , (2) c o n t r i b u t i n g to aluminum 
i m p u r i t i e s , and, f o r s u l f u r , (3) i n c r e a s i n g carbon consumption 
w h i l e c o n t r i b u t i n g to environmental concerns (SO2). Voids a f f e c t 
carbon performance by determin ing the extent of o x i d a n t - a c c e s s i b l e 
s u r f a c e . I n summary, the optimum anode carbon has been found to 
c o n s i s t of g r a p h i t e c r y s t a l l i t e s i n a c o n d i t i o n of i n t e r m e d i a t e d i s 
o r d e r , and s i z e d to r e f l e c t heat treatment i n the 1100-1400°C range. 
I m p u r i t i e s are present to a maximum of a few tenths of one percent 
carbon ash content , e x c l u d i n g c e l l bath s a l t c o n t r i b u t i o n s . Voids 
are s t r u c t u r e d to reduce t o t a l p o r o s i t y ( u s u a l l y about 30%) and to 
produce s m a l l c l o s e d and b l i n d pores , r a t h e r than open connected 
pores , to reduce o x i d a n t - a c c e s s i b l e s u r f a c e s . T h i s i s u s u a l l y a c 
complished by maximiz ing baked carbon d e n s i t y . 

Anode carbon q u a l i t y i s s p e c i f i e d by a proper ty v a l u e range f o r 
c e r t a i n important p h y s i c a l and chemical p r o p e r t i e s . The most i m 
por tant s i n g l e proper ty i s baked apparent d e n s i t y (BAD). S a t i s 
f a c t o r y f u l l - s i z e anode performance has been obtained w i t h BAD 
v a l u e s i n the 1 .40-1 .65g /cc range (4,j5) . However, the most common 
BAD range i s 1.5 - 1 .6g / cc . E l e c t r i c a l r e s i s t i v i t y should be i n the 
0.0050-0.0075 ohm-cm range. Because of the low-baked c o n d i t i o n , 
Soderberg carbon t y p i c a l l y has a r e s i s t i v i t y about 30% h igher than 
prebake carbon. For both carbons , compressive s t r e n g t h should be 
350-500kg/cm 2 . Regarding other anode carbon mechanica l and t h e r 
mal p r o p e r t i e s (6 ) , a bending s t r e n g t h (BS) of 60-80kg/cm 2 i s c o n 
s i d e r e d adequate. Young's modulus (YM) should be 800-1000 t imes BS 
to prov ide acceptab le e l a s t i c p r o p e r t i e s . Thermal c o n d u c t i v i t y (TC) 
should be i n the 3.5-5.5W/m°C range, and the c o e f f i c i e n t of thermal 
expansion (CTE) should be 3 .5 -5 .0 χ 1 0 " 6 / ° C . Thermal s t r e s s r e 
s i s t a n c e (TSR) i s determined by the r a t i o , BS χ TC/YM χ CTE, and 
A l c a n r e p o r t s (6) that acceptab le TSR v a l u e s should be £1.50. 
T o t a l carbon p o r o s i t y should be <30%, w i t h a pore spectrum which 
minimizes gas p e r m e a b i l i t y and o x i d a n t - a c c e s s i b l e s u r f a c e s . Even 
though there i s much sur face area f o r submicron p o r o s i t y , i t i s 
u s u a l l y so d i f f u s i o n - l i m i t e d that there i s e s s e n t i a l l y no o x i d a n t -
a c c e s s i b l e sur face (7) . Laboratory t e s t s are used to determine 
o x i d a t i o n r e s i s t a n c e of c y l i n d r i c a l carbon samples to a i r and CO2 
under c o n d i t i o n s which i n d i c a t e r e l a t i v e chemical r e a c t i v i t y 
(20-40% weight l o s s ) w i thout ox idant d i f f u s i o n l i m i t a t i o n ( 8 ) . A i r 
burn v a l u e s , a t 550°C range from ^20 ( e x c e l l e n t ) to ^80 (poor) 
mg/cm^/hr. CO2 o x i d a t i o n v a l u e s , at 970°C, v a r y from ^10 ( e x c e l 
l e n t ) to ^50 (poor) m g / c m 2 / h r . Laboratory e l e c t r o l y t i c t e s t s of 
anode carbon are done under c o n d i t i o n s where a i r b u r n does not occur . 
Test r e s u l t s are expressed as a percentage of anode consumption 
corresponding to CO2 f o rmat ion at 100% Faraday e f f i c i e n c y . Good 
prebake carbon g ives t e s t va lues i n the 110-115% range. Soderberg 
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238 PETROLEUM-DERIVED CARBONS 

carbon e x h i b i t s poorer performance, due to low b a k i n g , and acceptab le 
v a l u e s are 120-125%. 

Anode B inder P r o p e r t i e s 

Anode b inder p i t c h e s are complex mix tures of h i g h l y - a r o m a t i c h y d r o 
carbons d e r i v e d from high- temperature c o a l - t a r and petroleum r e s i 
dues a f t e r v a r i o u s d i s t i l l a t i o n , t h e r m a l , and sometimes o x i d a t i o n 
t reatments . Coa l t a r i s a by-product from the h igh- temperature 
c a r b o n i z a t i o n of bituminous c o a l to make m e t a l l u r g i c a l coke. C o a l -
t a r p i t c h i s the r e s i d u e remaining a f t e r vacuum d i s t i l l a t i o n removal 
of about h a l f of the more v o l a t i l e c o n s t i t u e n t s . T h i s p i t c h has 
been the b inder most f r e q u e n t l y used by the aluminum i n d u s t r y f o r 
anode f a b r i c a t i o n . I n p r i n c i p l e , i t i s p o s s i b l e to make a s i m i l a r 
b inder from v a r i o u s petroleum r e s i d u e s ( e . g . vacuum r e s i d s , decant 
o i l from f l u i d c a t a l y t i c c r a c k e r s , e thy lene steam c racker t a r ) . 
However, w i t h r a r e e x c e p t i o n s , most of the petroleum p i t c h e s p r o 
duced have not r e c e i v e d enough severe thermal c r a c k i n g treatment to 
produce a product w i t h the b i n d i n g q u a l i t y of c o a l - t a r p i t c h . 

P i t c h b inders c o n s i s t of thousands of d i f f e r e n t mo lecu lar 
s t r u c t u r e s w i t h molecu lar weights i n the 100-5000 range. Average 
b inder e lementa l compos i t ion c o n s i s t s of a t l e a s t 90% carbon, 3-7% 
hydrogen, and up to s e v e r a l percent each of oxygen, s u l f u r , and 
n i t r o g e n . C o a l - t a r p i t c h e s are u s u a l l y more aromatic and more h i g h l y 
condensed than petroleum p i t c h e s . One method which i s w i d e l y used 
f o r b inder c h a r a c t e r i z a t i o n i s the s o l u b i l i t y of the p i t c h i n 
s e l e c t e d s o l v e n t s , p a r t i c u l a r l y benzene, t o luene , or x y l e n e , and 
q u i n o l i n e . The more condensed p i t c h e s have lower s o l u b i l i t y , and a 
t y p i c a l c o a l - t a r p i t c h i s ^70% t o l u e n e - s o l u b l e and ^90% q u i n o l i n e -
s o l u b l e . The t o l u e n e - s o l u b l e (TS) f r a c t i o n i s r e f e r r e d to as o i l and 
a c t s as a p l a s t i c i z e r , or s o f t e n e r , which a f f e c t s b inder s o f t e n i n g 
p o i n t (SP ) . The f r a c t i o n which i s t o l u e n e - i n s o l u b l e (TI) and q u i n o 
l i n e s o l u b l e (QS) i s r e f e r r e d to as beta r e s i n , and c o n s i s t s of 
i n t e r m e d i a t e - s i z e molecules which c o n t r i b u t e much to cok ing v a l u e 
(CV) and bond format ion between f i l l e r p a r t i c l e s . The q u i n o l i n e -
i n s o l u b l e (QI) f r a c t i o n conta ins the l a r g e s t b inder mo le cu les , and 
has the form of a coarse ( m i c r o n - s i z e ) carbon b l a c k w i t h 3-5% 
v o l a t i l e s . The QI f r a c t i o n inc reases bond-coke q u a l i t y when present 
at the 10-25% l e v e l (9) . When combined to form a p i t c h b i n d e r , o i l , 
beta r e s i n , and QI f r a c t i o n s i n t e r a c t so that whole p i t c h p r o p e r t i e s 
are improved over the p r o p e r t i e s of the separate f r a c t i o n s . 

When p i t c h b inder i s p y r o l y z e d d u r i n g the carbon bake o p e r a t i o n , 
i t i s converted from an i s o t r o p i c l i q u i d , w i t h no s t r u c t u r a l o r d e r , 
to a l i q u i d - c r y s t a l ( c a l l e d mesophase) hav ing a l a y e r e d s t r u c t u r e 
which i s f i n a l l y converted to l a y e r s of carbon atoms i n a hexagonal 
l a t t i c e of g r a p h i t e c r y s t a l l i t e s . These c r y s t a l l i t e s of b inder coke 
become more d i s o r d e r e d and c r o s s l i n k e d i n t o a m o r e - i s o t r o p i c coke as 
the p i t c h QI content i n c r e a s e s . Such m o d e r a t e l y - i s o t r o p i c coke, i n 
c o n t r a s t to h i g h l y - a n i s o t r o p i c m i c r o s t r u c t u r e (10) , i s p r e f e r r e d 
b inder coke because i t forms both p h y s i c a l and chemica l bonds between 
f i l l e r coke p a r t i c l e s which are s t ronger and more o x i d a t i o n - r e s i s t a n t 
( 8 , 9 ) . 

Regarding p i t c h proper ty v a l u e s , i t i s d e s i r a b l e to use the 
h i g h e s t SP ( e . g . 110-120°C) t h a t p l a n t f a c i l i t i e s w i l l p e r m i t , s i n c e 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

01
7



17. JONES Anode-Carbon Usage in the Aluminum industry 239 

t h i s means fewer v o l a t i l e s ( reduc ing the carc inogen hazard) and 
more b inder carbon (and probably b e t t e r performance) i n the baked 
anode. The TI content ( u s u a l l y >30%) can be q u i t e low i n some 
petroleum p i t c h e s , but he lps i n d i c a t e the degree of condensat ion . 
QI i n c o a l - t a r p i t c h e s ( e . g . 10-20%) i s b e n e f i c i a l , and g ives a 
b e t t e r (denser , s t r o n g e r , more conduct ive) carbon a t l e v e l s up 
to a t l e a s t 20% ( 9 ) . The Conradson CV should be as h i g h as p o s s i b l e 
( e . g . 55-60%), and anode p r o p e r t i e s tend to become m a r g i n a l as CV 
drops below 50%, which can occur w i t h some petroleum p i t c h e s (40 . 
The lower the d i s t i l l a t i o n f r a c t i o n to 360°C at one atmosphere 
pressure ( e . g . <5%), the fewer l i g h t hydrocarbons (and carc inogens) 
are l o s t dur ing c o k i n g , r e s u l t i n g i n a h igher CV. S p e c i f i c g r a v i t y 
(SG) i s an i n d i c a t o r of degree of condensat ion , and should be as 
h i g h as p o s s i b l e (>1.25) s i n c e t h i s means more bond coke and b e t t e r 
performance f o r the anode carbon . The C/H atomic r a t i o a l s o i n 
d i c a t e s condensation l e v e l , and should not be l e s s than V L . 5 (1.7 
i s common f o r c o a l - t a r p i t c h e s ) . F i n a l l y , b inders and p a r t i c u l a r l y 
petroleum p i t c h e s may have somewhat lower ash l e v e l s ( e . g . <0.25%) 
than a v a i l a b l e f i l l e r cokes . T h i s he lps make the b inder coke more 
o x i d a t i o n - r e s i s t a n t and adds l e s s i m p u r i t y to the meta l product . 
Regarding s u l f u r c ontent , c o a l - t a r p i t c h e s t y p i c a l l y have <1%S 
( e . g . 0 .5 -0 .7%S) , w h i l e petroleum p i t c h e s may c o n t a i n much more 
( e . g . 3-5%S), which might r e s u l t i n excess ive p l a n t SO2 emiss ion 
under some c i r cumstances . 

F i l l e r Coke P r o p e r t i e s 

Coke i s produced when organ i c matter i s heated to 400-600°C, e s sen 
t i a l l y i n the absence of a i r . The o rgan i c matter used f o r anode 
b inder coke has come p r i m a r i l y from c o a l t a r , w i t h minor amounts 
from petroleum r e s i d u e s . I n c o n t r a s t , f i l l e r coke i s produced a l 
most e n t i r e l y from petro leum, w i t h minor amounts from c o a l - t a r 
p i t c h . A l s o i n recent y e a r s , s o l v e n t - r e f i n e d c o a l (SRC) f i l l e r coke 
has been found to produce h i g h q u a l i t y anode carbon. 

Coke has an e lemental composi t ion of over 80% carbon , w i t h v a r y 
i n g amounts of hydrogen, n i t r o g e n , s u l f u r , oxygen, and a few tenths 
of one percent i m p u r i t i e s . The s p e c i f i c composi t ion depends on coke 
heat t reatment , w i t h the carbon content i n c r e a s i n g w i t h temperature. 
Coke i s a v a i l a b l e i n (1) the green or raw s t a t e corresponding to a 
temperature of ^450°C, and (2) the c a l c i n e d s t a t e corresponding to a 
temperature of 1300-1400°C. Green coke i s ^85-95% carbon , 3-4.5% 
hydrogen, 0.5-2.5% n i t r o g e n , 0.5-6.0% s u l f u r , and 1.0-8.0% oxygen, 
w i t h 6-15% v o l a t i l e matter (VCM), e x c l u s i v e of m o i s t u r e , r e l e a s e d 
when heated to 950°C. C a l c i n e d coke i s ^95-98% carbon , 0.03-0.06% 
hydrogen, 0.5-1% n i t r o g e n , 0.5-5% s u l f u r , and 0.1-1% oxygen, w i t h 
<0.5% v o l a t i l e m a t t e r . C a l c i n e d coke i s thus r a t h e r pure carbon 
(except f o r s u l f u r content) as g r a p h i t e c r y s t a l l i t e s , a s s o c i a t e d w i t h 
v o i d s , and a few tenths of one percent m e t a l l i c i m p u r i t i e s . 

F i l l e r coke i s formed by the same genera l mechanism as t h a t 
a l r eady descr ibed f o r b inder coke. However, the feedstocks used are 
v a r i o u s petroleum r e s i d u a l f r a c t i o n s , i n s t e a d of c o a l t a r . Tempera
tures of 400-500°C convert these r e s i d s i n t o green coke w i t h i n a day. 
A complex s e r i e s of endothermic p y r o l y s i s r e a c t i o n s produce l i q u i d -
c r y s t a l mesophase which i s transformed to a carbon polymer of gen
e r a l l y g r a p h i t i c s t r u c t u r e . However, there are v a r y i n g amounts of 
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240 PETROLEUM-DERIVED CARBONS 

s t r u c t u r a l d i s o r d e r caused by exothermic c r o s s l i n k i n g r e a c t i o n s . 
The r e s u l t i s coke w i t h a more or l e s s i s o t r o p i c s t r u c t u r e (11) , and 
r e l a t e d proper ty v a l u e s , depending on the degree of order of the 
g r a p h i t e c r y s t a l l i t e s of which i t i s composed. I f the coke i s very 
i s o t r o p i c ( d i s o r d e r e d ) , i t w i l l tend to be more dense, l e s s pure , 
and l e s s porous (more b l i n d and c l o sed p o r e s ) , w i t h a h i g h CTE. I t 
w i l l a l s o tend to have the same proper ty va lues i n a l l d i r e c t i o n s 
( i . e . i s o t r o p i c ) , r e f l e c t i n g p r o p e r t i e s of a random a r r a y of 
g r a p h i t e c r y s t a l l i t e s . I f the coke i s very a n i s o t r o p i c ( o rdered ) , 
i t w i l l tend to have l e s s i m p u r i t i e s , to be more porous (more open, 
connected p o r e s ) , w i t h a low CTE. I n the extreme case , the product 
i s c a l l e d needle coke, and has d i f f e r e n t proper ty v a l u e s p e r p e n d i c u 
l a r and p a r a l l e l to the g r a p h i t e b a s a l p l a n e s . T h i s coke i s s o l d 
to the g r a p h i t e i n d u s t r y at a premium p r i c e , where i t s low CTE i s 
important f o r produc ing thermal s h o c k - r e s i s t a n t e l e c t r o d e s f o r 
e l e c t r i c s t e e l furnaces . However, such coke i s not d e s i r e d f o r 
aluminum i n d u s t r y anodes, but r a t h e r a coke w i t h i n t e r m e d i a t e d i s 
order between the two extreme cases . The important c o n s i d e r a t i o n s 
are to o b t a i n (1) h i g h b u l k d e n s i t y , (2) low o x i d a n t - a c c e s s i b l e 
s u r f a c e , (3) moderate thermal shock r e s i s t a n c e , and (4) adequate 
p u r i t y , a t a reasonable p r i c e . Coke i m p u r i t i e s tend to i n c r e a s e as 
the coke becomes more i s o t r o p i c because one of the p r i n c i p a l c r o s s -
l i n k i n g agents i n coker feedstocks i s a s p h a l t e n e s , which c o n t a i n 
many of the crude o i l i m p u r i t i e s . 

About 90% of a l l coke i s produced by a batch process i n which 
the coker feedstock i s heated to about 450°C and then h e l d or " d e 
l a y e d " i n l a r g e t a n k s , or drums, f o r per i ods up to one day (12 ,13 , 
14 ) . The product i s c a l l e d delayed coke (DC), and each coke drum 
produces 500-1000 tons of coke per day. The remaining 10% of 
petroleum coke i s produced by a cont inuous f l u i d - b e d process (12, 
14 ) . The produc t , c a l l e d f l u i d coke (FC) , i s produced by coking of 
l i q u i d feedstock c o a t i n g t i n y coke seeds as they are a g i t a t e d on a 
f l u i d bed, where the temperature i s 100-150°C above t h a t f o r de 
layed c o k e r s . R e l a t i v e l y l i t t l e f l u i d coke i s used i n the aluminum 
i n d u s t r y because i t i s o f t e n h i g h i n i m p u r i t i e s ( s u l f u r and m e t a l s ) , 
and a v a i l a b l e on ly as s u b m i l l i m e t e r p a r t i c l e s which are harder to 
g r i n d and b i n d i n t o the anode. 

Coke f o r the aluminum i n d u s t r y must be c a l c i n e d before use to 
produce q u a l i t y anode carbon. T h i s c a l c i n e d coke should be r e l 
a t i v e l y h a r d , s t r o n g , dense, w i t h low e l e c t r i c a l r e s i s t i v i t y and 
o x i d a t i o n s e n s i t i v i t y , h i g h p u r i t y , and a v a i l a b l e i n aggregate 
s i z i n g from - 1 i n c h p a r t i c l e s to cover s tandard anode f i l l e r s i z 
i n g requirements . The d e s i r e d range of proper ty va lues i s as 
as given i n Table I. 

Rates given i n Table I for coke aggregate are measured under con
d i t i o n s which i n d i c a t e r e l a t i v e r e a c t i v i t y , not l i m i t e d by ox idant 
d i f f u s i o n r a t e s . 

I n f l u e n c e of Coking V a r i a b l e s on Coke Q u a l i t y 

Petro leum coke i s produced a t o i l r e f i n e r i e s as a method f o r 
d i s p o s a l of very heavy l ow-va lue r e s i d u a l f r a c t i o n s of crude o i l to 
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17. JONES Anode-Carbon Usage in the Aluminum Industry 241 

Table I . Des ired range property va lues f o r c a l c i n e d coke. 

P r o p e r t y 
Hardgrove G r i n d a b i l i t y 

P a r t i c l e S i z i n g 
B u l k D e n s i t y ( - 8 / + 1 4 ) l b s / f t 3 

R e a l Dens i ty (kerosene )g / c c 
V o l a t i l e M a t t e r : 

moisture ,% 
VCM,% 

S p e c i f i c E l e c t r i c a l 
R e s i s t i v i t y ( - 3 5 / + 6 5 ) o h m - i n 

Ash,% 

I m p u r i t i e s : 
S,% 
S i , % 
Fe,% 
V,% 

A i r b u r n : 
550°C(-28/+200)mg/cm 2 /hr 

Delayed Coke 
35-45 

- l in /+28mesh 
48-58 

2 .04-2 .08 

« 0 . 5 
<0.5 

0.036-0.043 

<0.5 

<3 
<0.03 
<0.03 
<0.02 

5-80 

Proper ty Values 
F l u i d Coke 

28-35 
-28/+200mesh 

70-80 
1.92-1.98 

« 0 . 5 
<0.5 

0 .036-0.043 

<0.3 

<5 
<0.02 
<0.03 
<0.04 

100-150 

CO2 o x i d a t i o n : 
970°C(-28/+200)mg/cm 2 /hr 5-20 2-8 
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242 PETROLEUM-DERIVED CARBONS 

o b t a i n l o w e r - b o i l i n g cracked produc t s . Coke amounts to 2-3% of the 
r e f i n e r y ' s product y i e l d , and some r e f i n e r i e s produce no coke at 
a l l . A r e f i n e r y i s a r a t h e r complex o p e r a t i o n f o r p ro cess ing crude 
petroleum to produce h i g h - p r o f i t p roduc t s , such as g a s o l i n e , f u e l 
o i l , and l u b r i c a n t s (12) . A l a r g e r e f i n e r y can process about 
500,000 b b l s of crude ( i . e . one supertanker load) per day. The 
crude i s f i r s t d i s t i l l e d , and some of the d i s t i l l a t i o n f r a c t i o n s are 
then sub jec ted to o ther o p e r a t i o n s , such as a l k y l a t i o n , thermal and 
c a t a l y t i c c r a c k i n g to produce the d e s i r e d produc t s . The c o l l e c t i v e 
process opera t i ons r e s u l t i n a s e r i e s o f heavy r e s i d u a l f r a c t i o n s 
( e . g . d i s t i l l a t i o n r e s i d s , decant o i l from c a t a l y t i c c r a c k i n g , t h e r 
mal t a r from thermal c r a c k i n g , a s p h a l t i c s from a lube t r a i n (13)) 
which may be fed to a delayed or f l u i d coker . I n delayed c o k i n g , 
a c y c l i c batch o p e r a t i o n , the coker feed i s preheated to about 
450-500°C, and then h e l d i n a coke drum at pressures of 5 - 1 0 p s i . 
These c o n d i t i o n s cause coke format ion w i t h i n hours , w h i l e cracked 
vapors l eave the top of the drum f o r f u r t h e r p r o c e s s i n g . R e f r a c t o r y 
feed may be r e c y c l e d through the drum to i n c r e a s e the coke y i e l d . 
When the drum i s most ly f i l l e d w i t h coke, u s u a l l y w i t h i n 24 hours , 
coker feed f low i s switched to another drum. The f u l l drum i s 
steamed o u t , opened, and the coke removed u s i n g h y d r a u l i c c u t t e r 
n o z z l e s w i t h h i g h - p r e s s u r e water . F l u i d cok ing i s a continuous p r o 
cess i n which the heated coker feed i s sprayed i n t o a f l u i d i z e d bed 
of hot coke p a r t i c l e s which i s mainta ined a t 20 -40ps i and tempera
t u r e s w e l l above 500°C. Heat i s s u p p l i e d by r e c i r c u l a t i n g coke 
p a r t i c l e s to a burner v e s s e l . I n the cok ing v e s s e l , or r e a c t o r , the 
feed v a p o r i z e s and c racks w h i l e forming a l i q u i d f i l m on the p a r t i 
c l e s u r f a c e s . The f i l m t h i c k n e s s must be c a r e f u l l y c o n t r o l l e d , by 
coker feed r a t e , to prevent excess ive s t i c k i n g of coke p a r t i c l e s and 
l o s s of f l u i d i z a t i o n . The product i s removed c o n t i n u o u s l y and seed 
p a r t i c l e s are added to m a i n t a i n f l u i d i z a t i o n . 

The q u a l i t y of coker feedstock and c o n t r o l of coker o p e r a t i o n 
have an important i n f l u e n c e on green coke q u a l i t y . The p u r i t y and 
d e n s i t y of the feed s t r o n g l y a f f e c t s coke p u r i t y and y i e l d . A l s o , 
the presence of c r o s s l i n k i n g agents ( e . g . asphaltenes) a f f e c t s both 
carbon y i e l d and coke s t r u c t u r e . Coke y i e l d and s t r u c t u r e are both 
a f f e c t e d by r e c y c l e r a t i o . As cok ing s e v e r i t y ( t ime , temperature) 
i n c r e a s e s , coke VCM decreases . Green coke VCM a f f e c t s the ease of 
coke removal from the drum, the s i z i n g of the coke removed, and 
the b u l k d e n s i t y of the c a l c i n e d coke (15) . Exper ience i n d i c a t e s 
the f o l l o w i n g VCM ranges f o r good c a l c i n e d coke proper ty v a l u e s : 
(1) o r d i n a r y s e m i - i s o t r o p i c de layed , 10-12%, (2) moderate ly -
a n i s o t r o p i c de layed , 8-10%, (3) h i g h l y - a n i s o t r o p i c needle de layed , 
6-8%, (4) f l u i d , 5-7%. 

There are b a s i c d i f f e r e n c e s i n coke s i z i n g and s t r u c t u r e f o r 
delayed and f l u i d cokes because of d i f f e r e n c e s i n the two cok ing 
o p e r a t i o n s . Sometimes, f l u i d i z a t i o n occurs i n delayed coke drums 
when the feed has a h i g h asphal tene content and the r e c y c l e r a t i o 
i s low. Such c o n d i t i o n s tend to produce m i l l i m e t e r - s i z e " s h o t " 
coke, which i s very i s o t r o p i c , and y i e l d s a c a l c i n e d coke which i s 
very hard w i t h low p o r o s i t y and h i g h d e n s i t y . Such coke i s hard to 
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17. JONES Anode-Carbon Usage in the Aluminum Industry 243 

g r i n d and b i n d i n t o anode carbon, but g ives h i g h performance when 
p r o p e r l y used . For delayed cokers , coke q u a l i t y a l s o v a r i e s w i t h 
he ight i n the coke drum. Coking s e v e r i t y decreases from bottom to 
top of the drum, so that bottom coke i s more dense w i t h lower VCM 
than top coke. S ince commercial b u l k coke i s not segregated as i t 
comes from the drum, f l u c t u a t i o n s i n proper ty v a l u e s w i l l o c cur . 

How C a l c i n a t i o n A f f e c t s Coke Q u a l i t y 

I t i s necessary to c a l c i n e green coke, f o r anode carbon use , to p r e 
vent i n t o l e r a b l e shr inkage cracks i n the baked carbon. The normal 
c a l c i n a t i o n process i n v o l v e s exposure of green coke to temperatures 
up to 1400°C, wi thout u s i n g heatup r a t e s h i g h enough to puf f the 
coke and so reduce b u l k d e n s i t y . A t maximum temperature , c a l c i n a 
t i o n cont inues u n t i l s p e c i f i c a t i o n s f o r r e a l d e n s i t y and /or r e s i s 
t i v i t y have been met. Most commercial coke c a l c i n a t i o n i s done 
u s i n g r o t a r y k i l n c a l c i n e r s (16) . These u n i t s c o n s i s t of a heated 
s t e e l p i p e , 8 -10 f t i n diameter and 200-250 f t . l o n g , l i n e d w i t h 
r e f r a c t o r y , which i s t i l t e d a t a s m a l l angle to h o r i z o n t a l and 
r o t a t e s a t a few rpm. Green coke enters the upper end and tumbles 
i n a t h i n c y l i n d r i c a l chord s e c t i o n through the p i p e . Some commer
c i a l c a l c i n a t i o n i s done u s i n g r o t a r y h e a r t h c a l c i n e r s . I n t h i s 
case , green coke i s depos i ted a t the outer edge of a s l o w l y - r o t a t i n g 
c i r c u l a r r e f r a c t o r y t a b l e about 40-80 f t . i n d iameter . The coke i s 
guided by rabb les toward the center o f the t a b l e where i t f a l l s i n t o 
a soaking p i t before removal from the c a l c i n e r . Both r o t a r y k i l n 
and r o t a r y h e a r t h c a l c i n e r s have been developed i n t o more energy-
e f f i c i e n t and e n v i r o n m e n t a l l y - a c c e p t a b l e equipment. 

Much of the energy r e q u i r e d f o r coke c a l c i n a t i o n i s now sup 
p l i e d by burn ing v o l a t i l e s from the green coke. O r i g i n a l l y , r o t a r y 
k i l n c a l c i n e r s were e n d - f i r e d w i t h n a t u r a l gas (17) . Then, k i l n -
mounted a i r blowers were a t tached i n the c e n t r a l r e g i o n o f the k i l n 
(16) , and the energy produced has g r e a t l y reduced the amount of 
n a t u r a l gas r e q u i r e d . The use of l i f t e r s f o r m i x i n g the coke charge 
i s another recent improvement f o r r o t a r y k i l n c a l c i n e r s (18) , which 
appears to have s u b s t a n t i a l l y improved the u n i f o r m i t y of coke c a l 
c i n a t i o n , and increased coke b u l k d e n s i t y by reduc ing the heatup 
r a t e . 

Dur ing t y p i c a l r o t a r y k i l n c a l c i n e r o p e r a t i o n , coke feed r a t e s 
are i n the range of 20-50 tons per hour . As the green coke enters 
the low-temperature end of the c a l c i n e r , r e s i d u a l mois ture i s 
f l a s h e d to steam and the coke i s heated to temperatures l a s t exper 
ienced i n the coker . At t h i s s tage , Zone 1 i n the c a l c i n e r , the 
coke i s i n a s t i c k y , p l a s t i c s t a t e , and the chord s e c t i o n o f the 
coke charge has a r e l a t i v e l y h i g h angle of repose on the w a l l o f the 
r o t a t i n g c a l c i n e r . As c a l c i n e r temperature in c reases f u r t h e r , m a x i 
mum coker temperature i s exceeded and the coke begins to emit l a r g e 
q u a n t i t i e s of hydrogen and l i g h t hydrocarbons. T h i s i s Zone 2, 
near the center of the c a l c i n e r , where v igorous combustion occurs 
u s i n g a i r s u p p l i e d by the k i ln -mounted b lowers . Coke heatup r a t e 
appears g rea tes t a t the i n t e r f a c e between Zones 1 and 2. S ince a l 
most a l l of the energy f o r k i l n o p e r a t i o n i s generated i n Zone 2, 
heatup r a t e s can e a s i l y exceed 100°C/min., p a r t i c u l a r l y i f the c a l 
c i n e r i s opera t ing a t maximum temperature and the coke charge i s not 
kept w e l l mixed (15, 17, 19 ) . Such h i g h heatup r a t e s are known to 
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244 PETROLEUM-DERIVED CARBONS 

s e r i o u s l y reduce coke b u l k d e n s i t y (19) . Another c h a r a c t e r i s t i c o f 
Zone 2 i s r e d u c t i o n of the angle of repose of the coke charge from 
that i n Zone 1. T h i s occurs because the coke l o ses i t s s t i c k y , p l a s 
t i c c h a r a c t e r i n Zone 2 and becomes f l u i d i z e d from v o l a t i l e s emis 
s i o n . A f t e r coke v o l a t i l e s emiss ion i s complete, the charge i s no 
longer f l u i d i z e d . The coke then a r r i v e s at the back s e c t i o n of the 
c a l c i n e r , Zone 3, where the angle of repose of the u n f l u i d i z e d 
charge i s g rea ter than that i n Zone 2. Heat treatment i s completed 
i n Zone 3, and the coke then leaves the c a l c i n e r a f t e r a res idence 
time of about one hour . The coke i s f i n a l l y water - coo l ed and i s 
u s u a l l y g i ven a c o a t i n g of some petroleum f r a c t i o n to reduce the 
dust l e v e l i n l a t e r coke process ing f o r anode f a b r i c a t i o n . 

The c a l c i n i n g o p e r a t i o n can have an important i n f l u e n c e on coke 
q u a l i t y . In p r i n c i p l e , cokes w i t h s i g n i f i c a n t l y d i f f e r e n t v o l a t i l e s 
contents ( q u a l i t y and q u a n t i t y ) , m i c r o s t r u c t u r e s , and /or i m p u r i t y 
l e v e l s should be c a l c i n e d d i f f e r e n t l y . For example, high-VCM cokes 
r e q u i r e lower heatup r a t e s . A l s o a n i s o t r o p i c (ordered) cokes r e 
q u i r e l e s s c a l c i n a t i o n than i s o t r o p i c (d isordered) cokes (20) . In 
p r a c t i c e , custom c a l c i n a t i o n i s r a r e l y done. I n s t e a d , green cokes 
w i t h s u b s t a n t i a l l y d i f f e r e n t proper ty va lues are o f t e n mixed so as 
to produce a c a l c i n e d product w i t h acceptable average proper ty 
v a l u e s . I t i s important that the c a l c i n e d coke have the proper ty 
v a l u e s p r e v i o u s l y s p e c i f i e d , p a r t i c u l a r l y as they apply to bu lk den
s i t y , r e a l d e n s i t y , r e s i s t i v i t y , and p u r i t y . To produce h i g h - q u a l i t y 
c a l c i n e d coke, i t i s important to minimize coke p u f f i n g from v o l a 
t i l e s r e l e a s e , w i t h c o n t r o l l e d heatup r a t e , and to o f f s e t a c t u a l 
p u f f i n g w i t h shr inkage o c c u r r i n g above 700°C (20-21) . With optimum 
counterbalance of these opposing f a c t o r s , h igher b u l k d e n s i t y (and 
lower o x i d a n t - a c c e s s i b l e sur face ) i s ach ieved . Coke r e a l d e n s i t y 
and r e s i s t i v i t y va lues are achieved most ly by c a l c i n a t i o n time near 
maximum temperature . However, normal c a l c i n a t i o n has e s s e n t i a l l y no 
b e n e f i c i a l i n f l u e n c e on coke p u r i t y . In f a c t , c a l c i n e d coke ash 
l e v e l s tend to be somewhat g r e a t e r than those f o r green coke due to 
v o l a t i l e s removal . S u l f u r i s the on ly important i m p u r i t y which can 
be reduced by c a l c i n a t i o n , i f s e v e r i t y i s increased by u s i n g a 
maximum temperature near 1500°C (5 ) . Such t h e r m a l l y - d e s u l f u r i z e d 
coke has s u b s t a n t i a l l y g r e a t e r submicron p o r o s i t y and reduced b u l k 
d e n s i t y , but the o x i d a n t - a c c e s s i b l e sur face i s not i n c r e a s e d . I t 
has been determined that t h e r m a l l y - d e s u l f u r i z e d coke w i l l produce 
s a t i s f a c t o r y anodes (22) . However, the p r a c t i c a l i t y of t h i s method 
f o r improving coke q u a l i t y has not yet been r e p o r t e d . 

Important Anode F a b r i c a t i o n F a c t o r s 

The o b j e c t i v e of making good anode carbon, which has the proper ty 
va lues a l r eady s p e c i f i e d , i n v o l v e s four important opera t i ons which 
are a p p l i e d d i f f e r e n t l y f o r Soderberg and prebake anode f a b r i c a t i o n . 
These four opera t i ons are (1) f i l l e r aggregate s i z i n g (2) paste 
p i t c h i n g l e v e l d e t e r m i n a t i o n , (3) paste compaction, and (4) com
pacted composite b a k i n g . 

The most important o b j e c t i v e f o r anode f i l l e r aggregate s i z i n g 
i s to o b t a i n a h i g h v i b r a t e d aggregate b u l k d e n s i t y (23) . For 
prebake anodes, maximum aggregate b u l k d e n s i t y i s r e q u i r e d to 
achieve maximum baked carbon d e n s i t y . For Soderberg anodes, t h i s 
requirement i s somewhat mod i f i ed by paste r h e o l o g i c a l requirements 
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17. JONES Anode-Carbon Usage in the Aluminum Industry 245 

r e l a t e d to Soderberg c e l l o p e r a t i o n . For most cokes , b u l k d e n s i t y 
inc reases as p a r t i c l e s i z e i s reduced because the l a r g e v o i d f r a c 
t i o n due to coarse pores i s p r o g r e s s i v e l y reduced w i t h decreas ing 
p a r t i c l e s i z e . I n g e n e r a l , coarse p a r t i c l e s a c t as support p i n s to 
h o l d the composite t o g e t h e r , and reduce bake shr inkage w h i l e r e 
q u i r i n g l e s s b inder p i t c h and having l e s s o x i d a n t - a c c e s s i b l e s u r 
f a c e . However, i t i s important that these p a r t i c l e s be dense as 
the coarse f r a c t i o n i n c r e a s e s , to prevent r e d u c t i o n i n composite 
compressive s t r e n g t h . F i n e coke p a r t i c l e s , on the other hand, 
e x h i b i t more s u r f a c e , r e q u i r e more b inder p i t c h , and i n c r e a s e 
composite bake s h r i n k a g e . However, i n a p r o p e r l y p i t c h e d composite , 
they w i l l i n c r e a s e carbon c o n d u c t i v i t y and s t r e n g t h . Thus, what i s 
needed i s an aggregate balance which emphasizes o v e r a l l p a r t i c l e 
s i z i n g skewed toward coarse p a r t i c l e s and h i g h v i b r a t e d aggregate 
b u l k d e n s i t y to achieve good baked carbon proper ty va lues and 
maximum anode performance (24, 25) . 

F i l l e r aggregate s e l e c t i o n i s somewhat d i f f e r e n t f o r prebake 
and Soderberg anodes. Prebake p l a n t s use four aggregate f r a c t i o n s : 
(1) coarse b u t t s , and (2) c oarse , (3) i n t e r m e d i a t e , (4) f i n e coke 
p a r t i c l e s . The b u t t f r a c t i o n r e s u l t s from the need to r e c y c l e about 
25% of the anode carbon near the suppor t ing s t e e l s t u b s . B u t t p a r 
t i c l e s are u s u a l l y more dense than coke p a r t i c l e s due to c e l l bath 
impregnat ion , and tend to i n c r e a s e anode carbon d e n s i t y and c o n 
d u c t i v i t y . Maximum b u t t p a r t i c l e s i z e i s about one i n c h , w i t h 
f i n e r p a r t i c l e s i z i n g extending through the three coke s i z e f r a c 
t i o n s (26) . The s i z i n g ranges f o r the coke f r a c t i o n s are a p p r o x i 
mate ly as f o l l o w s : coarse (-%in/+28 mesh); i n t e r m e d i a t e (-28/+100), 
and f i n e ( -100) . Soderberg anodes do not have a b u t t f r a c t i o n , but 
the coarse coke f r a c t i o n extends up to ^ i n p a r t i c l e s , w i t h e s sen 
t i a l l y the same boundaries between i n t e r m e d i a t e and f i n e f r a c t i o n s 
as those f o r prebake anodes. For both anode types , h i g h v i b r a t e d 
aggregate b u l k d e n s i t y i s achieved by a s e r i e s of s t a t i s t i c a l l y -
designed experiments to o b t a i n the d e s i r e d r e s u l t most e f f i c i e n t l y . 

Once aggregate s i z i n g i s determined, the requirements f o r 
a c h i e v i n g optimum paste p i t c h i n g l e v e l are d i f f e r e n t f o r prebake 
and Soderberg anodes. Prebake aggregate r e q u i r e s about 15% p i t c h « 
to produce maximum baked carbon d e n s i t y , s t r e n g t h , and e l e c t r i c a l 
c o n d u c t i v i t y . T h i s v a l u e r e l a t e s r a t h e r d i r e c t l y to the sur face 
area of the aggregate p a r t i c l e s coated . The optimum v a l u e can be 
determined by measuring the p r o p e r t i e s of baked carbon produced 
from paste batches which are i n c r e m e n t a l l y - p i t c h e d about t h i s v a l u e . 
Some p l a n t s use a formula based on p a r t i c l e sur face area to d e t e r 
mine a s p e c i f i c amount of b i n d e r . However, s i n c e t h i s method does 
not cons ider coke p a r t i c l e p o r o s i t y or the v o i d volume between 
p a r t i c l e s , i t i s o f t e n d e s i r a b l e to do an i t e r a t i o n based on coke 
and aggregate proper ty v a l u e s to o p t i m i z e the p i t c h i n g l e v e l . For 
Soderberg anodes, about twice as much p i t c h i s used as that f o r p r e 
bake carbon. Whi le the same dense, l o w - s u r f a c e carbon i s d e s i r e d 
f o r both anode t y p e s , Soderberg anode operat i ons r e q u i r e that paste 
rheology be cons idered i n a d d i t i o n to the prebake f a c t o r s a l r e a d y 
d i s c u s s e d . For t h i s r eason , maximum aggregate s i z e i s somewhat 
s m a l l e r f o r Soderberg anodes, and more p i t c h i s used to o b t a i n the 
necessary paste f l ow c h a r a c t e r i s t i c s so t h a t paste batches w i l l 
spread i n p l a c e and bond to prev ious batches on the top of o p e r a t i n g 
anodes. To achieve the d e s i r e d paste rheo logy , s imple paste f low 
or e l o n g a t i o n , i s w i t h i n the r e q u i r e d range. 
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246 PETROLEUM-DERIVED CARBONS 

A f t e r the optimum p i t c h i n g l e v e l has been determined, anode 
paste i s u s u a l l y mixed f o r per i ods up to an hour , w h i l e the paste 
i s a t l e a s t 60°C above the b inder s o f t e n i n g p o i n t . During t h i s 
o p e r a t i o n , the p i t c h must coat the f i l l e r p a r t i c l e s u n i f o r m l y , to 
produce w e l l - m i x e d p a s t e . As a p r o p e r l y mixed c o n d i t i o n i s a p 
proached, compacted paste green d e n s i t y w i l l i n c r e a s e to a constant 
maximum v a l u e . The paste i s then ready f o r compaction i n t o green 
anode composites . For Soderberg anodes, f i n a l paste g r a v i t y -
compaction occurs on the o p e r a t i n g anode top a f t e r the paste batch 
i s added, e i t h e r as l oose p a s t e , or as l ow-pressure (^lOOOpsi) 
compacted b r i q u e t t e s . For prebake anodes, the paste i s e i t h e r 
pressure-molded or v ibratory - compacted i n t o b l o c k s which must be 
baked before use i n an o p e r a t i n g c e l l . Pressure -mo ld ing techniques 
u s u a l l y i n v o l v e the s i n g l e (h igh pressure) or m u l t i p l e ( low-pressure) 
a p p l i c a t i o n of pressures i n the 500-7000psi range, to paste which 
has been cooled to 5-10°C above the b inder s o f t e n i n g p o i n t . Spe
c i f i c a l l y developed compaction methods a l s o i n c l u d e c o n t r o l of 
l o a d i n g r a t e , h o l d i n g t i m e , and r e l e a s e r a t e to produce composites 
w i t h acceptab le proper ty v a l u e s . V i b r a t o r y compaction techniques 
employ much lower pressures (VLOOpsi) , but produce good carbon 
q u a l i t y . T h i s method a l s o has the advantage of r e q u i r i n g a s m a l l e r 
p l a n t c a p i t a l investment than t h a t f o r pressure -mold compaction. 
There i s some evidence t h a t the two methods g ive s i m i l a r r e s u l t s 
f o r high-modulus ( e l a s t i c ) cokes , w i t h some advantage f o r p r e s s u r e -
mold ing f o r low-modulus cokes . 

The f i n a l step i n anode f a b r i c a t i o n i s baking the compacted 
composite . For Soderberg anodes, baking occurs d u r i n g c e l l o p e r a 
t i o n and the maximum f i n i s h i n g temperature can be no h igher than 
bath temperature (940-980°C). T h i s i s a r e l a t i v e l y low f i n a l 
temperature , which a d v e r s e l y a f f e c t s performance. Anode heatup 
r a t e must a l s o be kept v e r y low CVL°C/hr.) up to 600°C f o r h i g h -
p i t c h e d Soderberg composites to achieve h i g h baked d e n s i t y (27, 
28 ) . Such low heatup r a t e s a l l o w f o r p i t c h expans ion , f l o w , and 
v o l a t i l e s e v o l u t i o n which might o therwise puf f the baking composite . 
For l o w e r - p i t c h e d prebaked anodes, corresponding heatup r a t e s can 
be h igher (VL0°C/hr.) because there are more v o i d spaces to accom
modate p i t c h expansion and gas e v o l u t i o n . Above 600°C, the heatup 
r a t e can be inc reased to 50-100°C/hr. w i thout damage to the bak ing 
carbon . Prebake anodes should f i n i s h the bake o p e r a t i o n w i t h about 
ten hours near a maximum temperature of 1000-1200°C, p r e f e r a b l y 
1150+50°C. I t has been found that i n c r e a s i n g bake f i n i s h i n g 
temperature from 1000 to 1200°C reduces net carbon consumption 
M ) . 2 1 b C / l b A l per 100°C (29) . I n the 900-1000°C range , the r a t e i s 
three times g r e a t e r , and i s e s s e n t i a l l y zero i n the 1200-1400°C 
range . Thus, temperatures above 1200°C do not improve carbon 
q u a l i t y , and a c c e l e r a t e furnace d e t e r i o r a t i o n from f l u o r i d e a t t a c k 
on the r e f r a c t o r y . Dur ing t h i s bake o p e r a t i o n , normal l i n e a r 
shr inkage f o r good prebake anodes i s 0 .2 -0 .5%. 

Anode Performance i n the Reduct ion C e l l 

There i s c o n s i d e r a b l e v a r i e t y i n the des ign of both prebake and 
Soderberg c e l l s . For Soderberg c e l l s , the e l e c t r i c a l conductor 
p i n s , or s t u d s , may e i t h e r be i n s e r t e d a l m o s t - h o r i z o n t a l l y (HS) i n t o 
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17. JONES Anode-Carbon Usage in the Aluminum Industry 247 

the s i d e of the anode, or v e r t i c a l l y (VS) i n t o the anode t op . 
Since Soderberg anodes emit u n d e s i r a b l e ( carc inogen i c ) p i t c h fumes 
d u r i n g baking (30 ) , s u c c e s s f u l e f f o r t s have been made to reduce 
the anode p i t c h i n g l e v e l from the o l d e r "wet t op" c o n d i t i o n to the 
more recent " d r y top" c o n d i t i o n (31) . For prebake c e l l s , anode 
he ight v a r i e s w i t h i n the 1 6 - 2 6 i n range, and has marked i n f l u e n c e on 
the temperature p r o f i l e and performance. The a d d i t i o n a l o x i d a t i o n 
exposure of t a l l anodes causes g rea ter s e n s i t i v i t y to o x i d a t i o n 
c a t a l y s t s ( e . g . V) i m p u r i t y l e v e l s . Another f a c t o r a f f e c t i n g anode 
temperature and performance i s the l o c a t i o n and manner of c r u s t -
b r e a k i n g f o r feed ing a lumina to the c e l l . In p a r t i c u l a r , l a r g e 
centerbreak openings which do not c l o s e between breaks ( p o s s i b l y 
due to alumina c r u s t i n g behavior ) can adverse ly a f f e c t anode p e r f o r 
mance. C e l l s which operate at low r a t i o ( e . g . 1.1) u s u a l l y have 
lower bath temperatures , which inc reases anode performance i n a d 
d i t i o n to the a i r b u r n - r e d u c t i o n c h a r a c t e r i s t i c s of the added AIF3 
a s s o c i a t e d w i t h low r a t i o . F i n a l l y , any c o n d i t i o n ( e . g . poor 
c u r r e n t d i s t r i b u t i o n , or dust ing ) which produces a " s i c k " (hot) 
c e l l w i l l put added thermal and o x i d a t i o n s t r e s s e s on the anodes, 
which can reduce performance. 

The p r i n c i p a l anode performance problem of Soderberg c e l l s i s 
the low-baked anode carbon. T h i s r e s u l t s i n p r e f e r e n t i a l a t t a c k 
on b inder coke and creates some l e v e l of f i l l e r dust problem as a 
standard o p e r a t i n g c o n d i t i o n . For VS Soderberg anodes, there i s 
a d d i t i o n a l performance l o s s f o r the l o w e r - q u a l i t y p i n h o l e carbon , 
which f i l l s the space c reated when p i n s are r e s e t . Th i s i s due to 
p o r o s i t y c reated when p i n h o l e paste i s baked i n p l a c e by the e x 
i s t i n g excess ive heatup r a t e s . VS Soderberg anodes are a l s o 
adverse ly a f f e c t e d i f the carbon has a h i g h s u l f u r content . Conduc
t o r p i n t i p s w i l l become coated w i t h an i r o n s u l f i d e s c a l e , which 
i n t e r f e r e s w i t h e l e c t r i c a l conduct ion i n the anode. 

Prebake anodes have a c l e a r performance advantage over Soder
berg anodes most ly because of the absence of the problems j u s t d e s 
c r i b e d . Prebake c e l l s can s t i l l have dust problems i f the anodes 
are made w i t h f i l l e r coke which i s very a n i s o t r o p i c (ordered) and 
too h i g h l y c a l c i n e d . A l s o , i f d i s p e r s i o n i n bake f i n i s h i n g temper
a tures i s too broad (>100°C), or i n c l u d e s too many (>10%) low-baked 
anodes, bad anodes w i l l tend to reduce the performance of other 
anodes which would o therwise be of acceptab le q u a l i t y . Prebake 
anodes a l s o e x h i b i t lower performance when u s i n g h i g h - s u l f u r , h i g h -
metals coke. One study Ç5) i n d i c a t e d an i n c r e a s e i n net carbon 
consumption of 2-3% per 1% increased s u l f u r content . About h a l f of 
t h i s appears due to a i r b u r n c a t a l y z e d by i m p u r i t i e s present w i t h the 
s u l f u r . T h e r m a l l y - d e s u l f u r i z e d coke anodes may become a p r a c t i c a l 
means to improve anode performance. Whi le prebake anodes g e n e r a l l y 
e x h i b i t b e t t e r performance than Soderberg anodes, there i s some 
over lap i n performance f o r the improved Soderberg c e l l s (31) and the 
poorer prebake c e l l s . The net carbon consumption range f o r prebake 
anodes i s 0 . 4 1 - 0 . 4 9 1 b C / l b A l . The corresponding range f o r Soderberg 
anodes i s 0 . 4 5 - 0 . 5 4 1 b C / l b A l . 

Summary 

The important f a c t o r s a f f e c t i n g prebake and Soderberg anode carbon 
usage have been rev iewed. The p r i n c i p a l v a r i a b l e s a f f e c t i n g usage 
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248 PETROLEUM-DERIVED CARBONS 

have been emphasized f o r the complex c h a i n of events from manufac
t u r e of b inder and f i l l e r m a t e r i a l s through performance i n f u l l -
s i z e e l e c t r o l y t i c c e l l s . I n summary, the key p o i n t s about anode 
carbon which have been d i s cussed are (1) p o r o s i t y , (2) bake l e v e l , 
(3) o x i d a t i o n s e n s i t i v i t y , (4) i m p u r i t i e s , and (5) b i n d e r - f i l l e r 
c o m p a t i b i l i t y . 

Anode p o r o s i t y i s important because i t a f f e c t s the extent of 
o x i d a n t - a c c e s s i b l e s u r f a c e . T h i s sur face i s i n f l u e n c e d both by 
coke m i c r o s t r u c t u r e and the f a b r i c a t i o n process f o r c o n v e r t i n g the 
raw m a t e r i a l s i n t o baked carbon. The prime requirement f o r good 
anode carbon i s minimum o x i d a n t - a c c e s s i b l e s u r f a c e . I t i s a l s o 
d e s i r a b l e that t h i s sur face have a low, uni form s p e c i f i c r e a c t i v i t y . 
Anode sur face w i t h pores hav ing diameters i n the 1-10 micron range 
are a c c e s s i b l e to o x i d a t i o n un less b locked i n some manner. Sub-
micron p o r o s i t y , such as t h a t produced by thermal d e s u l f u r i z a t i o n 
of coke, i s ox idant d i f f u s i o n - l i m i t e d and w i l l not a f f e c t carbon 
consumption s i g n i f i c a n t l y . I n c r e a s i n g anode carbon d e n s i t y w i l l 
u s u a l l y i n c r e a s e anode performance because the o x i d a n t - a c c e s s i b l e 
sur face i s reduced. 

Anode bake l e v e l i s important because i t a f f e c t s b inder coke 
r e a c t i v i t y . I n c r e a s i n g b inder heat treatment converts i t from 
a h i g h - s u r f a c e , o x i d a t i o n - s e n s i t i v e m a t e r i a l to some of the most 
o x i d a t i o n - r e s i s t a n t coke i n the anode. Soderberg anodes have a l o w -
baked b inder d i s a b i l i t y which u s u a l l y causes t h i s anode type to 
e x h i b i t lower performance than prebake anodes. I n c r e a s i n g bake 
f i n i s h i n g temperature from 900°C to 1000°C reduces net carbon c o n 
sumption M ) . 0 6 1 b C / l b A l . I n the 1000°C to 1200°C range, carbon c o n 
sumption i s reduced M ) . 0 2 1 b C / l b A l per 100°C. For best o v e r a l l r e 
s u l t s (good anode performance, energy c o n s e r v a t i o n , and low bake 
furnace d e t e r i o r a t i o n ) , a f i n i s h i n g temperature of 1150+50°C i s 
recommended. 

Anode carbon i s consumed by three d i f f e r e n t o x i d a t i o n r e a c 
t i o n s , each i n v o l v i n g a d i f f e r e n t anode s u r f a c e , r e a c t i o n r a t e , and 
ra te - t emperature dependence. Most carbon i s consumed by the aggres 
s i v e e l e c t r o l y t i c a t t a c k of nascent oxygen. Lesser amounts of 
carbon are consumed by a i r b u r n of prebake anode tops and Soderberg 
bottom edges, and by pr imary CO2 i n pores j u s t above the e l e c t r o 
l y t i c f a ce . A l l these r e a c t i o n s can a l s o produce mechanical carbon 
l o s s by d u s t i n g . Whi le no carbon can r e s i s t the aggress ive e l e c t r o 
l y t i c r e a c t i o n , o x i d a t i o n s e n s i t i v i t y f o r a i r b u r n and CO2 o x i d a t i o n 
i s g r e a t l y a f f e c t e d by temperature, a c c e s s i b l e carbon s u r f a c e , and 
i m p u r i t y c a t a l y s i s . 

I m p u r i t i e s can have four negat ive i n f l u e n c e s on anode p e r f o r 
mance: (1) c a t a l y s i s of a i r b u r n and o x i d a t i o n r e a c t i o n s , (2) 
i n c r e a s e anode consumption by e l e c t r o l y t i c o x i d a t i o n , (3) contamin
a t i o n of product aluminum, and (4) environmental c ontaminat i on . 
Vanadium, i r o n and sodium are outs tand ing examples of s e l e c t e d 
i m p u r i t i e s which c a t a l y t i c a l l y a f f e c t carbon o x i d a t i o n by O2 and /or 
(Χ>2· S u l f u r i s the most important i m p u r i t y which both increases 
anode consumption and produces environmental contaminat ion (SO2). 
The p r i n c i p a l anode i m p u r i t i e s which can reduce aluminum p u r i t y are 
i r o n , s i l i c o n , t i t a n i u m , vanadium and manganese. 

Concerning b i n d e r - f i l l e r c o m p a t i b i l i t y , the i d e a l anode carbon 
should be a pure , homogeneous, moderate ly -d i so rdered carbon s t r u c 
t u r e . To t h i s end, c o a l - t a r p i t c h w i t h 10-25% QI produces the most 
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17. JONES Anode-Carbon Usage in the Aluminum Industry 249 

compatib le b i n d e r coke a v a i l a b l e . T h i s b inder has a h i g h cok ing 
v a l u e and y i e l d s r e l a t i v e l y - i s o t r o p i c coke which g ives s t rong 
f i l l e r - c o k e bonds and o x i d a t i o n p r o t e c t i o n f o r the f i l l e r . Regard
i n g f i l l e r coke b l e n d s , as w e l l as b i n d e r - f i l l e r c o m p a t i b i l i t y , 
experience i n d i c a t e s t h a t coke c o m p a t i b i l i t y decreases as the 
s i m i l a r i t y of p h y s i c a l and chemical p r o p e r t i e s decreases . Important 
p r o p e r t i e s f o r these c o n s i d e r a t i o n s are p a r t i c l e shape, d e n s i t y , 
s t r e n g t h , e l a s t i c modulus, pore s t r u c t u r e , and i m p u r i t y c ontent . 
For example, w i t h f i l l e r coke b l e n d s , maximum i n c o m p a t i b i l i t y has 
been found f o r blends of f l a k y , low-modulus, o x i d a t i o n - r e s i s t a n t , 
a n i s o t r o p i c (ordered) delayed coke, and round, h igh-modulus , 
o x i d a t i o n - s e n s i t i v e , r e l a t i v e l y - i s o t r o p i c (d isordered) f l u i d coke. 
I n t h i s case , anode carbon u s i n g such a f i l l e r - c o k e b lend e x h i b i t e d 
15% h igher carbon consumption than that carbon made w i t h the 
a n i s o t r o p i c f i l l e r a l o n e . 
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Utilization of Petroleum Coke in Metallurgical 
Coke Making 

Kenji Matsubara, Hidetoshi Morotomi, and Takashi Miyazu 

Technical Research Center, Nippon Kokan K.K., Minamiwatarida-cho 1-1, Kawasaki-ku, 
Kawasaki 210, Japan 

In Japan, NKK was the first company to use petroleum 
coke as the source for metallurgical coke making in 
1967. Since then, petroleum coke has been utilized 
to increase carbon content and decrease ash content 
of coal blends used by Japanese iron and steel 
companies. This report includes the following 
subjects: 
1. The development of the procedure for the use of 

petroleum coke by Japanese iron and steel companies. 
2. The discussions about the effect of petroleum coke 

on coke strength. 
3. The pitch addition as the advanced utilization. 

In order to maintain high p r o d u c t i v i t y i n a b l a s t furnace, i t i s 
necessary t o use h i g h - q u a l i t y coke having high s t r e n g t h and c o n t a i n 
i n g few i m p u r i t i e s such as ash and s u l f u r . Strength i s p a r t i c u l a r l y 
important among the p r o p e r t i e s o f coke. Since coke s t r e n g t h l a r g e l y 
depends upon c o a l i f i c a t i o n rank and f l u i d i t y o f c o a l blends, i t i s 
p o s s i b l e t o manufacture high - s t r e n g t h coke by keeping these proper
t i e s at appropriate l e v e l s . 

Japan imports coking co a l s from the United S t a t e s , Canada, 
A u s t r a l i a and many other f o r e i g n c o u n t r i e s . Future s u p p l i e s of 
coking coals i n v o l v e s some u n c e r t a i n t y r e l a t i v e t o procurement of 
good-quality c o a l s i n s u f f i c i e n t q u a n t i t i e s . Various measures have 
been examined to solve t h i s problem i n Japan. One such measure i s 
the expansion of the scope o f raw m a t e r i a l s used f o r coke-making. 
Use o f petroleum coke as a raw m a t e r i a l f o r coke-making f a l l s i n t o 
t h i s category. Figure 1 shows annual consumptions o f petroleum coke 
and raw m a t e r i a l s f o r coke-making by the Japanese coking i n d u s t r y . 

With a view toward the e f f e c t i v e u t i l i z a t i o n o f carbon sources, 
Nippon Kokan K.K. s u c c e s s f u l l y u t i l i z e d petroleum coke f o r the f i r s t 
time i n Japan i n 1967, t a k i n g advantage of the lower ash content 
r e l a t i v e t o t h a t i n c o a l s . Now t h a t petroleum coke i s used f o r 
coke-making i n the Japanese coke i n d u s t r y as shown i n Figure 1, i t s 
a p p l i c a t i o n may be considered as an e s t a b l i s h e d technology. The 
r a t i o o f i t s use r e l a t i v e t o coking coals i s , however, s t i l l a t the 
very low l e v e l o f 1.0%. Table I shows r e s u l t s of examinations 

0097-6156/86/0303-0251$06.00/0 
© 1986 American Chemical Society 
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252 PETROLEUM-DERIVED CARBONS 

Figure 1. Annual consumption of raw m a t e r i a l s f o r coke making 
i n Japan. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

01
8



18. MATSUBARA ET AL. Petroleum Coke in Metallurgical Coke Making 253 

Table I . Views of Japanese s t e e l companies on use of petroleum coke 

Status of petroleum 
coke blending test 

View on blending 
l imit 

Company 
A 

Blending ratio: 
DPC: 0, 3, 5 and 7% 
FPC: 2, 4, 6 and 8% 

1. Blending l i m i t : 5-6%; 
2. No marked difference between DPC 

and FPC, DPC being sl ightly better. 
3. Increased blending of PC decreased 

coke ash and increased TS, and 
particularly because of S problem, 
actual use of PC is limited to 
about 3%. 

Company 
Β 

Blending ratio: 
DPC: 2 and'5% 
FPC: 5% 
selective blending 
to partial briquet-
ting of coal charge 
is also applied. 

1. Blending l imit is 3-5%; partial 
briquetting of coal charge; 

2. DPC is superior to FPC. 

Company 
C 

Blending ratio: 
DPC: 0-15% 

1. Increasing the amount of added DPC 
leads to almost linear decrease in 
DI. 

2. Decrease in DI is eliminated by 
keeping constant Ro and T.In. and 
maintaining MF at a certain level. 

Company 
D 

Blending ratio: 
DPC: 0, 5, 10 and 15% 
FPC: 0, 5, 10 and 15% 

1. Blending l imit is about 10%; 
2. No marked difference between FPC 

and DPC. 

NKK 
Blending ratio: 

1) To ordinary and 
partial briquet-
ting of coal 
charge: 6% DPC 

2) To partial briquet-
ting of coal charge: 
0, 2, 4, 6, 8, 10 
and 12% FPC 

1. Blending l i m i t : 
Ordinary coal : 4-5% 
partial briquetting of coal 

charge: 8% 
2. FPC is a l i t t l e inferior to DPC. 
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254 PETROLEUM-DERIVED CARBONS 

regarding use of petroleum coke a t the f i v e major s t e e l companies i n 
Japan. (5) According to the comprehensive summary of t h e i r views, 
the b l e n d i n g l i m i t of petroleum coke i n or d i n a r y blend r e l a t i v e t o 
coking c o a l s i s about 5% a t the h i g h e s t , and the q u a l i t y of delayed 
coke i s b e t t e r than t h a t o f f l u i d coke. 

In t h i s r e p o r t , the authors evaluate petroleum coke as a raw 
m a t e r i a l f o r coke-making and examine the above-mentioned ble n d i n g 
l i m i t . Besides petroleum coke, examination and e v a l u a t i o n o f 
petroleum r e s i d u a l o i l are a l s o presented as a more e f f e c t i v e use as 
a raw m a t e r i a l . 

E v a l u a t i o n of Coking Coals 

Japan imports coking coals f o r b l a s t furnaces from many f o r e i g n 
c o u n t r i e s . The q u a l i t y of coke deri v e d from these c o a l s , being 
subject t o ope r a t i n g c o n d i t i o n s o f the coke oven b a t t e r y , mainly 
depends upon p r o p e r t i e s o f the coking c o a l s ; coke of an e x c e l l e n t 
q u a l i t y i s a v a i l a b l e from appropriate combinations o f c o a l s . Blend
i n g design of co a l s forms one of the most remarkable features of the 
Japanese coke-making technology. 

Blending design o f co a l s may be summarized as foll o w s . ( 1 ) The 
most important coke property i s the s t r e n g t h , which i s commonly 
expressed by JIS drum index i n Japan. Large-capacity b l a s t furnace 
engineers i n Japan a s s e r t t h a t coke should have a JIS drum s t r e n g t h , 
as expressed i n DI30/15, of a t l e a s t 92. E v a l u a t i o n of a coking 
c o a l r e l a t i v e t o the coke st r e n g t h may be expressed w i t h two para
meters: the mean maximum r e f l e c t a n c e o f v i t r i n i t e p a r t of c o a l (Ro) 
repre s e n t i n g the degree of c o a l i f i c a t i o n rank of the c o a l , and the 
maximum f l u i d i t y (MF) i n d i c a t i n g the coking property of the c o a l . 

Figure 2 i l l u s t r a t e s the r e l a t i o n s h i p between the coke strength 
(DI30/15) and the maximum f l u i d i t y (MF) of blended c o a l s i n the coke 
oven b a t t e r y a t Nippon Kokan 1s Fukuyama Works w i t h the r e f l e c t a n c e 
(Ro) o f blended coal s as the parameter. 

According t o t h i s f i g u r e , a t an MF over 200 DDPM ( D i a l D i v i s i o n 
per Minute) w i t h a constant Ro, the value o f DI30/15 i s maximized. 
Within the range of over 200 DDPM, i t i s necessary to increase Po 
which corresponds t o the c o a l i f i c a t i o n rank o f blended c o a l s , i n 
order t o r a i s e the strength. This range i s th e r e f o r e r e f e r r e d t o as 
the c o a l rank c o n t r o l region. In the region of MF under 200 DDPM, 
i t s u f f i c e s t o increase the f l u i d i t y (MF) o f blended c o a l s i n order 
to r a i s e the coke s t r e n g t h : t h i s range i s th e r e f o r e c a l l e d the 
f l u i d i t y c o n t r o l region. With an Ro of blended c o a l s o f 1.15, a 
DI30/15 of 92 can be ensured by h o l d i n g MF a t 200 DDPM. 

A s i m i l a r t e s t was c a r r i e d out i n a 20-kg t e s t oven at Nippon 
Kokan 1 s Technical Research Center as shown i n Figure 3. (2) Coking 
c o n d i t i o n s i n c l u d e d a coking temperature o f 880°C and a coking time 
of 6.5 Hrs. In t h i s case, the coking speed i s very h i g h , so t h a t 
MF corresponding to the s a t u r a t i o n of stre n g t h i s r a t h e r low at about 
80 DDPM. I f Ro of blended c o a l s i s kept a t 1.15 under these con d i 
t i o n s , a DI30/15 of 92 can be ensured. 

Use of t h i s s m a l l - c a p a c i t y t e s t oven can f a c i l i t a t e an exper
iment, and the experiments presented i n t h i s r e p o r t were conducted 
i n t h i s oven. In t h i s t e s t oven, the value o f MF of 80 DDPM forms 
the boundary between the f l u i d i t y c o n t r o l region and the c o a l rank 
c o n t r o l region. 
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Figure 2. R e l a t i o n between G i e s e l e r max. f l u i d i t y of blends and 
drum str e n g t h of coke y i e l d e d i n Fukuyama Works. 
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Figure 3. R e l a t i o n between MF of c o a l blends and strength of 
coke made by small t e s t oven. 
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256 PETROLEUM-DERIVED CARBONS 

Coals produced i n vari o u s p a r t s of the world may be arranged i n 
terms of Ro and MF as shown i n Figure 4, which i s r e f e r r e d to as the 
MOF diagram. Thus, Ro and MF have s i g n i f i c a n t meanings i n the 
e v a l u a t i o n of a c o a l i n terms of coke s t r e n g t h . 

In a d d i t i o n to Ro and MFf i n e r t matters of c o a l such as ash and 
s u l f u r , which do not soft e n and melt, are important p r o p e r t i e s of 
c o a l t o be evaluated. The r e l a t i o n s between FOB p r i c e s of co a l s 
from v a r i o u s p a r t s of the world and the above-mentioned f a c t o r s were 
analyzed by m u l t i p l e r e g r e s s i o n a n a l y s i s . (3) This permits economic 
e v a l u a t i o n of c o a l s as raw m a t e r i a l s f o r coke-making. Petroleum 
r e s i d u a l o i l s and petroleum coke can s i m i l a r l y be evaluated as raw 
m a t e r i a l s . The most d i f f i c u l t problem here i s how to evaluate 
f a c t o r s corresponding to Ro and MF i n c o a l s . (6̂ ) This r e p o r t presents 
p r i m a r i l y an e s t i m a t i o n of such f a c t o r s f o r e v a l u a t i o n . 

Test Method 

Test Samples. Main p r o p e r t i e s of the r e s i d u a l o i l s used i n the 
present t e s t are represented i n Table I I . I t should be noted i n 
t h i s t a b l e t h a t : No. 1 i s propane deasphalted asphalt; Nos. 2 to 7 
are petroleum p i t c h e s d e r i v e d from r e s i d u a l o i l heat t r e a t e d under 
various c o n d i t i o n s ; No. 8 i s KRP p i t c h made by Kureha Chemical 
Industry from crude o i l heat t r e a t e d w i t h hot steam a t temperatures 
over 1,000°C; and Nos. 9 and 10 are both r e s i d u a l o i l s from c o a l , 
No. 9 being s o l v e n t r e f i n e d c o a l made by NKK and No. 10 being heat 
t r e a t e d c o a l t a r p i t c h . These Nos. 1 to 10 are t y p i c a l examples of 
bi n d i n g m a t e r i a l f o r coke-making i n Japan. 

Table I I P r o p e r t i e s of r e s i d u a l o i l 

Residual 
Oil 

(NO.) 

Ash 

(dbX) 
VM 

(dbX) 
T.S 

(dbx) 
C/H 

(atomic) 

Reflectance 
fa 

QS 

(*) 
log 

(MFc) 
Residual 

Oil 
(NO.) 

Ash 

(dbX) 
VM 

(dbX) 
T.S 

(dbx) 
C/H 

(atomic) Ro Ra 
(%) 

fa 
QS 

(*) 
log 

(MFc) 

1 tr 9 4 . 8 0 . 1 9 0 . 5 6 — 4 . 2 6 0 . 1 4 2 t o o 8 . 1 

2 0 . 0 5 8 5 . 9 5 . 3 0 0 . 6 7 - 5 . 2 7 0 . 3 1 6 1 0 0 1 5 . 0 

3 tr 7 5 . 7 6 . 7 5 0 . 8 2 0 . 3 0 6 . 2 5 0 . 4 7 1 1 0 0 1 3 . 4 

4 0 . 8 0 5 5 . 5 3 . 7 5 1 . 0 3 0 . 4 3 7 . 3 0 0 . 5 8 1 8 0 . 2 1 1 . 1 

5 0 . 9 6 4 0 . 3 6 . 8 0 1 . 2 3 1 . 1 0 9 . 2 8 0 . 6 3 7 8 5 . 1 1 1 . 4 

6 0 . 3 8 3 5 . 1 6 . 4 4 1 . 2 9 1 . 0 5 9 . 1 1 0 . 6 5 1 6 3 . 7 9 . 2 

7 0 . 1 1 3 6 . 5 5 . 9 3 1 . 8 3 0 . 7 3 7 . 9 5 0 . 8 7 4 8 3 . 9 1 4 . 2 

8 tr 3 3 . 0 0 . 2 2 1 . 6 8 1 . 8 7 9 . 9 1 0 . 9 1 2 7 4 . 9 8 . 7 

9 0 . 8 1 6 0 . 5 0 . 7 6 1 . 2 3 0 . 8 6 8 . 7 8 0 . 7 7 7 9 9 . 0 1 5 . 9 

10 0 . 5 0 5 3 . 7 0 . 4 7 1 . 7 8 1 . 5 1 9 . 9 5 0 . 9 3 9 9 1 . 2 1 3 . 8 

P r o p e r t i e s o f the petroleum cokes used i n the present t e s t are 
shown i n Table I I I . The symbol MPC represents petroleum coke 
manufactured w i t h the use of Minas heavy o i l by the delayed coking 
process, and DPC and FPC are, r e s p e c t i v e l y , petroleum cokes provided 
by a delayed coker and a f l u i d coker commercially a v a i l a b l e i n Japan. 
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Figure 4. R e l a t i o n between max. f l u i d i t y and rank of co a l s 
(MOF diagram). 
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258 PETROLEUM-DERIVED CARBONS 
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18. M A T S U B A R A E T A L . Petroleum Coke in Metallurgical Coke Making 259 

Residual O i l A d d i t i o n Test. As p r e v i o u s l y shown i n Figures 2 and 3, 
the e f f e c t of the r e f l e c t a n c e and the f l u i d i t y o f blended c o a l s on 
the strength of coke t h a t i s produced can be expressed i n the form 
of a model as i n Figure 5. (_3) Using the t e s t oven, the l o w - v o l a t i l e 
c o a l i n the base blends was replaced by the other c o a l s w i t h d i f f e r 
ent c o a l ranks i n the c o a l rank c o n t r o l r e g i o n , and the r e l a t i o n s h i p 
between DI o f the coke produced and Ro of the replacement c o a l was 
determined. The re g r e s s i o n l i n e i s i l l u s t r a t e d i n Figure 6. 

Then, DI of the coke produced by adding r e s i d u a l o i l i n an 
amount equal to th a t of the replacement c o a l i n the manner described 
above was determined, and the r e f l e c t a n c e of the r e s i d u a l o i l was 
determined from the r e g r e s s i o n l i n e given i n Figure 6. The r e f l e c t 
ance thus determined i s h e r e i n defined as the e f f e c t i v e r e f l e c t a n c e , 
Ro E. A f t e r determination of Ro E, DI i s determined on the coke 
produced from a blend o f c o a l and r e s i d u a l c o i l i n the f l u i d i t y 
c o n t r o l region. 

Since the values o f Ro of the blended c o a l s are known, i t i s 
p o s s i b l e to determine the value of M F f o r the blend of r e s i d u a l o i l 
and c o a l s from Figure 5, and hence to determine the value o f M F f o r 
the r e s i d u a l o i l because M F f o r the remaining p o r t i o n i s known. The 
value of M F of the r e s i d u a l o i l thus obtained i s d e f i n e d as the 
e f f e c t i v e f l u i d i t y , M F E . 

Petroleum Coke A d d i t i o n Test. Petroleum coke may be considered as 
the r e s i d u a l o i l which i s f u r t h e r coked. Base blends used i n t h i s 
a d d i t i o n t e s t and the blends subjected t o the a d d i t i o n t e s t are 
shown i n Table IV, which a l s o gives the p r o p e r t i e s of the coke 
carbonized a f t e r b l ending. 

When blending petroleum coke, the stre n g t h of the coke carbon
i z e d a f t e r b l e n d i n g i s not s a t i s f a c t o r y unless the p r o p e r t i e s of 
blending coals are good. The degree of c o n t r i b u t i o n o f petroleum 
coke to the coke strength i s considered t o be much lower than t h a t 
of r e s i d u a l o i l . This means th a t petroleum coke i s considered to 
e x h i b i t p r o p e r t i e s considerably d i f f e r e n t from those o f a coking 
c o a l . With t h i s f a c t i n view, petroleum coke was blended on the 
assumption t h a t petroleum coke was the same as the i n e r t matter o f 
c o a l , and the r e a c t i v e p o r t i o n was n u l l , and takes o n l y the f l u i d i t y 
i n t o account. Examination was based on the f o l l o w i n g combinations 
w i t h the base blends: 
1. Changes i n the strength o f the coke product were s t u d i e d by 

blen d i n g petroleum coke simply a t 5% and 10% i n t o base blends; 
2. Petroleum coke i s assumed t o be the same as i n e r t matter of 

c o a l as described above. Decrease i n Ro of the blend i s 
compensated by co a l s other than petroleum coke. By consider
i n g the amount of blended petroleum coke, the blend i s designed 
so t h a t MF of the blend may be maintained only w i t h t h a t of 
coals i n the base blend, on the assumption, however, t h a t 
petroleum coke has a log[MF] of 0. P a r t i c u l a r s i n t h i s case 
are shown i n Table IV. 

Result s 

Results of Residual O i l Test. Values of R O E and M F E as der i v e d 
from the r e s u l t s o f the t e s t are given i n Table V, which suggests 
t h a t a l l the r e s i d u a l o i l s demonstrate e x c e l l e n t p r o p e r t i e s i n many 
cases. These values are arranged i n t o an MOF diagram i n Figure 7. 
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Table V E f f e c t i v e r e f l e c t a n c e ( R O E ) and e f f e c t i v e f l u i d i t y ( M F E ) 
of r e s i d u a l o i l 

Residual o i l 
No. 

Effective 
reflectance 

(RoE) 

Effective 
f lu id i t y 
(log MFE) 

1 0.027 2.55 

2 0.208 5.04 

3 0.377 5.98 

4 0.926 5.01 

5 1.144 5.99 

6 1.055 5.25 

7 1.228 5.38 

8 1.605 6.20 

9 0.924 5.95 

10 1.545 5.82 

Results o f Petroleum Coke Test, The r e s u l t s o f the t e s t are given 
i n Table IV. From the data shown, the r e l a t i o n s h i p between the 
str e n g t h (DI) and the r a t i o o f a d d i t i o n i s represented i n Figure 8. 
According to t h i s f i g u r e , simple a d d i t i o n t o the base blend r e s u l t s 
i n a sharp decrease i n DI, and even when Ro and MF are compensated, 
there i s s t i l l a lower value of DI, suggesting t h a t a t l e a s t the 
log[MF] of petroleum coke i s lower than 0. 

Examination and E v a l u a t i o n 

Examination on Residual O i l . Values o f R O E and M F E f o r r e s i d u a l o i l 
have been determined as described above. This measurement, however, 
re q u i r e s much la b o r . E f f o r t s were t h e r e f o r e made to e s t a b l i s h a 
method f o r e s t i m a t i n g R O E and M F E from the va r i o u s parameters of 
r e s i d u a l o i l . Figure 9 shows the r e l a t i o n s h i p between R O E and 
faQs(100 - VM); and Figure 10, the ^ r e l a t i o n s h i p between M F E and 
faQs. A l l these f i g u r e s demonstrate high c o r r e l a t i o n s . These 
r e s u l t s were arranged and subjected t o m u l t i p l e r e g r e s s i o n a n a l y s i s , 
and the r e s u l t s are given i n Table VI. According to t h i s t a b l e , 
R O E has the c l o s e s t c o r r e l a t i o n w i t h faQs(100 - VM), and M F E ' w i t h 
faQs. 

Examination on Petroleum Coke. E v a l u a t i o n has been made by assuming 
t h a t petroleum coke was a t o t a l l y i n e r t content and log[MF] of the 
f l u i d i t y was n u l l , but t h i s i s not always the case as shown i n the 
r e s u l t s i n the former s e c t i o n . 
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264 PETROLEUM-DERIVED CARBONS 

Table V I E s t i m a t i n g equations o f R O E and M F E 
f o r r e s i d u a l o i l 

Ro E 

Ro E = -0.02060 (VM) + 2.021 (R=-0.8167, N=56) 

Ro E = 1.1245(C/H) - 0.518 (R=0.8503, N=56) 
Ro E 

Ro E - 0.03376(FAQS(100 - VM)) + 0.0148 (R=0.9037, N=56) 
Ro E 

Ro E = 0.00285(RaQS(100 - VM) + 0.0287 (R=0.8724, N=52) 

MFE 

log MFE = 2.445 + 5.564(FAQS) (R=0.6988, N=50) 

MFE 

log MFE = 1.492 + 0.6024(RaQS) (R=0.6540, N=43) 

log MFE = 2.429 + 0.218 log MFc (R=0.6689, N=60) 

log MFE = 4.031 + 0.0052(TDc) (R=0.5416, N=60) 

The values o f M F were t h e r e f o r e reviewed w h i l e r e t a i n i n g the 
assumption t h a t petroleum coke was a t o t a l l y i n e r t content. The 
r e s u l t s shown i n Table V I I demonstrate t h a t l o g M F takes l a r g e 
negative values. The average of these values i s defined as M F E f o r 
a p a r t i c u l a r petroleum coke. The r e l a t i o n s h i p between t h i s M F E and 
V M f o r petroleum coke and r e s i d u a l o i l i s represented i n Figure 11, 
which shows the p o s s i b i l i t y o f expressing M F E *>Υ V M -

Table V I I E f f e c t i v e f l u i d i t y ( M F E ) o f petroleum coke 

(Simple addition) (MF compensation) (Average) 
Sample log MFE log MFE log MFE 

MPC 
(5%) -1.17 (10%) -2.26 

-2.20 MPC 
(10%) -2.65 (15%) -2.17 

-2.20 

DPC 
(5%) -2.75 (10%) -3.56 

-3.13 DPC 
(10%) -3.70 (15%) -2.52 

-3.13 

FPC 
(5%) -4.83 (10%) -5.66 

-5.12 FPC 
(10%) -5.53 (15%) -4.44 

-5.12 

Note) Figures in ( ) represent blending (adding) 
ratios. 
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266 PETROLEUM-DERIVED CARBONS 

Ev a l u a t i o n 

Economic E v a l u a t i o n , An a d d i t i v e used as a coking raw m a t e r i a l can 
be evaluated from values of R O E r M F E , i n e r t matter, ash, s u l f u r and 
so on i n the same manner as i n a c o a l , as shown above. The r e l a t i o n 
ships between the i n d i v i d u a l parameters f o r c o a l and the FOB p r i c e s 
have p r e v i o u s l y been determined a t Nippon Kokan. These values are 
a p p l i c a b l e to those o f a d d i t i v e s as shown i n Figure 12. 

In t h i s f i g u r e , the p r i c e i s not shown, but onl y the r e l a t i v e 
p o s i t i o n was estimated by an equation. For heavy r e s i d u e s , the 
economic e v a l u a t i o n i s shown a l s o i n t h i s f i g u r e . In the e s t i m a t i o n 
formula, CI, C2, C3 and C4 are constant c o e f f i c i e n t s determined from 
economic and t e c h n i c a l p o i n t s o f view, and u. v. w and s are co
e f f i c i e n t s determined by m u l t i p l e r e g r e s s i o n a n a l y s i s . 

For petroleum coke, the same e v a l u a t i o n i s shown a l s o i n Figure 
12. I t w i l l be understood t h a t the value o f petroleum heavy o i l i s 
b e t t e r than t h a t o f petroleum coke as a raw m a t e r i a l f o r coke making. 
Petroleum heavy o i l s can more advantageously be u t i l i z e d than 
petroleum coke. 
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Figure 12. R e l a t i o n between estimated p r i c e and con t r a c t p r i c e . 
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18. MATSUBARA ET AL. Petroleum Coke in Metallurgical Coke Making 267 

Blending L i m i t of Petroleum Coke, The blend i n g l i m i t o f petroleum 
coke i s considered to be about 5% as already mentioned above. This 
can be explained from the c u r r e n t average value o f MF o f about 200 
to 500 DDPM f o r c o a l blends i n the Japanese coking i n d u s t r y . Figure 
13 shows l i m i t q u a n t i t i e s o f added petroleum coke f o r v a r i o u s values 
of f l u i d i t y f o r the base c o a l s . In the determination o f these l i m i t 
q u a n t i t i e s , the q u a n t i t y of added petroleum coke w i t h which the 
f l u i d i t y o f the c o a l blend decreased to below 200 DDPM under the 
e f f e c t o f t h i s b l e n d i n g was deemed as the l i m i t . 

According t o Figure 13, i f DPC i s blended i n an amount of 5% 
w i t h a base blend having an MF of 400 DDPM, the r e s u l t a n t c o a l blend 
has a s u f f i c i e n t maximum f l u i d i t y (MF), whereas a 10% blend i n g 
r e s u l t s i n an MF f a r i n f e r i o r t o 200 DDPM, showing the i m p o s s i b i l i t y 
o f keeping a s a t i s f a c t o r y coke st r e n g t h . This i s a l s o the case w i t h 
the other petroleum cokes, and the order i s : MPC > DPC > FPC. This 
may be regarded as supporting the i n f o r m a t i o n given i n Table I . 

10 

M F of base blend ( D D P M ) 

Figure 13. Blending l i m i t of petroleum coke. 

Conclusion 

Petroleum coke as a coking raw m a t e r i a l was evaluated i n comparison 
w i t h r e s i d u a l o i l . While r e s i d u a l o i l shows e x c e l l e n t p r o p e r t i e s 
as a coking raw m a t e r i a l , petroleum coke was found to be f a r i n f e r i 
or t o r e s i d u a l o i l , and q u a n t i t a t i v e f i g u r e s were determined. 
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268 PETROLEUM-DERIVED CARBONS 
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19 
Mechanism of Carbon-Black Formation in Relation 
to Compounded-Rubber Properties 

James E. Lewis 

Ashland Chemical Company, Columbus, OH 43216 

Studies conducted during the last ten years have 
extended our knowledge of carbon black from the 
practice of the art to an application of the science. 
These studies have dealt with materials suitable for 
fuel and feedstocks, the process for converting these 
materials to carbon black with predictable properties, 
the techniques for measuring and defining those 
properties, a better understanding of the effects of 
those carbon black properties on processing parameters 
of compounded goods, and the predictability of the 
performance properties of finished rubber goods. This 
presentation briefly considers the status of each of 
these areas of study relative to today's carbon blacks 
and tomorrow's rubber products. 

"Mechanism" i s g e n e r a l l y employed as a word to d e s c r i b e the 
i n d i v i d u a l rearrangement of atoms as molecules r eac t to form new 
compounds and produc t s . The mechanism of carbon b l a c k f ormat ion i s 
used i n t h i s context as i t appears i n the t i t l e of t h i s 
p r e s e n t a t i o n . 

In the carbon b l a c k i n d u s t r y we t a l k about carbon b l a c k s i n 
r e l a t i o n s to adhesion to s t e e l b e l t s , b e t t e r a b r a s i o n r e s i s t a n c e , 
d i f f e r e n t t r a c t i o n , changed h y s t e r e s i s requirements , d i f f e r e n t 
f l e x u r a l p r o p e r t i e s , d i f f e r e n t e x t r u s i o n r a t e s and p r o p e r t i e s , 
hardness , and on ad i n f i n i t u m , and a l l i n new rubber compounds w i t h 
d i f f e r e n t s y n e r g i s t i c e f f e c t s or l o s s of synergism as the case may 
be w i t h changes i n i n g r e d i e n t s . Carbon b l a c k has t r a d i t i o n a l l y been 
manufactured by those s k i l l e d i n the " a r t " , so as soon as a product 
i s de f ined i t can f a i r l y q u i c k l y be matched. B u t , how i s the f i r s t 
major product change to be made, and f o r what s p e c i f i c o b j e c t i v e s ? 

Progress i s achieved through change which i s understood . So, 
i n t h i s i n s t a n c e , s c i e n t i f i c knowledge must surpass the a r t , and a 
knowledge of the Mechanism of Carbon B l a c k Formation i n R e l a t i o n to 
Compounded Rubber P r o p e r t i e s p r e v a i l s . 

The carbon b l a c k i n d u s t r y i n the past has devoted much of i t s 
a t t e n t i o n to the equipment, i t s eng ineer ing and f e e d s t o c k s , f o r the 

0097-6156/86/0303-0269$09.25/0 
© 1986 American Chemical Society 
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270 PETROLEUM-DERIVED CARBONS 

produc t i on of carbon b l a c k and the e m p i r i c a l study of the e f f e c t of 
v a r i o u s carbon b l a c k p r o p e r t i e s on rubber process ing and rubber 
product p r o p e r t i e s . As a consequence, most of t h i s p u b l i s h e d 
i n f o r m a t i o n i s i n the form of patents c over ing carbon b l a c k 
r e a c t o r s , or i n the s c i e n t i f i c l i t e r a t u r e r e p o r t i n g on the 
performance of carbon b l a c k i n v a r i o u s systems, and the 
c h a r a c t e r i z a t i o n of b l a c k s through a v a r i e t y of t e s t methods. Being 
p r i m a r i l y e m p i r i c a l , each area has d e f i c i e n c i e s w i t h the r e s u l t a n t 
c ry that we need b e t t e r methods f o r t e s t i n g carbon b l a c k , more 
r e l i a b l e means f o r p r e d i c t i n g the behav ior of any carbon b l a c k i n 
any compound, and b e t t e r carbon b l a c k s . 

T h i s l a s t statement t y p i f i e s chemical products i n many 
i n d u s t r i e s and i s not unique to the rubber or carbon b l a c k i n d u s t r y . 
For that m a t t e r , i t may be s a i d to be a b r i e f h i s t o r y of our 
i n d u s t r i e s , as w e l l as a p r o j e c t i o n of the f u t u r e . 

In order to cont inue to progress toward these changing 
o b j e c t i v e s , i t has become necessary to l e a r n more about carbon b l a c k 
i n the l a s t ten years than through i t s e n t i r e h i s t o r y . In other 
words, our knowledge has been extended from the p r a c t i c e of the a r t 
to an a p p l i c a t i o n of the s c i e n c e . These s t u d i e s have d e a l t w i t h 
m a t e r i a l s s u i t a b l e f o r f u e l and f eeds to cks ; the process f o r 
c onver t ing these m a t e r i a l s to carbon b l a c k w i t h p r e d i c t a b l e 
p r o p e r t i e s ; the techniques f o r measuring and d e f i n i n g those 
p r o p e r t i e s ; and a b e t t e r understanding of the e f f e c t s of those 
carbon b l a c k p r o p e r t i e s on process ing p r o p e r t i e s and parameters of 
compounded goods; and , f i n a l l y , the p r e d i c t a b i l i t y of the 
performance p r o p e r t i e s of f i n i s h e d rubber goods. 

M a t e r i a l s 

I t has been known f o r many years that molecu lar s t r u c t u r e of a f u e l 
has a d i r e c t b e a r i n g on the tendency of tha t f u e l to smoke, i . e . , to 
form carbon or soot i n a f lame. For example, i n 1954 S c h a l l a (41), 
r e p o r t i n g on a study of d i f f u s i o n f lames , i n d i c a t e d that the r a t e a t 
which hydrocarbons cou ld be burned smoke f r ee v a r i e d i n the o r d e r : 
n - p a r a f f i n s — mono-o le f ins — a lkynes — a r o m a t i c s . T h i s same 
phenomena has been reconf irmed by many authors i n a v a r i e t y of 
systems and always i n the same genera l order (6_9 J3, JL5, 17_9 _19, 26, 
43, 45). P a r a f f i n s have the l e a s t tendency to smoke, whereas the 
naphthalene s e r i e s have the g r e a t e s t tendency to smoke. 

The a p p l i c a t i o n of the "tendency to smoke" to the manufacture 
of carbon b l a c k s i s d i s cussed i n d e t a i l by A u s t i n (4). The 
r e l a t i o n s h i p of a r o m a t i c i t y , as expressed by the BMCI, i s d i s cussed 
as i t c o r r e l a t e s w i t h y i e l d of carbon b l a c k produced i n a furnace 
r e a c t o r . 

In our l a b o r a t o r i e s , we were concerned w i t h y i e l d of b l a c k p r o 
d u c t i o n ; however, we were more concerned w i t h the i n f l u e n c e of f e e d 
s tock s t r u c t u r e on the q u a l i t y of product produced. M o l e c u l a r 
s t r u c t u r e s of feedstocks i n v e s t i g a t e d were pure compounds and 
mixtures of pure and s i m i l a r compounds i n c l u d i n g monocyc l i c 
aromatics w i t h and wi thout s i d e c h a i n s , d i c y c l i c a r o m a t i c s , 
t r i c y c l i c a r o m a t i c s , mixtures of h igher molecu lar weight aromatics 
and h i g h and low molecu lar weight p a r a f f i n s . Some examples of the 
types of compounds s t u d i e d a r e : 
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19. LEWIS Mechanism of Carbon-Black Formation 271 

1. L i g h t p a r a f f i n s , C12 to C22 
2. Heavy p a r a f f i n s , C16 to C35 
3. Benzene, C6 
4. A l k y l benzene, C8 to C12 
5. A l k y l naphthalenes , CIO to C12 
6. Anthracenes , C14 
7. Mixed t r i c y c l i c s , C14 to C18 
8. Mixed t e t r a c y c l i c s , C16 to C20 
9. Hexane i n s o l u b l e asphaltenes 

These feedstocks were t e s t e d i n a number of carbon b l a c k 
furnace r e a c t o r s employing d i f f e r e n t geometries and d i f f e r e n t 
o p e r a t i n g c o n d i t i o n s . The experiments were designed to develop data 
f o r c o r r e l a t i o n between feedstock compos i t i on , y i e l d , p r o d u c t i o n 
r a t e , and p r o p e r t i e s of carbon b l a c k produced. The p h y s i c a l 
p r o p e r t i e s of the carbon b l a c k s were measured as were the p r o p e r t i e s 
of uncured rubber compounds and v u l c a n i z a t e s i n s tandard t e s t 
r e c i p e s . 

In g e n e r a l , the c onc lus i ons demonstrated t h a t : 

1. S t r u c t u r e of carbon b l a c k i s d i r e c t l y r e l a t e d to the 
type of molecules i n the feedstock employed. 
( F i g . 1) 

2. Y i e l d s of carbon b l a c k produced are r e l a t e d to the 
s i z e of aromatic molecules i n the f eedstock . ( F i g . 
2) 

3. Flow r a t e s and molecu lar s t r u c t u r e e f f e c t s of the 
o i l s are a d d i t i v e on a weight b a s i s f o r b lends of the 
feedstocks t e s t e d . 

The t o t a l combination of data obta ined permi t ted o p t i m i z a t i o n 
of process v a r i a b l e s r e l a t i v e to r e a c t o r geometry employed, and 
o p t i m i z a t i o n of carbon b l a c k q u a l i t y produced. The a r r a y of samples 
t e s t e d enabled us to prepare a mathematical r e l a t i o n s h i p of these 
p r i n c i p a l v a r i a b l e s to commercial feedstock p r o p e r t i e s . 

The System 

L i m i t i n g our d i s c u s s i o n to a carbon b l a c k manufactur ing system f o r 
the produc t i on of t r ead grades i n a furnace r e a c t o r , these systems 
have been d i s cussed i n d e t a i l i n a number of a r t i c l e s , v i z . , Smith 
and Bean (35) , A u s t i n (4 ) , Burgess ( 5 ) , and Stokes (36) , j u s t to 
name a few. 

I t i s wel l -known t h a t f eedstock , r e a c t i o n r a t e , and temperature 
a f f e c t p a r t i c l e s i z e ; a l k a l i meta l s a l t a d d i t i v e s a f f e c t s t r u c t u r e ; 
and the use of preheated a i r , inc reased r e a c t o r s i z e and inc reased 
throughput a f f e c t y i e l d . 

On the other hand, i t i s a l s o wel l -known t h a t new b l a c k s or 
t a i l o r - m a d e b l a c k s f o r s p e c i f i c a p p l i c a t i o n s are produced by 
s e l e c t i n g v a r i o u s combinations of p a r t i c l e d iameter , s t r u c t u r e , and 
sur face area (10, 46, 9̂ , 20, 16, 30 ) . In f a c t , the measurement of 
these p h y s i c a l p r o p e r t i e s c o n s t i t u t e s the p r i n c i p a l q u a l i t y c o n t r o l 
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PETROLEUM-DERIVED CARBONS 

Number of Rings in Aromatic Molecule 

ure 2. Number of Rings i n Aromatic Molecule 
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19. LEWIS Mechanism of Carbon-Black Formation 273 

t o o l s employed by most carbon b l a c k manufacturers (29) . (ASTM 
Methods D3265-73, D1510-70, D2414-72.) 

I n 1968 M a n t e l l (28) descr ibed s e v e r a l processes f o r the 
p r o d u c t i o n of carbon b l a c k . He a l s o l i s t s 24 d i s t i n c t grades of 
b l a c k s i d e n t i f i e d by t h e i r r e s p e c t i v e p a r t i c l e diameters (average) , 
sur face area and o i l a b s o r p t i o n ( s t r u c t u r e ) . These i n c l u d e the then 
common grades of channel b l a c k , gas furnace b l a c k s , o i l furnace 
b l a c k s , thermal b l a c k s , lampblack , and acety lene b l a c k s , i n language 
s u f f i c i e n t f o r the manufacturer to i d e n t i f y each grade by these 
three v a r i a b l e s . 

The Mechanism of Carbon B l a c k Formation and the Manufac tur ing 
Process 

There are a great many p u b l i s h e d r e p o r t s d e s c r i b i n g s t u d i e s of 
carbon b l a c k f ormat ion i n f lames . Many of these d e a l w i t h gaseous 
f u e l s i n e i t h e r pre-mixed flames or d i f f u s i o n f lames . The p r i n c i p a l 
o b j e c t i v e s are to develop a b e t t e r knowledge of combustion through 
an understanding of the k i n e t i c s and mechanism of carbon f o r m a t i o n . 
A thorough f a m i l i a r i t y of these works and the t h e o r i e s presented i s 
e s s e n t i a l f o r e f f e c t i v e s t u d i e s of the mechanism of carbon b l a c k 
f o r m a t i o n ; however, a rev iew of these works here i s w e l l beyond the 
scope of t h i s paper . A number of ex tens ive rev iew a r t i c l e s and 
books are recommended (2 , 15, 17, 2^5, 32 ,̂ 33 , 4^). 

Exper imenta l 

As i n d i c a t e d p r e v i o u s l y , a number of carbon b l a c k r e a c t o r systems 
were employed through the course of these s t u d i e s as were a number 
of feed m a t e r i a l s . The s t u d i e s on feedstocks a l lowed the 
development of a set of parameters which were a p p l i c a b l e to 
commercial feed m a t e r i a l s and, of course , these i n v e s t i g a t i o n s on 
feed m a t e r i a l s were i n t i m a t e l y l i n k e d w i t h the s t u d i e s on r e a c t i o n 
k i n e t i c s and mechanism. 

To s i m p l i f y t h i s paper , one r e a c t o r system and one feedstock 
were s e l e c t e d f o r the p r e p a r a t i o n of two d i s t i n c t grades of carbon 
b l a c k s . I n the program as conducted s i x d i f f e r e n t r e a c t o r s were 
s t u d i e d w i t h a l l of the r e i n f o r c i n g grades of furnace b l a c k s be ing 
produced. A v a r i e t y of feed m a t e r i a l s were s t u d i e d and a number of 
d i f f e r e n t gaseous and l i q u i d f u e l s were employed. 

A r e a c t o r ( F i g . 3) as desc r ibed i n U . S . Patent 3,060,003 was 
s u p p l i e d w i t h a feedstock of BCMI-120 u s i n g a i r and n a t u r a l gas and 
a water quench to produce standard HAF and standard ISAF. A l l 
carbon b l a c k samples were t e s t e d s u b s t a n t i a l l y by p h y s i c a l t e s t s and 
standard rubber t e s t s . 

The pr imary techniques employed were based upon e s t a b l i s h i n g a 
steady s t a t e o p e r a t i o n of the t o t a l r e a c t o r system i n a mode f o r 
producing a s tandard grade of carbon b l a c k meeting e x i s t i n g 
s p e c i f i c a t i o n s f o r rubber use and then sampling the system 
e x t e n s i v e l y at a v a r i e t y of l o c a t i o n s . 

F i g . 4 g i v e s an example of the sampling l o c a t i o n s . Each p o i n t 
des ignated w i t h i n the r e a c t o r was t e s t e d f o r p r e s s u r e , gas 
c ompos i t i on , temperature and m a t e r i a l s d i s t r i b u t i o n . These w i l l be 
d i s cussed s e p a r a t e l y i n order to d e s c r i b e the techniques employed. 
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276 PETROLEUM-DERIVED CARBONS 

F i r s t , however, we should d i s c u s s sampling as i t p e r t a i n s to a 
carbon b l a c k r e a c t o r . A commercial carbon b l a c k r e a c t o r o p e r a t i n g at 
p r o d u c t i o n c o n d i t i o n s may be des c r ibed as be ing i n a steady s t a t e of 
thermodynamic i n e q u i l i b r i u m . 

Put i n d i f f e r e n t language, care must be taken that the sampling 
procedure does not i n i t s e l f a l t e r the "s teady s t a t e , " and one must 
recognize that any sample taken from the r e a c t i o n zone i s changed. 
In f a c t , the sample i s s u b s t a n t i a l l y changed from i t s t r u e e x i s t e n c e 
by the mere act of t a k i n g the sample. With a r e a c t i o n temperature 
of up to 3600° F , a mass f l ow r a t e exceeding a ton an hour i n the 
v i c i n i t y of s on i c v e l o c i t i e s , there are no known sampling techniques 
that g i ve d i r e c t read-out of the t o t a l system. Noble e f f o r t s have 
been made such as repor ted by Wersborg (48) , employing a molecu lar 
beam sampling system, combined w i t h e l e c t r i c a l d e f l e c t i o n of the 
beam. However, the mere d i s p o s i t i o n of the carbon by the beam makes 
the sample u n s u i t a b l e f o r a n a l y s i s i n terms of i t s e x i s t e n c e before 
d e p o s i t i o n . Gaydon (15) d i s cusses the problems a s s o c i a t e d w i t h many 
e f f o r t s employing spec t ros cop i c a n a l y s i s . Us ing spectroscopy 
c e r t a i n spec ies can be i d e n t i f i e d r e l i a b l y — but many cannot — the 
s i m p l e s t of which i s carbon vapor . These techniques have not been 
employed s u c c e s s f u l l y i n carbon b l a c k r e a c t o r s a l though they can be 
employed i n c e r t a i n s imple f lames . 

For our system we chose the s i m p l e s t approach — a f a s t sample 
conduit w i t h qu i ck quench i n t o an evacuated sample c o n t a i n e r . For 
temperature measurements we used a s i m i l a r probe o u t f i t t e d w i t h 
p lat inum/6% rhodium-plat inum/30% rhodium thermocouple. For pressure 
measurements the same genera l type probe mentioned was employed but 
wi thout e x t r a c t i n g samples. T h i s probe had one ho le opening 
p e r p e n d i c u l a r to the l o n g i t u d i n a l a x i s of the probe such that when 
i n s e r t e d i n t o the r e a c t o r i t cou ld be r o t a t e d 360°. In t h i s manner 
the pressures were read from a p r e c i s i o n pressure gauge w i t h the 
opening f a c i n g 0 ° , 90° , 180°, and 270° r e l a t i v e to the d i r e c t i o n of 
f l ow i n the r e a c t o r . 

For m a t e r i a l s d i s t r i b u t i o n sampl ing , the same probe used f o r 
gas sampling was employed. 

In a l l cases the sample probes were cons t ruc ted of s t a i n l e s s 
s t e e l w i t h an i n t e r n a l diameter of V ' ( F i g . 5 ) . Th i s conduit was 
surrounded by a water j a c k e t to prevent d e s t r u c t i o n of the probe i n 
the h i g h temperature atmosphere. The probes were a c c u r a t e l y 
measured and i n s c r i b e d w i t h markings so they cou ld be i n s e r t e d to a 
p r e v i o u s l y determined p e n e t r a t i o n , i . e . , to an exact l o c a t i o n i n the 
i n t e r i o r of the r e a c t o r . The sampling p o r t s i n the r e a c t o r were 
f i t t e d w i t h gate v a l v e s so they were e a s i l y a c c e s s i b l e d u r i n g the 
course of sampl ing . Swagelok f i t t i n g s on these v a l v e s prov ided 
t i g h t s e a l s between the w a l l of the probes and the opening. On the 
e x t e r i o r end of the probe another Swagelok f i t t i n g was prov ided f o r 
f a s t e n i n g a h" I . D . copper t e e . On one arm of the tee a compound 
gauge f o r read ing both vacuum and pressure was a t tached when t a k i n g 
m a t e r i a l s samples. On the o ther arm was a f i t t i n g to permit qu i ck 
connect and d isconnect of the sampling bombs of 104 cub i c i n c h 
volume. These p a r t s are a l s o i l l u s t r a t e d i n F i g . 5. The tee was 
f i t t e d w i t h a v a l v e to a l l o w f l u s h i n g of the l i n e whether the bomb 
was i n p lace or n o t . Each bomb was f i t t e d w i t h a v a l v e and each 
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278 P E T R O L E U M - D E R I V E D C A R B O N S 

bomb was evacuated to a few microns pressure p r i o r to use to avo id 
any sample c ontaminat i on . 

Gas Sampling 

With the r e a c t o r o p e r a t i n g at steady s t a t e producing q u a l i t y product 
carbon b l a c k , the sample probe was i n s e r t e d i n por t 1 and p o s i t i o n e d 
to 0" from the r e a c t o r w a l l . The probe l i n e was purged of the gases 
i n the probe, a sample bomb at tached and the v a l v e on the bomb was 
opened to check the vacuum i n the bomb. The sample probe was opened 
a l l o w i n g gases to f l ow from the r e a c t o r u n t i l the pressure i n the 
bomb was i n e q u i l i b r i u m w i t h that i n the r e a c t o r . With the v a l v e s 
c l o s e d , the sample bomb was removed, the probe i n s e r t e d to a new 
p o s i t i o n , purged, a new sample e x t r a c t e d , and the process was 
repeated at a l l 11 sample p o r t s a t inc rementa l d i s t a n c e s from the 
r e a c t o r w a l l to the exact center of the r e a c t o r . 

The a d d i t i o n a l samples f o r m a t e r i a l s d i s t r i b u t i o n , temperature 
measurements, and pressure measurements f o l l owed the i d e n t i c a l p r o 
cedure and employed e x a c t l y the same sampling g r i d . 

The samples f o r gas composi t ion were analyzed by gas 
chromatography f o r hydrogen, oxygen, carbon d i o x i d e , carbon 
monoxide, methane, n i t r o g e n , argon , minor c o n s t i t u e n t s of a c e t y l e n e , 
ethane, and e t h y l e n e . 

M a t e r i a l s D i s t r i b u t i o n 

The p r i n c i p a l m a t e r i a l s be ing fed i n t o the r e a c t o r are a i r , gas (or 
f u e l ) , and the f eedstock . The m a t e r i a l s coming out of the r e a c t o r 
a r e , of course , combustion gases , carbon b l a c k , w a t e r , and the 
n i t r o g e n which comes i n t o the r e a c t o r i n the a i r and passes through 
unchanged. The ques t i on we have then i s how i s the feedstock 
converted to carbon b lack? What are the r e a c t i o n s t h a t o c cur , where 
do they occur , and under what v a r i a b l e s , what are the r e a c t o r r a t e s , 
and what are the mechanisms of carbon b l a c k formation? What are the 
key v a r i a b l e s i n the system r e l a t i v e to c o n t r o l l i n g p a r t i c l e s i z e , 
sur face a r e a , and s t r u c t u r e ? 

Armed w i t h s u b s t a n t i a l e m p i r i c a l experience r egard ing the 
o p e r a t i n g of a r e a c t o r we know, f o r example, that the f u e l used f o r 
heat must be consumed before coming i n t o contact w i t h the f eedstock ; 
that the r a t i o of a i r to f u e l and t h e i r r a t e s c o n t r o l the 
temperature p r o f i l e i n the zones of the r e a c t o r , and t h a t the 
molecu lar s t r u c t u r e of the o i l f eeds tock , the preheat temperature of 
the o i l , i . e . , whether i t enters the r e a c t o r as a l i q u i d or a vapor , 
the o i l r a t e , and t h i s r a t e as a r a t i o to the a i r / f u e l r a t e a l l have 
a b e a r i n g on the r e a c t o r p r o c e s s , i t s c o n t r o l , and the p r o p e r t i e s of 
the product produced. We a l s o know that the mechanical means 
employed f o r i n j e c t i o n of the feedstock must be kept constant as 
w e l l as the r e a c t o r geometry and a l l of the r a t e s and r a t i o s 
mentioned above. 

So, how do we "see" i n t o the r e a c t o r when i t i s o p e r a t i n g at 
2500 to 3500° F w i t h over a ton of m a t e r i a l per hour f l ow ra te? As 
d i s cussed b e f o r e , we no longer cons ider the sampling of r e a c t i v e 
s p e c i e s ; i n s t e a d we would l i k e to know what the d i s t r i b u t i o n of 
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19. LEWIS Mechanism of Carbon-Black Formation 279 

m a t e r i a l s i s a t each p o i n t i n the r e a c t o r r e l a t i v e to the 
temperature , gases and o ther v a r i a b l e s . 

A r a d i o a c t i v e t r a c e r technique was u l t i m a t e l y chosen as a 
mapping t o o l . The i so tope K r - 8 5 was s e l e c t e d because i t can 
represent the gaseous, vaporous and s o l i d m a t e r i a l s i n the r e a c t o r . 
Being an i n e r t gas i t does not i n t e r a c t c h e m i c a l l y w i t h any of the 
spec ies p r e s e n t . I t i s r e a d i l y d i s p e r s i b l e 
i n the gas phase and i t i s s o l u b l e i n hydrocarbons (Stephen and 
Stephen, S o l u b i l i t i e s of Inorganic and Organic Compounds, V o l . 1, 
M a c M i l l a n Co. 1963). F u r t h e r , t h i s i so tope emits e n e r g e t i c 
r a d i a t i o n that i s easy to d e t e c t . 

Two separate types of experiments were undertaken. In one case 
K r - 8 5 was metered from a p r e s s u r i z e d c o n t a i n e r i n t o the n a t u r a l gas 
feed l i n e i n t o the r e a c t o r ; and i n the second case , s e p a r a t e l y from 
the f i r s t , the K r - 8 5 was metered i n t o the heated feedstock o i l l i n e 
f eed ing the r e a c t o r . In each case the r e a c t o r was i n s t e a d y - s t a t e 
o p e r a t i o n produc ing standard HAF or Standard ISAF as descr ibed 
above. 

The sample probes , c o n t a i n e r s , and procedures were the same as 
descr ibed f o r gas sampling of the r e a c t o r . In each case the 
sampling gr idwork was the same as p r e v i o u s l y d e s c r i b e d . Each 
sampling p e r i o d through one f u l l g r i d of the r e a c t o r r e q u i r e d about 
one hour so i t was easy to t e l l from the opera t ing char t s tha t no 
v a r i a t i o n s occurred i n feed r a t e s or r e a c t o r operat i ons that would 
a f f e c t the sample s e r i e s . Each t e s t r e q u i r e d approx imate ly 50 
m i l l i c u r i e s of K r - 8 5 . Before and a f t e r each s e r i e s of t e s t s the 
r e a c t o r was sampled without r a d i o a c t i v e i so tope i n j e c t i o n to i n s u r e 
a " b l a n k , " i . e . , no r a d i o a c t i v i t y i n the system from any o ther 
conce ivab le or i n c o n c e i v a b l e source . 

The a n a l y s i s of these samples may be c a r r i e d out by a v a r i e t y 
of t e chn iques , and we chose the technique s i m p l e s t f o r u s , because 
we had an i n t e r n a l gas ge iger count ing system a l r e a d y c a l i b r a t e d f o r 
K r - 8 5 and i n o p e r a t i o n i n our l a b o r a t o r i e s f o r o ther purposes . 

I n t e r p r e t a t i o n of the Data 

In each case descr ibed p r o f i l e s of the i n t e r i o r of the r e a c t o r can 
be p l o t t e d from the c o l l e c t e d d a t a . The pressure measurements were 
the l e a s t i n f o r m a t i v e , as was expected. Pressure i n a carbon b l a c k 
r e a c t o r i s employed p r i m a r i l y as a conveyor of m a t e r i a l s , i . e . , the 
m a t e r i a l s are fed i n t o the r e a c t o r w i t h s u f f i c i e n t pressure to move 
the feed m a t e r i a l s at the r a t e s descr ibed through the r e a c t i o n zone 
and i n t o the c o l l e c t i o n system a f t e r the r e a c t i o n has been " k i l l e d " 
(quenched). 

The temperature measurements were the most d i f f i c u l t to make. 
The thermocouple used , mentioned b e f o r e , i s a f r a g i l e , b r i t t l e w i r e 
and was sub ject to frequent breakage as a r e s u l t of the t u r b u l e n t 
bombardment i t r e c e i v e d i n t h i s h o s t i l e atmosphere. S u f f i c i e n t 
temperatures were determined to v e r i f y the combustion gases 
temperature a l r e a d y known. Most s i g n i f i c a n t , were the measurements 
of the temperature g r a d i e n t s at the i n i t i a t i o n of the carbon b l a c k 
r e a c t i o n and the disappearance of g r a d i e n t s as the r e a c t i o n reached 
i t s f i r s t pr imary comple t i on . The p o i n t s w i t h i n the r e a c t o r where 
these maximum temperatures and t h e i r a s s o c i a t e d g r a d i e n t s occur 
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280 PETROLEUM-DERIVED CARBONS 

d i f f e r between grades ( p a r t i c l e s i z e ) be ing produced. For s m a l l e r 
p a r t i c l e s i z e b l a c k s t h i s pr imary r e a c t i o n zone i s c l o s e r to the 
p o i n t of en t ry of m a t e r i a l s and the r e a c t i o n path l e n g t h i s s h o r t e r . 

Gas composi t ion combined w i t h m a t e r i a l s d i s t r i b u t i o n were most 
i n f o r m a t i v e . Hydrogen, oxygen, carbon d i o x i d e , and carbon monoxide 
were the on ly c o n s t i t u e n t s of s i g n i f i c a n c e . N i t r o g e n and argon 
f o l l owed the same p a t t e r n , w i t h argon n e a r l y constant at 1%, and 
reach ing a s l i g h t minimum at the exact c e n t e r . N i t r o g e n was e s s e n 
t i a l l y c o n s t a n t , a l s o showing a minimum at the center of the 
combustion chamber and i n the v i c i n i t y of the p r i n c i p a l r e a c t i o n . 
N i t r o g e n on a percentage b a s i s a l s o changed as more gaseous products 
were produced. 

With the p a r t i c u l a r burner employed i n these exper iments , the 
methane was complete ly consumed at the p o i n t of the f i r s t sampling 
p o i n t , and was not otherwise p r e s e n t . 

Acety lene was not detected i n the combustion chamber; however, 
i t began to appear i n the r e a c t i o n zone and reached a maximum of 
0.5-0.9% i n t h i s zone. 

Carbon d i o x i d e c o n c e n t r a t i o n appears as a maximum about 
h a l f - w a y between the w a l l and the center of the combustion chamber 
( F i g 6 ) . T h i s maximum d i m i n i s h e s toward the r e a c t i o n zone and 
disappears i n the t u n n e l . The carbon d i o x i d e has p r a c t i c a l l y 
constant c o n c e n t r a t i o n across the r e a c t o r t u n n e l , but t h i s 
c o n c e n t r a t i o n decreases w i t h t u n n e l l e n g t h . 

Some oxygen i n excess of tha t r e q u i r e d f o r s t o i c h i o m e t r i c 
combustion i s fed to the r e a c t o r which subsequently r e a c t s w i t h 
feedstock i n the p r i n c i p a l r e a c t i o n zone. The convers ion of the o i l 
to carbon b l a c k i s a h i g h l y endothermic r e a c t i o n and the excess 
oxygen mainta ins heat f o r the r e a c t i o n to go to comple t i on . The 
oxygen c o n c e n t r a t i o n i n the r e a c t o r i s a t a minimum at the w a l l of 
the combustion chamber, r i s i n g to a maximum at the center ( F i g . 7 ) . 
Th is g r a d i e n t i s reversed i n the r e s t r i c t i o n r i n g as oxygen i s 
consumed by o i l ; and then i t e f f e c t i v e l y drops to zero i n the 
r e a c t o r t u n n e l . 

Hydrogen i s nonex is tent i n the combustion chamber ( F i g . 8 ) . I t 
begins to appear i n the r e a c t i o n zone at a maximum c o n c e n t r a t i o n i n 
the c e n t e r , d i m i n i s h i n g to i t s lowest c o n c e n t r a t i o n a t the w a l l . 
Th i s g r a d i e n t q u i c k l y d isappears across the r e a c t o r w i t h a 
c o n s t a n t l y i n c r e a s i n g hydrogen content w i t h t u n n e l l e n g t h . 

Carbon monoxide appears a t the entrance of the combustion 
chamber c l o se to the w a l l but q u i c k l y d i s a p p e a r s . Carbon monoxide 
reappears aga in w i t h a p a t t e r n very s i m i l a r to hydrogen i n the 
v i c i n i t y of the r e a c t i o n zone ( F i g . 9 ) . Beyond t h i s zone the carbon 
monoxide c o n c e n t r a t i o n i s e s s e n t i a l l y constant across the r e a c t o r , 
w i t h i n c r e a s i n g c o n c e n t r a t i o n w i t h t u n n e l l e n g t h . 

When K r - 8 5 was i n j e c t e d i n t o the f u e l gas (CH4) the 
c o n c e n t r a t i o n p a t t e r n s f o l l owed those of the carbon d i o x i d e 
( F i g . 10) . In the combustion chamber the c o n c e n t r a t i o n was at a 
maximum about h a l f - w a y between the w a l l and the c e n t e r . T h i s 
doughnut shape p e r s i s t e d i n t o the r e s t r i c t i o n r i n g , and the maximum 
disappeared i n the t u n n e l . T h i s disappearance of the maximum i n the 
t u n n e l demonstrated t o t a l m i x i n g of the combustion gases and carbon 
b l a c k as the o i l was converted to carbon b l a c k . 
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286 PETROLEUM-DERIVED CARBONS 

By c o n t r a s t , when K r - 8 5 was i n j e c t e d i n t o the o i l feedstock no 
r a d i o a c t i v i t y was detected i n the combustion chamber to w i t h i n one 
i n c h of the o i l stream ( i n j e c t o r ) ( F i g . 11) . Th i s p a t t e r n i s a l s o 
i l l u s t r a t e d by the data i n the r e s t r i c t i o n r i n g ; however, now the 
o i l - b l a c k has expanded to where i t occupies about h a l f of t h i s 
c y l i n d r i c a l volume. At the e x i t of the r e s t r i c t i o n v i o l e n t 
turbulence causes an almost e x p l o s i v e expansion of the o i l - b l a c k 
across the diameter of the t u n n e l . The g rad ient of the 
r a d i o a c t i v i t y from the w a l l to the center of the r e a c t o r smooths out 
beyond the r e a c t i o n zone i n d i c a t i n g homogeneous d i s t r i b u t i o n of a l l 
c o n s t i t u e n t s . „• 

The turbulence causes very r a p i d d i s p e r s i o n of the o i l , 
c r e a t i n g an i n t i m a t e mixture w i t h the combustion gases , a very r a p i d 
heat t r a n s f e r as the temperature of the o i l inc reases from about 
700° F to 3300° F , and an extremely f a s t convers ion of hydrocarbons 
to carbon b l a c k . 

The shape of t h i s r e a c t i o n zone depends, of course , on a number 
of p h y s i c a l c o n s t r a i n t s ; however, i n the case desc r ibed i t may 
assume the shape of a t e a r d r o p . 

The most important observed r e s u l t i s t h a t w i t h i n t h i s teardrop 
two key p r o p e r t i e s of the carbon b l a c k are c r e a t e d : p a r t i c l e s i z e 
and s t r u c t u r e . 

The r e a c t i o n from o i l to carbon b l a c k i s almost instantaneous 
as f a r as the f ormat ion of p a r t i c l e s i z e and s t r u c t u r e . The r e a c t i o n 
times w i t h an unknown e r r o r of measurement were determined to be 1.2 
msec, f o r ISAF and 2.0 msec, f o r HAF. The e r r o r , i f any, i s p l u s 0 
and minus X . Each of these two p r o p e r t i e s can be c o n t r o l l e d i n the 
r e a c t o r independently of the o t h e r . 

I n the p a r t i c u l a r r e a c t o r system employed, s t r u c t u r e of the 
b l a c k i s more e a s i l y c o n t r o l l e d by i n j e c t i n g the s e l e c t e d feedstock 
as a l i q u i d , r a t h e r than as a vapor or gas . In t h i s case , the 
d i s t r i b u t i o n of the o i l i n j e c t e d i n t o the combustion chamber can be 
c o n t r o l l e d by mechanical means. The p o i n t of i n i t i a t i o n of the 
r e a c t i o n can a l s o be moved a long a l i n e i n the r e a c t o r to make i t 
short or long at w i l l . S t r u c t u r e then i s more dependent upon the 
f eedstock , i t s b o i l i n g range and preheat temperature , and the p o i n t 
w i t h i n the r e a c t o r s e l e c t e d f o r r e a c t i o n i n i t i a t i o n . S t r u c t u r e can 
a l s o , of course , be a l t e r e d downward through the use of feedstock 
a d d i t i v e s . 

P a r t i c l e s i z e , on the other hand, i s c o n t r o l l e d p r i m a r i l y by 
feedstock r a t e s and temperature. 

Surface area i s c o n t r o l l e d independent ly of e i t h e r p a r t i c l e 
s i z e or s t r u c t u r e . I f the r e a c t i o n were quenched at the end of i t s 
pr imary r e a c t i o n time (as mentioned, a t the p o i n t of p a r t i c l e s i z e 
and s t r u c t u r e f o r m a t i o n , about 1.2 to 2 m s e c ) , the sur face area f o r 
t h i s p a r t i c u l a r b l a c k would be at i t s l owes t . I f , on the other 
hand, the r e a c t i o n mass i s a l l owed to remain at temperature f o r a 
p e r i o d of 8 to 10 times the i n i t i a l p e r i o d , i . e . , f o r 12 to 20 
m s e c , a d d i t i o n a l r e a c t i o n s cont inue to o c cur . A l though the 
r e a c t i o n f o r the f ormat ion of carbon b l a c k has been completed, 
f u r t h e r r e a c t i o n s between carbon , carbon d i o x i d e , and water r e s u l t 
i n an i n c r e a s e i n sur face a r e a . These r e a c t i o n s are s low compared to 
the f o rmat ion of carbon r e a c t i o n s and, a l l o w i n g these r e a c t i o n s to 
proceed f o r about 20 m s e c , the e f f e c t on p a r t i c l e s i z e and 
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288 PETROLEUM-DERIVED CARBONS 

s t r u c t u r e i s too s m a l l to be de te c ted . I f the r e a c t i o n s were 
a l l owed to cont inue i n d e f i n i t e l y i n an i n o r d i n a t e l y l ong r e a c t i o n 
t u n n e l both p a r t i c l e s i z e and s t r u c t u r e would be a f f e c t e d . In f a c t , 
the carbon p a r t i c l e s would e v e n t u a l l y d i sappear , as they are con 
v e r t e d to gaseous s p e c i e s . In these t e s t s as conducted, sur face 
area was c o n t r o l l e d from an i o d i n e number of about 60 to 160. 

Th is l a t t e r c o n c l u s i o n i s i n agreement w i t h o ther p u b l i s h e d 
r e p o r t s on the mechanism of carbon b l a c k f o r m a t i o n . For example, 
Tesner (42, 43 , 44, 45) i s most w e l l known f o r h i s t h e o r i e s of 
n u c l e a t i o n and growth of carbon p a r t i c l e s . In a communication w i t h 
Gaydon and Wolfhard (15) , Tesner r evea led that carbon p a r t i c l e s i n 
contact w i t h carbon monoxide i n a furnace show no growth whatsoever 
at any temperature . A mechanism r e p o r t i n g n u c l e a t i o n f o l l owed by 
growth i n the carbon b l a c k r e a c t i o n was r e c e n t l y repor ted by Dahmen 
(10) ; however, none of the exper imenta l techniques nor data were 
presented . 

We have to conclude from our exper imenta l observat ions that the 
carbon b l a c k has a d i r e c t dependence upon the molecu lar s t r u c t u r e of 
the f eedstock . T h i s dependence i s f a i r l y broad i n t h a t , as long as 
the feedstock i s predominately a r o m a t i c , o ther v a r i a b l e s of r e a c t o r 
geometry, r a t e s and r a t i o s of feed m a t e r i a l s , and temperature can be 
ad justed to produce v a r i o u s grades of carbon b l a c k . Commercial 
p r o d u c t i o n of carbon b l a c k s have added i n c e n t i v e of o p t i m i z i n g the 
economic v a r i a b l e s of e f f i c i e n c y , y i e l d , and throughput . 

However, we must set as ide the theory of p o l y m e r i z a t i o n to 
g i a n t molecules f o l l owed by g r a p h i t i z a t i o n from w i t h i n as proposed 
by Lahaye (27) and Gaydon (14) a long w i t h o t h e r s . 

S t e h l i n g , Frazee , and Anderson (39) suggested a mechanism of 
dehydrogenation f o l l owed by condensat ion . We f e e l tha t t h i s may 
more c l o s e l y d e s c r i b e the carbon b l a c k r e a c t i o n . From our 
observat ions i t appears that aromatic molecules are s t r i p p e d of 
hydrogen at the p o i n t of very r a p i d temperature r i s e ; t h i s n e a r l y 
p l a s m a - l i k e atmosphere does not l o se the p r i n c i p l e of g r a p h i t i c - l i k e 
n u c l e a r s t r u c t u r e . The condensat ion of these r i n g s t r u c t u r e s occurs 
almost s imul taneous ly w i t h the dehydrogenation r e a c t i o n s , forming 
both p a r t i c l e s and p a r t i c l e - t o - p a r t i c l e bonding, r e s u l t i n g i n the 
phenomena we c a l l s t r u c t u r e . 

The Product 

As a r e s u l t of these s t u d i e s r e a c t o r s of d i f f e r e n t s i z e s cou ld be 
operated w i t h f a c t o r s of s c a l e tha t had a h i g h conf idence f a c t o r . 
We are now o p e r a t i n g furnace r e a c t o r s w i t h feedstock feed r a t e s as 
low as 5 g a l / h o u r . The l a r g e r r e a c t o r s have feed r a t e s of s e v e r a l 
hundred g a l / h o u r , w i t h the l a r g e s t o p e r a t i n g at about 1000 g a l / h o u r . 
A l l of the process parameters are c o n s i s t e n t and the products 
produced are i n t e r c h a n g e a b l e . 

Us ing medium s i z e d commercial r e a c t o r s 100 d i f f e r e n t "grades" 
of carbon b l a c k were produced. Of course , these were not a l l 
commercial grades of b l a c k . Our o b j e c t i v e s were t w o - f o l d . One, to 
e s t a b l i s h the o p e r a t i n g parameters to i n s u r e we f u l l y understood the 
ranges of p a r t i c l e s i z e , s . - ruc ture , and sur face area which cou ld be 
produced as independent v a r i a b l e s ; and , two, to e s t a b l i s h grades of 
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19. LEWIS Mechanism of Carbon-Black Formation 289 

b l a c k that were p r o g r e s s i v e w i t h respect to one another i n regard to 
these three p r o p e r t i e s . 

As mentioned e a r l i e r , p a r t i c l e s i z e i s the key to carbon b l a c k 
q u a l i t y . I t i n f l u e n c e s the c o s t , the grade , and the b l a c k ' s a b i l i t y 
to r e i n f o r c e rubber . Recogniz ing the importance of t h i s p r o p e r t y , 
and the f a c t that the on ly abso lute method f o r determining t h i s 
proper ty was e l e c t r o n microscopy , we were working on improved t i n t 
t e s t s which cou ld be d i r e c t l y r e l a t e d to p a r t i c l e s i z e . I t was 
d e s i r a b l e to have a t e s t which would be i n e x p e n s i v e , easy to 
conduct , and one which would g ive r e l i a b l e r e s u l t s . Th is l a r g e 
number of samples of b l a c k s w i t h p r o g r e s s i v e p r o p e r t i e s o f f e red an 
i d e a l p r o v i n g ground. We i n c l u d e d w i t h t h i s study a réévaluation of 
the r e l a t i o n s h i p between e l e c t r o n microscope p a r t i c l e s i z e and 
p h o t o e l e c t r i c r e f l e c t a n c e t e s t f o r i n d i c a t i n g p a r t i c l e s i z e 
developed i n our l a b o r a t o r i e s . 

In the course of r e e v a l u a t i n g the e l e c t r o n microscope 
techn iques , i t was found that the pr imary d i f f e r e n c e s i n d u p l i c a t e 
sample de terminat ions occur i n the l a r g e and s m a l l p a r t i c l e t a i l s of 
the d i s t r i b u t i o n curves ( F i g . 12) . Th is i n d i c a t e d an i n c o n s i s t e n t 
a b i l i t y to d i s p e r s e l a r g e r p a r t i c l e s f o r a n a l y s i s and e r r o r s from 
o v e r l o o k i n g s m a l l e r p a r t i c l e s . By changing the technique to 
p r i n t i n g the micrograph on f i l m , f eed ing the counts and diameters 
i n t o a computer p i c k u p , w i t h automatic p r i n t o u t of the d i s t r i b u t i o n 
data and curves , the problems of r e p r o d u c i b i l i t y were overcome. 

In the f i n a l a n a l y s i s 60 d i s t i n c t l y d i f f e r e n t carbon b l a c k s 
were s e l e c t e d to g ive a good s e p a r a t i o n of v a r i a b l e s . Inc luded w i t h 
these were s e v e r a l s tandard commercial grades , s e v e r a l b l a c k s 
obta ined from other s u p p l i e r s , and many s p e c i a l , noncommercial 
grades . 

These 60 b l a c k s f e l l i n t o e i g h t genera l p a r t i c l e s i z e s : 

1) l e s s than 23 nm, w i t h DBP rang ing from 
103 to 128 and sur face area ( I ? No.) from 104 to 
139. 

2) 25 nm. = 9 samples 
DBP = 78 to 129, I 2 N o . 

3) 30 nm. 
DBP = 68 to 148, I 2 N o . 

4) 40 nm. 
DBP = 70 to 116, I 2 N o . 

100 to 125 

80 to 92 

47 to 62 

5) 50 nm. 
DBP = 63 to 153, I 2 N o . 

6) 60 nm. 
DBP = 84 to 123, I 2 N o . 

7) 70 nm. 

30 to 60 

27 to 35 

DBP « 66 to 125, I 2 N o . = 26 to 32 

8) 80 nm. 
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290 PETROLEUM-DERIVED CARBONS 

DBP - 60 to 67, I 2 N o . - 26 to 27 

A l l but one s i z e c l a s s i f i c a t i o n had at l e a s t f i v e d i f f e r e n t b l a c k s . 
The d e t a i l s of t h i s work revea led the exact e f f e c t of s t r u c t u r e 

on the t i n t i n g s t r e n g t h of carbon b l a c k i n a d d i t i o n to the e f f e c t of 
p a r t i c l e s i z e ( F i g . 13) . A l though the e f f e c t of s t r u c t u r e i s 
somewhat s u b t l e , i t i s s u f f i c i e n t to cause a t i n t t e s t between two 
b l a c k s of the same p a r t i c l e s i z e to appear q u i t e d i f f e r e n t . So, i n 
order to r e l a t e t i n t readings to abso lute p a r t i c l e s i z e the e f f e c t 
of DBP on the r e f l e c t a n c e t e s t r e s u l t must be taken i n t o account . 

T h i s work has c o n t r i b u t e d to the adopt ion of an ASTM t i n t t e s t 
— now employed as a standard p a r t of carbon b l a c k s p e c i f i c a t i o n s 
a long w i t h i o d i n e number and DBP. 

In summary, we w i l l rev iew carbon b l a c k c l a s s i f i c a t i o n s and 
t h e i r p r o p e r t i e s i n rubber . The three most important p r o p e r t i e s are 
p a r t i c l e s i z e , s t r u c t u r e , and sur face a r e a . We w i l l d i s c u s s on ly 
the t r e a d grades . A l l of the t read grades of carbon b l a c k f a l l 
w i t h i n the range of 20 nm. to 40 nm. 

To r e l a t e the p h y s i c a l p r o p e r t i e s of carbon b l a c k to rubber 
p r o p e r t i e s , we t e s t e d these t r e a d b l a c k s i n the ASTM n a t u r a l rubber 
r e c i p e and i n an SBR 1500 t e s t r e c i p e . In both e las tomers , we 
checked standard s t r e s s / s t r a i n p r o p e r t i e s of modulus, t e n s i l e 
s t r e n g t h , and hardness . In the n a t u r a l rubber r e c i p e we a l s o t e s t e d 
F i r e s t o n e running temperature and rebound, and Goodyear rebound. In 
the SBR we checked percent s w e l l , e x t r u s i o n r a t e , v i s c o s i t y , and 
l a b o r a t o r y a b r a s i o n . 

The r e s u l t s of ASTM n a t u r a l rubber modulus, shown i n ( F i g . 14) , 
demonstrate that p a r t i c l e s i z e i s not s i g n i f i c a n t , on ly sur face area 
and s t r u c t u r e . Modulus in c reases w i t h s t r u c t u r e and decreases w i t h 
h igher sur face a r e a , a wel l -known r e l a t i o n s h i p . 

For SBR modulus ( F i g . 15) , s t r u c t u r e and e i t h e r p a r t i c l e s i z e 
or sur face area were s i g n i f i c a n t . We found no c o r r e l a t i o n when both 
p a r t i c l e s i z e and sur face area were used t oge ther . The r e s u l t s are 
s i m i l a r between SBR and n a t u r a l rubber . Modulus i s the l e a s t 
p r e d i c t a b l e proper ty i n rubber from the three important p r o p e r t i e s 
of carbon b l a c k s . Both modulus and c u r e - r a t e are a f f e c t e d by the 
s l i g h t sur face o x i d a t i o n which b l a c k s r e c e i v e d u r i n g the d r y i n g of 
f i n i s h e d p e l l e t s . 

T e n s i l e s t r e n g t h i n both n a t u r a l rubber and SBR i s dependent 
upon s t r u c t u r e and p a r t i c l e s i z e as the key v a r i a b l e s . T e n s i l e 
s t r e n g t h i n c r e a s e s w i t h lower s t r u c t u r e and w i t h s m a l l e r p a r t i c l e 
s i z e ( F i g . 16 & 17) . 

A l l three p r o p e r t i e s of carbon b l a c k a f f e c t hardness i n n a t u r a l 
rubber compounds ( F i g . 18) . Larger p a r t i c l e s i z e reduces hardness ; 
h igher s t r u c t u r e inc reases hardness and increased sur face area 
reduces hardness . Quite the c o n t r a r y i n SBR ( F i g . 19) , only 
s t r u c t u r e i s s i g n i f i c a n t i n regard to hardness . As DBP i n c r e a s e s , 
hardness i n c r e a s e s . 

A d d i t i o n a l t e s t i n g i n n a t u r a l rubber demonstrated that p a r t i c l e 
s i z e was s i g n i f i c a n t i n F i r e s t o n e running temperature , as was 
s t r u c t u r e ( F i g . 20 ) . Smal ler p a r t i c l e s i z e and h i g h e r s t r u c t u r e 
both inc rease heat b u i l d - u p . 
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LEWIS Mechanism of Carbon-Black Formation 

Diameter Μ μ 

Figure 12. P a r t i c l e Size D i s t r i b u t i o n 

Refl . 
Ratio 

J 1 1 I I ι L J I I 1 I 

.60 .80 1.00 1.20 1.40 
DBP Absorption ml/gm 

Figure 13. DBP Absorption 
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1200 I I I 1 1 1 
.80 1.10 1.40 

DBP 

Figure 14. NR Modulus 

Std . Error = +151 

Figure 15. SBR Modulus 
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19. LEWIS Mechanism of Carbon-Black Formation 293 

Figure 18. NR Hardness 
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PETROLEUM-DERIVED CARBONS 

Std. Error = + .80 

.80 1.10 1.40 
DBP 

Figure 19. SBR Hardness 

A M D Μμ 

jure 20. F i r e s t o n e Running Temperature 
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19. LEWIS Mechanism of Carbon-Black Formation 295 

Both i n c r e a s i n g p a r t i c l e s i z e and i n c r e a s i n g s t r u c t u r e cause 
h igher Goodyear rebound, a l though s t r u c t u r e has much l e s s e f f e c t 
( F i g . 21) . 

F i r e s t o n e rebound i s more dependent upon sur face area and 
p a r t i c l e s i z e . Larger p a r t i c l e s inc rease rebound, w h i l e a h igher 
sur face area reduces i t ( F i g . 22) . 

In SBR compounds the percent d i e s w e l l in c reases w i t h 
decreas ing p a r t i c l e s i z e and decreases w i t h i n c r e a s i n g s t r u c t u r e 
( F i g . 23) . 

V i s c o s i t y and e x t r u s i o n r a t e run p a r a l l e l i n r e l a t i o n to 
s t r u c t u r e and reversed r e l a t i v e to sur face a r e a . Higher s t r u c t u r e 
produces h igher v i s c o s i t y and h igher e x t r u s i o n r a t e s . Higher 
sur face area inc reases v i s c o s i t y and lowers the e x t r u s i o n r a t e 
( F i g . 24 & 25) . 

An e x c e l l e n t c o r r e l a t i o n was e s t a b l i s h e d between p a r t i c l e s i z e 
and treadwear at equal l o a d i n g and at equal hardness . In a t i r e 
t e s t i n c l u d i n g 50 t i r e s and 10 d i f f e r e n t b l a c k s under both moderate 
and severe c o n d i t i o n s , we e s t a b l i s h e d the very r e l i a b l e e q u a t i o n . 

Treadwear Index = A 
( p a r t i c l e diameter) 

C o r r e l a t i o n c o e f f i c i e n t = 0.98 
Standard E r r o r = ± 3% 

when comparing treadwear i n d i c e s between b l a c k s . 
In f a c t , when u s i n g a l o w - o i l SBR r e c i p e i n the l a b o r a t o r y and 

measuring a b r a s i o n l o s s of the same b l a c k s used i n the road t e s t , we 
found e x c e l l e n t c o r r e l a t i o n between a b r a s i o n l o s s and treadwear. 
The same r e l a t i o n s h i p i n d i c a t e d above ho lds when comparing a b r a s i o n 
l o s s of b l a c k s versus treadwear of the same b l a c k s and w i l l p r e d i c t 
the same order by e i t h e r t e s t : 

Treadwear Index = A 
(abras ion l o s s ) n 

C o r r e l a t i o n c o e f f i c i e n t = 0.99 
Standard E r r o r = ± 2.5% 

Carbon b l a c k s are best i d e n t i f i e d by p a r t i c l e s i z e i n r e l a t i o n 
to t h e i r a b i l i t y to wear. 

Conc lus ion 

In order to produce a carbon b l a c k to any s p e c i f i c a t i o n , the 
r e l a t i o n s h i p s between p a r t i c l e s i z e , s t r u c t u r e , and sur face area 
a l l o w the prede terminat i on of performance parameters d e s i r e d i n a 
rubber compound, before and a f t e r v u l c a n i z a t i o n . 

Once the s p e c i f i c a t i o n has been d e f i n e d , the carbon b l a c k 
manufacturer can produce a grade of b l a c k to that t a r g e t . F i r s t , 
the p a r t i c l e s i z e i s f i x e d by the s e l e c t i o n of a p a r t i c u l a r grade of 
b l a c k , the s t r u c t u r e l e v e l and sur face area may be targe ted by the 
proper s e l e c t i o n of process v a r i a b l e s . 
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Std . Error = + .83 

65 U 

60 U 

55 1 -I 1 1 L 
20 30 

A M D Μμ 
40 

Figure 21. Goodyear Rebound 

Std . Error = + 9J5 

30 

AMD Μμ 
Figure 22. Fi r e s t o n e Rebound 

Std. Error = + 6.5% 

0.80 1.00 1.20 1.40 
DBP Absorption 

Figure 23. % Die Swell 
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19. LEWIS Mechanism of Carbon-Black Formation 297 

Vise. Std. Error = + 2 . 5 

60 I ι ι ι I I 
SO 1.10 1.40 

DBP Absorpt ion 

Figure 2 4 . V i s c o s i t y 

Std. Error = +5.3 

80 

I I ! I I J 
.80 1.10 1.40 

DBP Absorpt ion 

Figure 2 5 . Extrusion Rate 
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298 PETROLEUM-DERIVED CARBONS 

To i l l u s t r a t e : In ( F i g . 26) the e f f e c t s of i o d i n e number and 
s t r u c t u r e on both running temperature and modulus are combined. I f 
s t r u c t u r e i s h e l d at a constant l e v e l and the i o d i n e number i s 
v a r i e d , running temperature and modulus change s i m u l t a n e o u s l y . Both 
running temperature and modulus i n c r e a s e w i t h inc reased s t r u c t u r e . 
The c ross -hatched area i n the center of the graph i s the 
s p e c i f i c a t i o n f o r a grade of ISAF. Th i s area thus becomes a t a r g e t 
area f o r q u a l i t y c o n t r o l f o r a b l a c k w i t h the p a r t i c l e s i z e d i c t a t e d 
by N-220. 

In a s i m i l a r example ( F i g . 27) based upon an SBR f o rmula , 
e x t r u s i o n s w e l l i s s u b s t i t u t e d i n p lace of running temperature. 
Here , a g a i n , at f i x e d p a r t i c l e s i z e , modulus i s a f u n c t i o n of both 
i o d i n e number and s t r u c t u r e , but e x t r u s i o n s w e l l i s a f u n c t i o n of 
s t r u c t u r e o n l y . The cross -hatched area i s the q u a l i t y c o n t r o l 
t a r g e t area f o r that p a r t i c u l a r b l a c k to be i n s p e c i f i c a t i o n . 

These two graphs show the e f f e c t of the three fundamental 
c h a r a c t e r i s t i c s of carbon b l a c k on rubber p r o p e r t i e s . The rubber 
p r o p e r t i e s obta ined from u s i n g a p a r t i c u l a r carbon b l a c k a r e , 
t h e r e f o r e , dependent upon the r e s p e c t i v e p r o p e r t i e s b u i l t i n t o the 
carbon b l a c k by the manufacturer . I t i s obvious that the carbon 
b l a c k manufacturer must have a we l l -deve l oped p r o c e s s , a f u l l 
knowledge of the m a t e r i a l s he w i l l use , and a complete understanding 
of the e f f e c t of process v a r i a b l e s upon each of the p r o p e r t i e s of 
each grade of carbon b l a c k to be produced. 

-600 -400 -200 1KB +200 +400 +600 
Modulus 

F i g u r e 26. R e l a t i o n s h i p of Iodine Number, DBP A b s o r p t i o n , ASTM 
Modulus and Running Temperature 
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Swell 

160 

140 V 

60 

I ι . 1 « 1— J i 
- 6 0 0 -400 - 2 0 0 IKH +200 +400 +600 

M o d u l u s 

Figure 27. R e l a t i o n s h i p of Iodine Number V o i d Volume, SBR 
Modulus and E x t r u s i o n S w e l l 
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20 
High-Surface-Area Active Carbon 

T. M. O'Grady 1 and A. N. Wennerberg2 

1Amoco Research Center, Amoco Oil Company, Naperville, IL 60566 

This paper describes the preparation and properties of 
a unique active carbon having exceptionally high surface 
areas, over 2500 m2/gm, and extraordinary adsorptive 
capacities. The carbon is made by a direct chemical 
activation route in which petroleum coke or other 
carbonaceous sources are reacted with excess potassium 
hydroxide at 400° to 500°C to an intermediate product 
that is subsequently pyrolyzed at 800° to 900°C to 
active carbon containing potassium salts. These are 
removed by water washing and the carbon is dried to 
produce a powdered product. A granular carbon can also 
be made by further processing the powdered carbon by 
using specialized granulation techniques. Typical 
properties of the carbon include Iodine Numbers of 3000 
to 3600, methylene blue adsorption of 650 to 750 mg/gm, 
pore volumes of 2.0 to 2.6 cc/gm and less than 3.0% ash. 
This carbon's high adsorption capacities make it 
uniquely suited for numerous demanding applications in 
the medical area, purifications, removal of toxic 
substances, as catalyst carriers, etc. It will be 
commercially available from Anderson Development 
Company in mid-1985. 

A unique a c t i v e carbon having very h i g h sur face areas over 2500 m 2 / 
gm, and e x t r a o r d i n a r y a d s o r p t i v e c a p a c i t i e s was developed i n our 
l a b o r a t o r i e s . (1) T h i s paper w i l l d e s c r i b e i t s development, 
manufacture , p r o p e r t i e s , and uses . U n t i l r e c e n t l y , samples of t h i s 
carbon , which were prov ided worldwide f o r research and e v a l u a t i o n , 
were i d e n t i f i e d as Amoco Grades P X - 2 1 , 22, 23, and 24 i n the powdered 
form and Amoco GX-31 and 32 i n g r a n u l a r form. The carbon i s made 
(F igure 1) by a d i r e c t chemical a c t i v a t i o n route i n which petroleum 
coke or o ther carbonaceous sources are reacted w i t h excess potassium 
h y d r o x i d e , KOH, a t 400° to 500°C to an in termed ia te product t h a t i s 
subsequently p y r o l y z e d a t 800°-900°C to a c t i v e carbon and potassium 
s a l t s . The s a l t s are removed by water washing. 
2Retired. 

0097-6156/86/0303-0302$06.00/0 
© 1986 American Chemical Society 
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20. O'GRADY AND WENNERBERG High-Surface-Area Active Carbon 303 

M a t e r i a l s 

Al though v a r i o u s carbonaceous sources can be used , petroleum cokes 
were p r e f e r r e d because of t h e i r low ash contents and g e n e r a l l y 
h igher y i e l d s of a c t i v e carbon . The cokes were obtained from 
v a r i o u s sources and w i t h w i d e l y v a r y i n g p r o p e r t i e s . S u l f u r contents 
ranged from 2.0 to 6.0 wt.%; m e t a l s , p r i m a r i l y n i c k e l and vanadium, 
from 500 ppm to 5,000 ppm; v o l a t i l e m a t t e r , from 11% to 20%. The 
coke q u a l i t y w i t h i n these ranges d i d not appear to a f f e c t a c t i v e 
carbon p r o p e r t i e s . However, somewhat lower a c t i v e carbon y i e l d s 
were noted w i t h the h igher v o l a t i l e matter cokes (58-62 wt% v s . 
62-65 wt%). I n the p i l o t p l a n t o p e r a t i o n coke was ground to 99% 
s m a l l e r than 100 mesh. Commercial grade, f i n e c r y s t a l l i n e KOH 
(90%), was used i n most of the s t u d i e s . 

P i l o t P l a n t Development and Process D e s c r i p t i o n 

P i l o t p l a n t development was c a r r i e d out to prov ide data f o r process 
and eng ineer ing des ign as w e l l as economic e v a l u a t i o n s . The p i l o t 
p l a n t a l s o served to prov ide a c t i v e carbon f o r research and 
e v a l u a t i o n s t u d i e s . The major p ieces of equipment used to c a r r y out 
the p i l o t p l a n t process development are dep i c ted i n t h e i r f l ow 
sequence In F i g u r e 2 . S ince i t was decided at the onset to 
concentrate on s t u d y i n g each process step r a t h e r than being d i s 
t r a c t e d by m a t e r i a l s f low problems, there was no a c t u a l continuous 
f low of m a t e r i a l from one p iece of equipment to another . Each oper 
a t i o n was c a r r i e d out and s t u d i e d independent ly . Any m a t e r i a l p r o 
duced was s tored i n sea led b a r r e l s or drums and was moved to the 
next o p e r a t i o n when needed. Moreover, the outputs of the v a r i o u s 
p ieces of equipment were d i f f e r e n t . I n terms of pounds of a c t i v e 
carbon per hour , outputs ranged from 25 to 110. 

Because of the hygroscopic nature of the KOH and the i n t e r m e d i 
ate p roduc t s , i t was necessary to prov ide f a c i l i t i e s throughout f o r 
i n e r t gas ( n i t r o g e n ) b l a n k e t i n g . Water not on ly a f f e c t e d the 
h a n d l i n g p r o p e r t i e s o f the v a r i o u s in termed ia te process products , 
but a l s o became i n v o l v e d c h e m i c a l l y I n the s h i f t r e a c t i o n which 
reduced y i e l d s and d e t r i m e n t a l l y a f f e c t e d a c t i v e carbon p r o p e r t i e s . 
Because oxygen ( a i r ) had s i m i l a r e f f e c t s and f o r obvious s a f e t y 
reasons , oxygen was excluded from h i g h temperature operat ions where 
reduc ing (H2) atmospheres were n a t u r a l l y produced and m a i n t a i n e d . 

T y p i c a l p i l o t p l a n t o p e r a t i o n began by prepar ing an i n t i m a t e 
mixture of ground coke and KOH i n a r ibbon blender i n a range of 
KOH/coke weight r a t i o s of 2 to 4. The blend was s to red i n N2" 
blanketed and sea led drums. 

I n the p i l o t p l a n t the coke-KOH mixture was charged w i t h a 
screwfeeder to a p r e c a l c i n e r which was an i n d i r e c t l y - f i r e d r o t a r y 
k i l n . The r e a c t i o n proceeded i n the p r e c a l c i n e r at i n t e r n a l 
temperatures of 400° to 500°C. The product , c a l l e d p r e c a l c i n a t e , 
was coo led and t e m p o r a r i l y s tored i n sea led 3 0 - g a l l o n drums. 
O v e r a l l y i e l d of s o l i d product i n t h i s step was about 95%. The 
p r e c a l c i n a t i o n r e a c t i o n s produced a gas that conta ined mostly 
hydrogen w i t h s m a l l amounts of methane and condensables such as 
water and t a r s . For process and s a f e t y reasons , a s l i g h t l " - 2 " H2O 
pressure was maintained i n the k i l n w i t h a countercurrent gas f l o w . 

The p r e c a l c i n a t e was next pyro lyzed or c a l c i n e d i n another 
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304 PETROLEUM-DERIVED CARBONS 
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Figure 1. High surface area a c t i v e carbon. 
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Figure 2. Powdered a c t i v e carbon p i l o t p l a n t . 
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20. Ο'GRADY AND WENNERBERG High-Surface-Area Active Carbon 305 

i n d i r e c t l y - f i r e d k i l n a t about 850°C. Somewhat l e s s gas was 
produced a l s o c o n t a i n i n g most ly hydrogen. The a c t i v e carbon product 
conta ined occ luded potassium s a l t s , p r i m a r i l y carbonate w i t h some 
s u l f i d e s and s u l f a t e and unconverted KOH. 

The c a l c i n a t e was quenched i n water to produce a pumpable 
s l u r r y . Carbon washing was c a r r i e d out on a h o r i z o n t a l b e l t vacuum 
f i l t e r which reduced the s a l t content to 4 to 5%. To f u r t h e r reduce 
the s a l t content , i f needed, a d d i t i o n a l s l u r r y i n g and washing on the 
b e l t f i l t e r was r e q u i r e d . I n commercial o p e r a t i o n the f i l t r a t e 
c o n t a i n i n g potassium s a l t s cou ld be processed to r e c o n s t i t u t e the 
KOH f o r r e c y c l e . 

I n the l a s t process s t e p , the wet f i l t e r cake c o n t a i n i n g about 
70% water was f l a s h d r i e d to a f i n a l water content of 2-5%. The 
powdered a c t i v e carbon was c o l l e c t e d i n p o l y e t h y l e n e bags which were 
sea led and s tored i n f i b r e drums. 

By u s i n g s u i t a b l e b i n d i n g agents and t e chn iques , the powdered 
carbon could be produced i n g r a n u l a r form. 

From process s t u d i e s c a r r i e d out i n t h i s p i l o t p l a n t over 
s e v e r a l y e a r s , parameters were de f ined to permit process and 
eng ineer ing des igns of f u l l commercial o p e r a t i o n s . Process eco 
nomics i n d i c a t e d the cos t of t h i s a c t i v e carbon would be g r e a t e r 
than c u r r e n t l y a v a i l a b l e commercial carbons . However, hundreds of 
e v a l u a t i o n s i n a f u l l spectrum of a p p l i c a t i o n s showed that t h i s 
a c t i v e carbon would be c ompet i t i ve i n many of those a p p l i c a t i o n s on 
a cost -performance b a s i s . I t w i l l be commercia l ly a v a i l a b l e mid-85 
i n v a r i o u s forms, trademarked as SUPER-Α, from Anderson Development 
Company i n A d r i a n , M i c h i g a n . 

P r o p e r t i e s 

Tables I and I I l i s t major t y p i c a l p h y s i c a l and a d s o r p t i v e 
p r o p e r t i e s of the powdered a c t i v e carbon. E f f e c t i v e sur face a r e a , 
measured by the BET method u s i n g a D i g i s o r b 2500, i s c o n s i s t e n t l y i n 
the range of 3000 to 3400 m^/gm. T h i s exceeds the t h e o r e t i c a l area 
of about 2600 m^/gm as c a l c u l a t e d by the area of one gram of a 
g r a p h i t i c p lane because of m u l t i l a y e r a d s o r p t i o n and pore f i l l i n g i n 
a h i g h l y microporous s t r u c t u r e . 

As shown by H . Marsh, et a l (2 ) . u s i n g phase c o n t r a s t , h i g h 
r e s o l u t i o n e l e c t r o n microscopy (JEOL 100C), t h i s carbon has a cage
l i k e s t r u c t u r e i n which the i n d i v i d u a l cages are so s i z e d t h a t they 
e x h i b i t p r o p e r t i e s of super m i c r o p o r o s i t y , i . e . , e s s e n t i a l l y 
complete f i l l i n g of the i n d i v i d u a l cages by the adsorbate at low 
c o n c e n t r a t i o n to g ive h i g h e f f e c t i v e sur face areas and l a r g e m i c r o 
pore volumes. The cages are a l s o s u b s t a n t i a l l y homogeneous i n s i z e 
as can be seen by low m a g n i f i c a t i o n image photomicrographs 
(x l42,000) i n F i g u r e 3. A t h igher m a g n i f i c a t i o n (x3 ,116 ,000 , F i g u r e 
4) the i n d i v i d u a l cages are c l e a r l y ev ident and appear to be formed 
by w a l l s of f o l d e d carbonaceous g r a p h i t i c - t y p e l a m e l l a e 1-3 
carbonaceous sheets i n t h i c k n e s s . Us ing X - r a y d i f f r a c t i o n t e c h n i 
ques, Konnert et a l . 

(3) 
s i m i l a r l y d e s c r i b e s the s t r u c t u r e as be ing 

composed of d i s t o r t e d r ibbons of one or very few g r a p h i t e - l i k e 
l a y e r s . More d e t a i l e d d i s c u s s i o n s on t h i s sub jec t can be found i n 
these papers by Marsh and Konnert . 

Notwi ths tand ing the h i g h m i c r o p o r o s i t y of t h i s carbon, i t 
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306 PETROLEUM-DERIVED CARBONS 

Table I . T y p i c a l P h y s i c a l P r o p e r t i e s 
Powdered A c t i v e Carbon 

Surface A r e a , BET m 2/gm 3000-3400 
Average Pore Diameter , S 23-25 
Pore Volume, >2θ8 D i a m . , cc/gm 0 . 7 - 0 . 9 

<20&Diam. , cc/gm 1 .3 -1 .7 
T o t a l 2 . 0 - 2 . 6 

B u l k D e n s i t y , gm/cc 0 .29-0 .32 
P a r t i c l e S i z e v l ) 

<149 wt% 98-99 
<74 wt% 75-95 
<44 wt% 65-75 
<37 wt% 50-65 

A s h , Wt% 2-3 
U ) A l p i n e J e t 

Table I I . T y p i c a l A d s o r p t i v e P r o p e r t i e s 
High Surface Area A c t i v e Carbons 

Iod ine No. 3000-3600 

Methylene Blue A d s o r p t i o n , mg/gm 650-750 

Phenol No. C 1 ) 11-15 

T o t a l Organic Carbon Index (TOCI) ( 2 ) 300-800 

C 1 ) ANWAB-600-75 

Measured from isotherms u s i n g m u n i c i p a l and i n d u s 
t r i a l wastewater , TOCI i s the TOC a d s o r p t i o n c a p a c i t y 
of t h i s a c t i v e carbon r e l a t i v e to Aqua Nuchar A or F i l t -
rasorb 300 g iven a va lue of 100 as measured at i n i t i a l 
e q u i l i b r i u m c o n c e n t r a t i o n . 
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Ο'GRADY A N D W E N N E R B E R G High-Surface-Area Active Carbon 

F i g u r e 3. High sur face area a c t i v e carbon. T o t a l 
m a g n i f i c a t i o n : χ 145,480. 

F i g u r e 4. High sur face area a c t i v e carbon. T o t a l 
m a g n i f i c a t i o n : χ 2,929,040. 
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308 PETROLEUM-DERIVED CARBONS 

appears t h a t s w e l l i n g of the carbon may occur and a t some c o n d i t i o n s 
i t can adsorb molecules l a r g e r than the pore s i z e s would seem to 
a l l o w . T h i s has been a p a s s i n g o b s e r v a t i o n w i t h adsorbates such as 
humic a c i d s , h i g h molecu lar weight i n d u s t r i a l o rgan i c wastes , and 
l a r g e dye mo lecu les . Pore volume and a d s o r p t i v e p r o p e r t i e s are 
t y p i c a l l y two to four times h i g h e r than any a v a i l a b l e commercial 
carbon . For example, the T o t a l Organic Carbon Index (TOCI), which 
i s a measure of the carbon 1 s a b i l i t y to remove d i s s o l v e d organ ic 
contaminants from m u n i c i p a l and i n d u s t r i a l wastewater , i n d i c a t e s an 
a d s o r p t i v e c a p a c i t y over three to s i x t imes greater than standard 
commercial carbons . The h i g h a d s o r p t i o n c a p a c i t y i s f u r t h e r 
demonstrated by the Iod ine Number, methylene b lue a d s o r p t i o n , phenol 
number, and by numerous o ther adsorbates t e s ted i n our l a b o r a t o r i e s 
and e lsewhere . 

Because the carbon i s made by a c o n t r o l l e d chemical a c t i v a t i o n , 
i t s q u a l i t y i s c o n s i s t e n t l y reproduced w i t h l i t t l e v a r i a t i o n . 
A d s o r p t i v e and p h y s i c a l p r o p e r t i e s are e s s e n t i a l l y the same from l o t 
to l o t . 

Uses 

T h i s carbon has been eva luated over s e v e r a l years by n e a r l y a 
hundred i n d u s t r i a l , government and academic o r g a n i z a t i o n s worldwide 
i n s e v e r a l hundred t e s t s f o r numerous a p p l i c a t i o n s . I n these t e s t s , 
average performance r a t i o s ( f a c t o r of improved performance) of t h i s 
carbon w i t h o ther carbons (from 14 manufacturers) ranged from 1.5 to 
as h i g h as 30, most i n the 2 to 4 range. Table I I I i s an o v e r a l l 
l i s t of a p p l i c a t i o n s t e s t e d . 

Of c o n s i d e r a b l e recent i n t e r e s t has been the use of t h i s carbon 
f o r po i son and drug overdose c o n t r o l f o r both humans and a n i m a l s . 
T h i s has appeared i n p u b l i c a t i o n s by D. 0 . Cooney (4, 5, 6 ) 9 y e l . 
Thompson ( 7 ) , A . P i c c h i o n i ( 8 ) , J . N . Huck in (9 ) , D. C. Chung ( 1 0 ) , 
and o t h e r s . Recent work has shown t h i s carbon 100% e f f e c t i v e i n 
r e l a t i v e l y s m a l l dosages f o r many common organ i c po i sons . Other 
med i ca l a p p l i c a t i o n s range from t o x i n a d s o r p t i o n to the c o n c e n t r a 
t i o n of drugs from b i o l o g i c a l f l u i d s . 

Other genera l a p p l i c a t i o n s have i n c l u d e d c a t a l y s t c a r r i e r s and 
d e c o l o r i z i n g f o r go ld recovery from cyanide l e a c h s o l u t i o n s . Of 
p a r t i c u l a r i n t e r e s t i s i t s e f f e c t i v e use f o r m i l i t a r y and i n d u s t r i a l 
c l o t h i n g where p r o t e c t i o n from noxious vapors i s necessary . Recent 
s t u d i e s have shown i t s a b i l i t y to separate chemical i somers , such as 
the s e p a r a t i o n of d i o x i n i somers . I t has been used worldwide f o r 
a n a l y t i c a l methods f o r de termin ing t r a c e (PPB) t o x i c substances i n 
water . 

Summary 

An e x c e p t i o n a l a c t i v e carbon has been developed w i t h a h i g h 
e f f e c t i v e sur face area and h i g h a d s o r p t i v e c a p a c i t y . I t i s prepared 
by a c o n t r o l l e d chemical a c t i v a t i o n route u s i n g potassium hydroxide 
and a carbonaceous source , u s u a l l y petroleum coke, to g ive a 
c o n s i s t e n t q u a l i t y produc t . I t has been t e s t e d i n a gamut of 
c o n v e n t i o n a l and new uses w i t h performance r a t i o s averaging 2 to 4 
t imes b e t t e r than o ther grades of a c t i v e carbon. Because of i t s 
unique s t r u c t u r e and p r o p e r t i e s , i t i s l i k e l y that many new uses 
w i l l be developed as i t now becomes commercia l ly a v a i l a b l e . 
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20. Ο'GRADY AND WENNERBERG High-Surface-Area Active Carbon 

Table I I I . A p p l i c a t i o n s Tested 

309 

C a t a l y s t Support 

Genera l 

D e c o l o r i z i n g 

Dry C lean ing F l u i d s 
Food and Beverage 
Pharmaceut ica l 
Syrups and Sugar 

M e d i c a l A p p l i c a t i o n s 

Hemodia lys i s 
Genera l 
O r a l An t ido te s 
Hemoperfusion 

M e t a l l u r g y 

Removal and Sepa ra t ion 

S p e c i a l A p p l i c a t i o n s 

Taste and Odor 

Genera l 

Vapor A p p l i c a t i o n s 
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21 
Dispersion of Metallic Derivates on Carbon Supports 

Pierre Ehrburger and Jacques Lahaye 

Centre de Recherches sur la Physico-Chimie des Surfaces Solides, C N R S , 
24 avenue du Président Kennedy, 68200 Mulhouse, France 

The dispersion of metallic derivates on a carbon surface 
is dependent upon the surface properties of the carbon 
support. Edge carbon atoms which constitute the majority 
of the active surface area of graphitized carbon blacks 
may interact with the catalyst precursor or the catalyst 
itself thus providing a higher state of dispersion. 
Moreover specific interactions of the metallic derivates 
with the edge carbon atoms tend to decrease the sinte
ring rate of the supported solid. 

During the l a s t two decades the use of carbon as a c a t a l y s t support 
has gained growing i n t e r e s t . Depending on the precursor and on the 
p r o c e s s i n g , the carbonaceous m a t e r i a l s w i l l present d i f f e r e n t types 
of p o r o s i t y and of c r y s t a l l i n e t e x t u r e thus e n a b l i n g wide p o s s i b i l i 
t i e s f o r t a i l o r i n g a c a t a l y s t c a r r i e r (J_) . For ins tance a c t i v a t e d 
carbons , deve lop ing h i g h p o r o s i t i e s and sur face areas are commonly 
used as supports f o r noble metals i n heterogeneous c a t a l y s i s ( 2 - 4 ) . 
M e t a l l i c ox ides l i k e the w e l l known chromium and copper oxides f o r 
the removal of t o x i c s from the a i r are a l s o c u r r e n t l y d i s p e r s e d on 
carbons w i t h h i g h sur face a r e a s . More r e c e n t l y , supported molybdenum 
s u l f i d e appears to be v e r y promis ing f o r the h y d r o d e s u l f u r i z a t i o n of 
petroleum feedstocks ( 5 ) . Other a p p l i c a t i o n s f o r carbon supports are 
i n the f i e l d of e l e c t r o c h e m i s t r y . Carbon e l e c t rodes w i t h few amounts 
of noble metals ( P t , Ag) or metal phthalocyanines are found i n 
m e t a l - a i r b a t t e r i e s or a l k a l i n e f u e l c e l l s ( 6 - 8 ) . Supported metals 
or oxides are a l s o of prime importance f o r changing the r e a c t i v i t y 
of the c a r r i e r i t s e l f l i k e f o r ins tance i n c a t a l y t i c g a s i f i c a t i o n of 
carbonaceous m a t e r i a l s (9 -10) . The most important a p p l i c a t i o n s of 
carbon supported c a t a l y s t s are i n d i c a t e d i n Table I . I t i s now w e l l 
recognized t h a t the e f f i c i e n c y of a metal c a t a l y s t i s enhanced by 
i n c r e a s i n g i t s d i s p e r s i o n which may be de f ined as the r a t i o of the 
number of sur face metal atoms to the t o t a l number of metal atoms, 
A s imple way to achieve h i g h degree of d i s p e r s i o n c o n s i s t s i n depo
s i t i n g the c a t a l y s t on h i g h sur face area suppor ts . Therefore the 
pr imary r o l e s of the support are to prov ide a s t r u c t u r a l framework 
which enables the format ion of a h i g h l y d i spersed phase and to 
increase i t s s t a b i l i t y when submitted to s i n t e r i n g c o n d i t i o n s . 

0097-6156/86/0303-0310$06.00/0 
© 1986 American Chemical Society 
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21. E H R B U R G E R A N D L A H A Y E Dispersion of Metallic Dérivâtes on Supports 311 

Table I . D i s p e r s i o n of M e t a l l i c Dérivâtes on Carbons 

- E l e c t r o c a t a l y s i s 
Meta ls ( P t , Ag , N i ) - M e t a l Phthalocyanines 

-Removal of t o x i c s 
Copper/Chromium oxides 

-Change of r e a c t i v i t y of the carbon support 
C a t a l y t i c g a s i f i c a t i o n 
I n h i b i t i o n of o x i d a t i o n 

Severa l methods have been proposed f o r p r e p a r i n g h i g h l y d i s p e r s e d 
c a t a l y s t on carbon . The three most common procedures are impregna
t i o n , i o n i c exchange and vapor phase condensat ion . The former 
c o n s i s t s i n w e t t i n g the carbon by a s o l u t i o n of an a p p r o p r i a t e s a l t 
(11, 12) w h i l e the second i s based on the exchange of carbon sur face 
groups w i t h c a t i o n i c complexes (13, 14) . I n the vapor phase conden
s a t i o n the support i s contacted w i t h the v o l a t i l e meta l or m e t a l l i c 
d e r i v a t e (15, 16) . When necessary , the supported precursor i s then 
reduced i n t o the m e t a l l i c s t a t e . 

I t has a l s o been e s t a b l i s h e d that the support may i n t e r a c t w i t h 
the c a t a l y s t thus changing i t s c a t a l y t i c a c t i v i t y (10, 17) . Systema
t i c i n v e s t i g a t i o n s of the i n f l u e n c e of the support on the c a t a l y s t 
p r o p e r t i e s ( d i s p e r s i o n , s i n t e r i n g , c a t a l y s t - s u p p o r t i n t e r a c t i o n s ) 
have been c a r r i e d out w i t h i n o r g a n i c m a t e r i a l s l i k e s i l i c a , a lumina 
and z e o l i t h e s (18) . In c o n t r a s t , s i m i l a r s t u d i e s have not yet been 
repor ted w i t h carbon suppor ts . Th is paper deals w i t h the f a c t o r s 
a f f e c t i n g the d i s p e r s i o n of a c a t a l y s t on carbon b l a c k s and i t s 
s i n t e r i n g b e h a v i o r . The s e l e c t e d system i s i r o n - p h t h a l o c y a n i n e 
(PcFe) supported on g r a p h i t i z e d carbon b l a c k s which i s an e f f i c i e n t 
c a t a l y s t f o r the e l e c t r o - c h e m i c a l r e d u c t i o n of oxygen ( 7 ) . 

Carbon support . 

The sur face of a g r a p h i t i z e d carbon c o n s i s t s of two types of c r y s 
t a l l i n e p l a n e s , the b a s a l p lanes and the p r i s m a t i c or edge p l a n e s . 
The r e a c t i v i t y of the carbon atoms i s u s u a l l y h i g h e r i n the edge 
planes than i n the b a s a l p l a n e s . In p a r t i c u l a r , edge carbon 
atoms chemisorb oxygen and g ive r i s e to oxygenated f u n c t i o n a l groups. 
I t may be expected that the d i s p e r s i o n of PcFe w i l l depend on the 
extent of edge carbon atoms p l a n e s . In the present study two types 
of carbon sur faces have been s e l e c t e d : 
- a homogeneous sur face which i s b u i l d - u p w i t h b a s a l p lanes 

( g r a p h i t i z e d furnace b l a c k Vulcan 3, V3G) 
- a heterogeneous sur face c o n s i s t i n g i n both types of p lanes and 

obta ined by a c t i v a t i o n i n a i r of the homogeneous s u b s t r a t e 
( a c t i v a t e d V3G). 

The a c t i v a t i o n procedure has been desc r ibed elsewhere (16) . 
Dur ing the g a s i f i c a t i o n , the t o t a l sur face area ( S ^ E - J O a s w e l l as 
the a c t i v e sur face area ( S a ) , i . e . the area of the edge carbon atoms 
planes i n c r e a s e . The sur face area data of both samples are shown i n 
Table I I . 
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312 PETROLEUM-DERIVED CARBONS 

Table I I . T o t a l Surface Area and A c t i v e Surface Area of the Carbon 
Supports 

S „ m S 
Carbon BET 

(m2 /g) 
a 

(m2 /g) 
V3G 73 -
A c t i v a t e d V3G 100 4.3 
(50 % b u r n - o f f ) 

I t i s seen that the sur face of V3G c o n s i s t s main ly of b a s a l p lanes 
whereas about 4 % of the area of the a c t i v a t e d V3G sample i s b u i l d 
up w i t h edge carbon atoms. 

D e p o s i t i o n of the c a t a l y s t . 

The chemical s t r u c t u r e of i r o n - p h t h a l o c y a n i n e i s shown on F i g u r e 1. 
PcFe i s a p l a n a r molecule w i t h a c e n t r a l c a v i t y i n which the i r o n 
atom i s l o c a t e d . M e t a l phthalocyanines may be subl imated and the 
d e p o s i t i o n of PcFe on the carbon support has been done by vapor phase 
condensation (16) . Dur ing the condensat ion , the carbon supports are 
kept at 235°C. Condensation r a t e s were i n the range 2-4 mg PcFe per 
hour . Samples w i t h PcFe content ranging from 0.5 to 30 % i n weight 
have been prepared w i t h both carbon s u b s t r a t e s . 

D i s p e r s i o n of PcFe . 

Surface area of supported PcFe . The sur face area of PcFe depos i t s 
has been determined by measuring the amount of water molecules 
i r r e v e r s i b l y adsorbed on t h e i r s u r f a c e . We have shown t h a t each 
sur face molecule of the PcFe c r y s t a l r e t a i n s on the average one 
molecule of water accord ing to the f o l l o w i n g r e a c t i o n (16, 19) , 

PcFe . + H o 0 + PcFe . - H o 0 sur face 2 sur face 2 

The PcFe-H20 bond i s s t a b l e under vacuum up to 340 K . At h igher 
temperatures , the adsorbed water desorbs q u a n t i t a t i v e l y . The mean 
sur face area of an a d s o r p t i o n s i t e f o r water has been est imated to 
0.83 nm2 from the l a t t i c e parameters of PcFe 3- T h i s v a l u e i s i n 
f a c t c l o s e to the geometric area of a s i n g l e PcFe mo le cu le . 

The sur face area developed by PcFe i s measured f o r d i f f e r e n t 
amounts of PcFe depos i ted on both carbon suppor t s , as shown on 
F i g u r e 2. As the two carbon subs t ra tes have d i f f e r e n t t o t a l sur face 
a r e a s , the amount of supported PcFe i s expressed i n mg per m2 of 
carbon sur face i n order to f a c i l i t a t e the comparison between the 
two suppor ts . On the homogeneous carbon suppor t , the sur face area of 
PcFe increases on ly s l i g h t l y and reaches a maximum f o r a content of 
about 7 % by we ight . For h i g h e r amounts of PcFe , there i s a s m a l l 
decrease i n i t s sur face a r e a . The r e s u l t s f o r the heterogeneous 
carbon are s t r i k i n g l y d i f f e r e n t . The sur face areas of PcFe are h i g h e r 
on the a c t i v a t e d V3G and reach a maximum v a l u e of 0,25 m 2 /m 2 f o r a 
l oad of 20 % i n we ight . There i s a more pronounced growth of the 
sur face of the PcFe aggregates on the heterogeneous carbon s u b s t r a t e . 
C o n s i d e r i n g a s p h e r i c a l p a r t i c l e shape, the mean number of PcFe 
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21. EHRBURGER AND LAHAYE Dispersion of Metallic Dérivâtes on Supports 313 

F i g u r e 1. Chemical s t r u c t u r e of i r o n - p h t h a l o c y a n i n e . 

F i g u r e 2. Surface area of PcFe as a f u n c t i o n of l o a d i n g on V3G 
( · ) and a c t i v a t e d V3G (*). "Reproduced w i t h permiss i on from 
Ref . 16. Copyr ight 1983, 'Academic P r e s s 1 " . 
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314 P E T R O L E U M - D E R I V E D C A R B O N S 

p a r t i c l e s may be determined from the r e l a t i o n : 

x i - i - E - (1) 
36ππι2 

S : sur face area of PcFe per u n i t area of carbon support 
m : weight of depos i ted PcFe per u n i t area of carbon support 
η : mean p a r t i c l e number of PcFe per u n i t area of carbon support 
ρ : d e n s i t y of PcFe (1.52) 

F i g u r e 3 shows the change of η as a f u n c t i o n of the amount of 
depos i ted PcFe . The number of PcFe p a r t i c l e s does not v a r y s i g n i f i 
c a n t l y on the a c t i v a t e d V3G support f o r l o a d i n g l e s s than 20 % i n 
weight whereas i t decreases by a f a c t o r 10 on the g r a p h i t i z e d V3G 
carbon . Moreover, by e x t r a p o l a t i n g both curves at low content of 
PcFe , i t appears that the number of PcFe n u c l e i i s about the same on 
both s u b s t r a t e s . Thus the sur face p r o p e r t i e s of the carbon a f f e c t 
more e x t e n s i v e l y the growth process of the p a r t i c l e s than the i n i t i a l 
number of n u c l e i . 

C r y s t a l l i t e s i z e of PcFe p a r t i c l e s . The mean c r y s t a l l i t e diameters 
of the PcFe p a r t i c l e s c a l c u l a t e d from the broadening of the (100) and 
(102) r e f l e x i o n s , are g iven i n Table I I I . I t i s seen t h a t the c r y s 
t a l l i t e s i z e s i n both d i r e c t i o n s are s i m i l a r which suggest that there 
i s no s i g n i f i c a n t a n i s o t r o p y i n the shape of the PcFe c r y s t a l l i t e s . 

Table I I I . Mean C r y s t a l l i t e Diameter of PcFe , d f i determined by 
X-Ray D i f f r a c t i o n 

PcFe content d B (nm) Carbon support (mg/m2 ) d B (nm) 

(100) 102) 
0.71 9 10 
0.77 10 10 

V3G 1.36 19 15 
2.03 20 28 
2.14 16 23 
0.80 20 20 
1.17 25 24 

A c t i v a t e d V3G 1 .27 17 23 
1 .80 30 36 
2.50 40 35 
2.80 34 40 
4.30 37 37 

The data of Table I I a l s o i n d i c a t e that f o r a g iven PcFe content the 
c r y s t a l l i t e s i z e i s g rea ter on the a c t i v a t e d carbon. T h i s r e s u l t 
however does not mean that the a c t u a l p a r t i c l e s i z e of PcFe i s 
g rea te r on the a c t i v a t e d carbon. As w i l l be shown below, the p a r t i 
c l e s of PcFe may c o n t a i n s e v e r a l c r y s t a l l i t e s . The mean c r y s t a l l i t e 
diameter dg c a l c u l a t e d from the (100) r e f l e x i o n i s compared to the 
mean p a r t i c l e s i z e dg determined from the water uptake measurements 
i n F i g u r e 4 f o r both carbon s u b s t r a t e s . I t appears that 3 β and 3$ a r e 

i n f a i r l y good agreement i n the case of the heterogeneous carbon 
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EHRBURGER AND LAHAYE Dispersion of Metallic Dérivâtes on Supports 315 

n. P c Fe p a r t i d e s / m 

ι ι — J J 
1 2 3 , ο 4 

PcFe l o a d i n g , mg/m* 
F i g u r e 3. Number of PcFe p a r t i c l e s per u n i t area of carbon 
support as a f u n c t i o n of PcFe l o a d i n g : V3G ( · ) , a c t i v a t e d V3G 
( A ) . "Reproduced w i t h permiss i on from Ref . 16. Copyr ight 1983, 
1Academic P r e s s 1 " . 
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316 PETROLEUM-DERIVED CARBONS 

Pc Fe l o a d i ng , mg / m 

F i g u r e 4. Comparison between the mean p a r t i c l e s i z e dg ( · ) and 
the mean c r y s t a l l i t e s i z e 3 β (•) of supported PcFe . "Reproduced 
w i t h permiss i on from Ref . 16. Copyr ight 1983, 'Academic P r e s s 1 " 
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21. EHRBURGER AND LAHAYE Dispersion of Metallic Dérivâtes on Supports 317 

support f o r PcFe content l e s s than 20 % i n we ight . I n c o n t r a s t , dfi 
i s always s m a l l e r than dg w i t h the homogeneous carbon , the d i s c r e p a n 
cy i n c r e a s i n g w i t h the PcFe c o n t e n t . These r e s u l t s may be e x p l a i n e d 
by the f a c t tha t the PcFe p a r t i c l e s are e s s e n t i a l l y formed by a 
s i n g l e c r y s t a l l i t e on the a c t i v a t e d carbon sur face whereas the PcFe 
aggregates are p o l y c r y s t a l l i n e on the g r a p h i t i z e d V3G s u r f a c e . Hence, 
the sur face p r o p e r t i e s of the carbon support a l s o a f f e c t the c r y s t a l 
l i n e t e x t u r e of the PcFe d e p o s i t s . 

Growth of PcFe P a r t i c l e s . Dur ing the d e p o s i t i o n process , the PcFe 
p a r t i c l e s behave d i f f e r e n t l y on the two carbon suppor ts . They are 
p o l y c r y s t a l l i n e on the homogeneous carbon sur face and t h e i r number 
decreases w i t h the PcFe l o a d i n g , i . e . w i t h the d e p o s i t i o n t i m e . 
These f a c t s p o i n t to a p a r t i a l coalescence of the PcFe p a r t i c l e s on 
the g r a p h i t i z e d V3G s u r f a c e . Therefore the sur face area developed by 
PcFe w i l l depend on two mechanisms a c t i n g i n an oppos i te way : 
growth of the n u c l e i by capture of PcFe monomers and coalescence of 
the p a r t i c l e s . Coalescence of supported c l u s t e r s may occur i n two 
ways, s t a t i c a l l y due to the o v e r l a p p i n g of two growing p a r t i c l e s 
and /or dynamica l ly as a r e s u l t of p a r t i c l e m i g r a t i o n . Exper imenta l 
evidences of the motion of c l u s t e r s on a s o l i d sur face are now w e l l 
e s t a b l i s h e d (20-22) . Hence the smal l e r sur face area developed by 
PcFe on the homogeneous carbon would r e s u l t from a h igher m i g r a t i o n 
r a t e of the p a r t i c l e s as compared to t h e i r r a t e on a heterogeneous 
carbon. 

S i n t e r i n g of Supported PcFe 

S i n t e r i n g of supported s o l i d s can occur by two d i s t i n c t mechanisms : 
p a r t i c l e m i g r a t i o n and coalescence as a l ready mentioned above and 
i n t e r p a r t i c l e t r a n s p o r t of atoms or molecules (Ostwald r i p e n i n g ) 
(23) . I n t e r p a r t i c l e t r a n s p o r t may be p o s s i b l e e i t h e r by sur face 
d i f f u s i o n across the support or by vapor phase t r a n s p o r t . Depending 
on the supported systems and on the s i n t e r i n g c o n d i t i o n s the p a r t i 
c l e s may grow predominant ly v i a one of these p o s s i b l e r o u t e s . 
Supported PcFe depos i t s have been s i n t e r e d i n exper imenta l c o n d i t i o n s 
c l o s e to that of the condensation process (T = 235°C, r e s i d u a l 
pressure 10"^ t o r r ) . The sur face areas of PcFe a f t e r 2 and 3 hours 
of s i n t e r i n g are shown i n Table I V . I t i s seen that the s i n t e r i n g 
e f f e c t i s more pronounced w i t h a homogeneous carbon support . 

Table I V . S i n t e r i n g of Supported PcFe P a r t i c l e s 

Support S i n t e r i n g time 
(h) 

Surface area of PcFe 
(m2 /m 2 ) 

as prepared 0.095 
V3G 2 0.032 

3 0.017 

A c t i v a t e d V3G 
as prepared 

2 
3 

0.130 
0.091 
0.085 
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318 PETROLEUM-DERIVED CARBONS 

The r a t e of s i n t e r i n g dS /d t i s g e n e r a l l y r e l a t e d to the time by 
a rate-power law 

§ | = - K S n (2) 

or by i n t e g r a t i n g 

s 1 - n _ s 1-n = K , t ( 3 ) 

ο 
S and S Q are r e s p e c t i v e l y the sur face areas of the d i s p e r s e d s o l i d at 
time t and t = o. 

K 1 i s a constant and η i s an i n t e g r a t o r ranging g e n e r a l l y b e t 
ween 2 and 12 (18) . The va lues of K 1 and η have been determined f o r 
both systems u s i n g a l e a s t square f i t t i n g method f o r equat ion 3 . The 
s i n t e r i n g r a t e s of PcFe on the homogeneous and heterogeneous carbon 
r e s p e c t i v e l y are : 

(||) = - 15 .3 S 2 S i n m 2 / m 2 , t i n hour 
horn. 

(*§.) . _ 1 < 3 1 0 4 g 6 
d t h e t . 

The i n i t i a l s i n t e r i n g r a t e of PcFe may be est imated by t a k i n g 
S = 0.1 m 2 / m 2 . Hence, the corresponding r e l a t i v e s i n t e r i n g r a t e on 
the two supports i s : 

Φ ι Φ = 12 

at , dt , fc horn. h e t . 
The s i n t e r i n g r a t e i s more than one order of magnitude h i g h e r on 
V3G than on the a c t i v a t e d carbon V3G at the maximum coverage of V3G 
w i t h PcFe . Th i s r e s u l t conf irms q u a l i t a t i v e l y the hypothes i s of a 
more pronounced coalescence r a t e of PcFe on the homogeneous support 
d u r i n g the d e p o s i t i o n process . S i n t e r i n g mechanism on g r a p h i t i z e d 
carbon b l a c k s have a l s o been i n v e s t i g a t e d w i t h o ther c a t a l y s t s l i k e 
p l a t i n u m . Be t t et a l . (24) showed that the s i n t e r i n g of supported Pt 
may be due to sur face d i f f u s i o n of metal p a r t i c l e s . The Pt c r y s t a l l i 
tes migrate from t r a p s i t e s on the support and coa lesce on the carbon 
s u r f a c e . More r e c e n t l y , Ehrburger and Walker (25) s t u d i e d the 
p a r t i c l e s i z e d i s t r i b u t i o n of Pt p a r t i c l e s on a c t i v a t e d and n o n -
a c t i v a t e d V3G suppor ts . On the homogeneous carbon s u b s t r a t e , the 
p a r t i c l e s i z e f o l l o w s a l og -normal d i s t r i b u t i o n which i s c o n s i s t e n t 
w i t h a s i n t e r i n g mechanism based on p a r t i c l e m i g r a t i o n f o l l owed by 
coa lescence . On the a c t i v a t e d V3G support , the s i n t e r i n g behavior of 
Pt i s d i f f e r e n t . P a r t i c l e growth i s d e t e c t a b l e at much h i g h e r tempe
r a t u r e than on the homogeneous carbon and i t was concluded that the 
metal c l u s t e r s are trapped on sur face h e t e r o g e n e i t i e s . Consequent ly , 
s i n t e r i n g would on ly s t a r t when the Pt p a r t i c l e s have enough energy 
to escape from the t r a p p i n g s i t e s . These few examples c l e a r l y show 
that the sur face p r o p e r t i e s of the carbons i n f l u e n c e the d i s p e r s i o n 
and the s i n t e r i n g of supported c a t a l y s t s . 
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21. EHRBURGER AND LAHAYE Dispersion of Metallic Dérivâtes on Supports 319 

C a t a l y s t - C a r b o n Support I n t e r a c t i o n s . 

I n t e r a c t i o n s between the c a t a l y s t and the carbon supports o b v i o u s l y 
depend on the type of carbonaceous m a t e r i a l used . I n the case of 
a c t i v a t e d carbon, t h e * h i g h l y porous t e x t u r e a c t s as a framework f o r 
d i s p e r s i o n of the c a t a l y s t and the pores may be cons idered as t r a p 
p ing s i t e s which h inder s i n t e r i n g . For l e s s porous carbon l i k e 
amorphous carbon f i l m or carbon b l a c k s the concept of t r a p p i n g s i t e s 
i s s t i l l a p p l i c a b l e . P h i l l i p s , e t . a l . (26) developed t h i s concept f o r 
e x p l a i n i n g the s i n t e r i n g mechanism of go ld c l u s t e r s on carbon. L a t e r 
on, B e t t , e t . a l . (24) suggested that the boundaries of b a s a l p lanes 
may be the t r a p p i n g s i t e s r e q u i r e d f o r the i m m o b i l i z a t i o n of p l a t i 
num p a r t i c l e s . Ehrburger , e t . a l . (27) a l s o found that the degree of 
d i s p e r s i o n of p l a t i n u m increases w i t h i n c r e a s i n g sur face he teroge 
n e i t y of g r a p h i t i z e d suppor ts . C o n s i d e r i n g Pt p a r t i c l e s s i z e d i s t r i 
b u t i o n and s i n t e r i n g behav iour , they a t t r i b u t e d a h igher degree of 
d i s p e r s i o n of the metal to a s t ronger i n t e r a c t i o n of the c h l o r o p l a t i -
n i c p recursor w i t h the sur face h e t e r o g e n e i t i e s (28) . More r e c e n t l y 
B e n e d e t t i , e t . a l . (29) a l s o a t t r i b u t e d changes i n the d i s p e r s i o n of 
p a l l a d i u m on charcoa l s to sur face he terogene i ty e f f e c t s . 

I n the case of i r o n - p h t h a l o c y a n i n e , i t was p o s s i b l e to i d e n t i f y 
the nature of i t s i n t e r a c t i o n w i t h the support . PcFe exchanges 
c o o r d i n a t i n g bonds w i t h a v a r i e t y of molecules l i k e p y r i d i n e and 
q u i n o l i n e (30) . A complex P c F e - ^ O w i t h a bond between the metal 
atom and the water molecule has a l so been evidenced i n CCI4 (31) . 
S ince the a c t i v e sur face of carbon i s u s u a l l y covered w i t h oxygen 
complexes (mainly carbony l groups) a h igher s t a b i l i t y of the PcFe 
p a r t i c l e s on a c t i v a t e d V3G may o r i g i n a t e from i n t e r f a c i a l bonds w i t h 
oxygen groups. A p o s s i b l e i n t e r a c t i o n between oxygen sur face groups 
and PcFe molecules i s drawn s c h e m a t i c a l l y on F i g u r e 5. I n order to 
v e r i f y t h i s h y p o t h e s i s , the oxygen groups of the carbon have been 
removed by H2 treatment at 950°C. F o l l o w i n g t h i s t reatment , the 
carbon was cooled i n H2 and under these c o n d i t i o n s , the a c t i v e 
sur face area w i l l be covered w i t h chemisorbed hydrogen. Two samples 
having r e s p e c t i v e l y 14.5 and 26 % PcFe i n weight have been prepared 
w i t h the hydrogen t r e a t e d heterogeneous carbon . The corresponding 
sur face areas of PcFe are compared to the prev ious one on F i g u r e 6. 
I t i s seen that a f t e r removal of the oxygen complexes the d i s p e r s i o n 
of PcFe decreases s i g n i f i c a n t l y and that the carbon behaves l i k e the 
i n i t i a l V3G support . There fo re , the edge carbon atoms v i a the chemi
sorbed oxygen p l a y an important r o l e i n the d i s p e r s i o n and s i n t e r i n g 
of PcFe . Melendres (32) i n v e s t i g a t e d carbon-supported PcFe by 
Mossbauer and Raman spectroscopy and found changes i n mo lecu lar 
e l e c t r o n i c s t r u c t u r e i n going from pure PcFe to carbon-supported 
PcFe. These observat ions prov ide f u r t h e r p h y s i c a l evidence of 
c a t a l y s t - s u p p o r t i n t e r a c t i o n and con f i rm our own r e s u l t s . 

C o n c l u s i o n . 

The sur face p r o p e r t i e s of carbon p l a y an important r o l e i n the d i s -
p e r s i o n and the s i n t e r i n g behavior of supported c a t a l y s t . The study 
of i r o n - p h t h a l o c y a n i n e i s of p a r t i c u l a r l y i n t e r e s t f o r the i n v e s t i 
g a t i o n of c a t a l y s t - c a r b o n support i n t e r a c t i o n s . The coalescence of 
PcFe p a r t i c l e s on g r a p h i t i z e d carbon i s c o n s i d e r a b l y lowered by the 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

02
1



320 PETROLEUM-DERIVED CARBONS 

F i g u r e 5. I n t e r a c t i o n between an oxygen complex and a PcFe 
mo lecu le . "Reproduced w i t h permiss i on from Ref . 16. Copyr ight 
1983, 'Academic P r e s s 1 " . 

F i g u r e 6. Surface area of PcFe supported on the a c t i v a t e d and 
hydrogen t r e a t e d V3G (•) compared to the corresponding data on 
V3G ( · ) and a c t i v a t e d V3G ( a ) . "Reproduced w i t h p e r m i s s i o n from 
Ref . 16. Copyr ight 1983, 'Academic P r e s s ' " . 
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21. EHRBURGER AND LAHAYE Dispersion of Metallic Derivates on Supports 321 

presence of oxygenated groups l o c a t e d on edge carbon atoms which act 
as anchors of the supported p a r t i c l e s . I t i s r e l e v a n t to note that 
on ly a few percent of a c t i v e sur face area ensures a h i g h e r d i s p e r 
s i o n of PcFe on carbonaceous suppor t s . 
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22 
Progress of Pitch-Based Carbon Fiber in Japan 

Sugio Ōtani and Asao Ōya 

Faculty of Technology, Gunma University, Kiryu, Gunma 376, Japan 

Carbon fiber technology has developed rapidly in Japan 
during the last decade. The origins of pitch-based 
fiber trace back to observations of lignin deformation 
during pyrolysis. Although only the low-modulus general 
performance carbon fiber (GPCF) made by spinning iso
tropic pitch has been commercialized thus far in Japan, 
extensive development efforts are in progress on the 
high-modulus high performance carbon fiber (HPCF) pro
duced by spinning mesophase pitches. Current efforts 
recognize two chemical factors that govern the viscous 
behavior and reactivity of mesophase pitch: the extent 
of alicyclic structure, and the hydrogen transfer 
between mesophase molecules. Two approaches to prepara
tion of spinnable mesophase pitch are the Gundai 
"dormant mesophase" method, in which the pitch is hydro
genated just at the point of the mesophase transforma
tion, and the Kyukoshi method, which employs tetrahydro
quinoline as the hydrogenating agent. 

P i t c h - b a s e d carbon f i b e r was invented i n our l a b o r a t o r y at Gunma 
U n i v e r s i t y i n the summer of 1963 At that time we were 
at tempt ing to prepare a c t i v e carbon from l i g n i n powder. One day 
we found w h i s k e r - l i k e carbon near the w a l l of a f l a s k i n which 
l i g n i n powder had been heated i n a i r to 500°C; see F i g u r e 1. We 
specu la ted that the l i g n i n powder had melted i n c r e m e n t a l l y , s t a r t 
i n g from the w a l l of the f l a s k , and that the molten l i g n i n had 
been s t r e t c h e d to form f i b r o u s reg i ons by the s i n t e r i n g of the 
l i g n i n near the center of the f l a s k . E v e n t u a l l y the s t r e t c h e d 
l i g n i n became i n f u s i b l e through f u r t h e r h e a t i n g i n a i r t o higher 
temperature. 

A s p i n n i n g experiment was undertaken to t e s t t h i s s p e c u l a 
t i o n . Molten l i g n i n , produced by r a p i d h e a t i n g of the l i g n i n 
powder, was found to be q u i t e s p i n n a b l e . A f t e r s p i n n i n g , the 
f i b e r was e a s i l y s t a b i l i z e d by h e a t i n g to 300°C i n a i r , and then 
carbonized by h e a t i n g to 1000°C under n i t r o g e n . Some of t h i s 
f i b e r i s i l l u s t r a t e d by F i g u r e 2 . 

0097-6156/86/0303-0323$06.00/0 
© 1986 American Chemical Society 
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324 PETROLEUM-DERIVED CARBONS 

In those days, the mechanisms of c a r b o n i z a t i o n of p o l y v i n y l 
c h l o r i d e (PVC) were a l s o under study i n our l a b o r a t o r y . We found 
t h a t PVC transformed to a b e a u t i f u l l u s t r o u s p i t c h upon h e a t i n g to 
400°C under n i t r o g e n . This PVC p i t c h cou ld be spun q u i t e e a s i l y , 
by comparison w i t h molten l i g n i n , and thus the p i t c h - b a s e d carbon 
f i b e r was f i r s t prepared i n e s s e n t i a l l y the same way as the 
l i g n i n - b a s e d carbon f i b e r . We recognize now that we were f o r 
tunate i n f i r s t u s i n g PVC p i t c h . We l a t e r t r i e d many other 
p i t c h e s as raw m a t e r i a l s for carbon f i b e r , but PVC p i t c h was the 
on ly one that could be spun without any pre treatment . Th is was i n 
1963. We immediately a p p l i e d for a patent (2_), and the funda 
mentals of p i t c h p r e p a r a t i o n and s p i n n i n g as w e l l as the s t r u c t u r e 
of the f i n i s h e d f i b e r s were p u b l i s h e d i n 1965 (_3). 

During the ensuing f i v e y e a r s , a number of p i t c h e s were 
developed as carbon f i b e r precursors through use of v a r i o u s p r e 
treatment techniques ( 4 - 9 ) . We explored four b a s i c pretreatment 
processes , sometimes i n combinat ion: (a) p o l y m e r i z a t i o n and/or 
a r o m a t i z a t i o n by heat t reatment , (b) removal of v o l a t i l e spec ies 
by d i s t i l l a t i o n under atmospheric or reduced p r e s s u r e , (c) removal 
of i n f u s i b l e matter by so lvent f r a c t i o n a t i o n , and (d) a c c e l e r a t i o n 
of p o l y m e r i z a t i o n by adding a r a d i c a l i n i t i a t o r . The mechanical 
p r o p e r t i e s of the r e s u l t i n g f i b e r s were i n the ranges of 0.8 - 1.8 
GPa (115 - 260 k p s i ) for t e n s i l e s t r e n g t h and 20 - 50 GPa (2 .9 -
7.3 Mpsi) for Young 1 s modulus. These methods were subsequently 
developed by Kureha Chemical I n d u s t r i e s Company, and f i b e r s were 
commercial ized i n 1970 as the General Performance Carbon F i b e r s 
(GPCF) KCF-100 and KCF-200. At present these are the only c o n t i n 
uous - s t rand low-modulus carbon f i b e r s produced commerc ia l ly from a 
p i t c h base. 

Meanwhile carbon f i b e r s d e r i v e d from p o l y a c r y l o n i t r i l e (PAN) 
were a l s o under development, and around 1963 methods of heat 
t r e a t i n g under s t r e s s were found t o enhance s h a r p l y the mechanical 
p r o p e r t i e s . Th i s success r e s u l t e d i n r a p i d growth of PAN-based 
carbon f i b e r technology for high-performance a p p l i c a t i o n s (Young's 
modulus greater than 200 GPA, 30 M p s i ) . However, s i m i l a r methods 
were not s u i t a b l e for mass product i on of p i t c h - b a s e d h i g h -
performance carbon f i b e r (HPCF), and other approaches were aggres 
s i v e l y exp lored to l e a r n how to produce high-modulus carbon f i b e r s 
from inexpens ive p i t c h p r e c u r s o r s . 

A number of o rgan ic compounds were carbonized and g r a p h i t i z e d 
i n our l a b o r a t o r y as we sought to r e v e a l the f a c t o r s that govern 
the g r a p h i t i z a b i l i t y of carbon m a t e r i a l s . Among these was t e t r a -
benzo ( a , c , h , j ) phenazine ( a b b r e v i a t i o n : PZ) w i t h the molecular 
s t r u c t u r e shown i n F igure 3. The m e l t i n g po in t of a l a rge con 
densed p o l y c y c l i c compound such as PZ i s very s e n s i t i v e to t r a c e 
amounts of i m p u r i t y and thus depends on the p r e p a r a t i o n pro ce 
dure . On h e a t i n g at 530 to 590°C for one hour under n i t r o g e n , PZ 
w i t h a m e l t i n g p o i n t of 465 - 485°C was converted i n t o a l u s t r o u s 
p i t c h that melted i n the range of 300 to 380°C. On c o o l i n g , t h i s 
p i t c h e x h i b i t e d the s t rong p r e f e r r e d o r i e n t a t i o n of a me sophase 
p i t c h , as shown i n F i g u r e 4. In 1961, the PZ p i t c h was used t o 
prepare carbon f i b e r s . As expected, the f i b e r d i s p l a y e d s t r o n g 
p r e f e r r e d o r i e n t a t i o n without any s p e c i a l treatment ( 1 0 , 1 1 ) . 

I n the course of GPCF development, as s t a t e d e a r l i e r , the 
precursor m a t e r i a l was changed from PVC p i t c h to other p i t c h e s . 
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OTAN I AND OYA Progress of Pitch-Based Carbon Fiber in Japan 

F i g u r e 1. W h i s k e r - l i k e carbon from l i g n i n . 

F i g u r e 2. Carbon f i b e r prepared by s p i n n i n g molten l i g n i n . 

F i g u r e 3. Molecu lar s t r u c t u r e of tetrabenzo ( a , c , h , j ) phenazi 
( P Z ) . 
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326 PETROLEUM-DERIVED CARBONS 

S i m i l a r l y , PZ p i t c h as precursor for HPCF was r e p l a c e d by other 
mesophase p i t c h e s ( 1 2 ) . At t h i s po int i n t ime , as i s we l l -known , 
Singer (13) and Lewis (14) of the Union Carbide C o r p o r a t i o n 
developed s i m i l a r methods. Mesophase carbon f i b e r progressed more 
r a p i d l y i n the USA than i n Japan because Japanese defense and 
aerospace needs were l e s s demanding. R e c e n t l y , however, the d r i v e 
toward h igher -added -va lue products from the heavy f r a c t i o n s of 
c o a l and petroleum has i n t e n s i f i e d , and p i t c h - b a s e d carbon f i b e r s , 
i n c l u d i n g HPCF, are now the sub j e c t s of ex tens ive i n v e s t i g a t i o n i n 
many Japanese l a b o r a t o r i e s . 

P i t c h Chemistry 

The p r i n c i p a l problem i n p i t c h - b a s e d carbon f i b e r i s the c o n t r o l 
of the p r o p e r t i e s of the precursor p i t c h . Studies of p i t c h 
chemistry have c o n t r i b u t e d s i g n i f i c a n t l y to the development of 
p i t c h - b a s e d carbon f i b e r , i n c l u d i n g some i n v e s t i g a t i o n s whose 
p r a c t i c a l purpose was u n r e l a t e d to carbon f i b e r . S ince about 
1969, a b a s i c understanding of p i t c h chemistry has been pursued 
a g g r e s s i v e l y i n Japan , and three s t u d i e s of p a r t i c u l a r s i g n i f i 
cance to carbon f i b e r are summarized h e r e . 

Mesophase Model and the Importance of A l i c y c l i c S t r u c t u r e . The 
r e s e a r c h group at Kyushu U n i v e r s i t y l e d by T a k e s h i t a and Mochida 
has sought to c o n t r o l the p r o p e r t i e s of p i t c h m a t e r i a l s by c a t a 
l y t i c and c o - c a r b o n i z a t i o n t e chn iques . Their progress i n these 
areas may be summarized as f o l l o w s : ( i ) In e a r l i e r work by the 
present authors ( 1 5 ) , AICI3 a d d i t i o n s were found to be e f f e c t i v e 
i n i n c r e a s i n g the~~carbon y i e l d of p i t c h wi thout l o s s of g r a p h i -
t i z a b i l i t y . In sys temat i c s t u d i e s of the use of the AICI3 
c a t a l y s t , the Kyushu group found that t h i s c a t a l y s t can in t roduce 
a l i c y c l i c s t r u c t u r e i n t o the p i t c h mo lecu les , l e a d i n g to ex tens i on 
of the l i q u i d s t a t e to higher temperature (16 ,17 ) . ( i i ) Th is 
group a l s o works e n e r g e t i c a l l y on c o - c a r b o n i z a t i o n by u s i n g u s i n g 
o r g a n i c compounds, c o a l s , and p i t c h m a t e r i a l s . The most i n t e r e s t 
i n g c o n c l u s i o n i s that p a r t i a l l y hydrogenated pyrene i s more 
r e a c t i v e than non-hydrogenated pyrene (18) . ( i i i ) Through 
ex tens ive a n a l y t i c a l work, the Kyushu group a l s o developed the s o -
c a l l e d " sp ider web" model for mesophase molecules (19) ; see F i g u r e 
5. This model provides c l e a r working concepts for the t y p i c a l 
c o n s t i t u e n t molecules of the mesophase. 

C a r b o n i z a t i o n i n Molten S a l t Media . "Ôta and Ôtani (20) of Gunma 
U n i v e r s i t y developed a n o v e l c a r b o n i z a t i o n method i n which 
aromatic compounds, such as naphthalene , are carbonized homo
geneously i n molten s a l t s w i t h the c a t a l y t i c a c t i o n of A l C l ^ . The 
molten s a l t f i r s t used was A l C ^ - N a C l - K C l (60:26:14 i n molar 
r a t i o ) , which has a m e l t i n g p o i n t of 95°C. More r e c e n t l y A l C l ^ -
C6H5NC2H5Br (67:33 i n molar r a t i o ) has been used; t h i s mixture i s 
l i q u i d at room temperature. When t h i s c a r b o n i z a t i o n technique i s 
used , p o l y m e r i z a t i o n i n i t i a t e s below 100°C, and mesophase p i t c h 
w i t h much a l i c y c l i c s t r u c t u r e forms at temperatures as low as 
230°C. Semicoke forms at j u s t 300°C. By u s i n g v a r i o u s c h l o r o a l -
kanes as c o u p l i n g r e a g e n t s , po lymer i c compounds can be obta ined at 
temperatures as low as 80°C. By v a r y i n g the nature and amount of 
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22. O T A N I A N D O Y A Progress of Pitch-Based Carbon Fiber in Japan 327 

F i g u r e 4. P o l a r i z e d - l i g h t micrograph of PZ p i t c h . 

F i g u r e 5. The "sp ider web" model for the c o n s t i t u e n t molecules 
of mesophase, a f t e r Mochida e t a l . (19 ) . 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

02
2



328 PETROLEUM-DERIVED CARBONS 

the c o u p l i n g reagent , the g r a p h i t i z a b i l i t y of the r e s u l t i n g coke 
can be c o n t r o l l e d to a l a r g e e x t e n t . Although some problems 
remain to be so lved (such as the s e p a r a t i o n of p i t c h from molten 
s a l t ) , these nove l methods are expected to c o n t r i b u t e s i g n i f i 
c a n t l y to the development of p i t c h - b a s e d carbon f i b e r s as w e l l as 
other a p p l i c a t i o n s i n the near f u t u r e . 

C h a r a c t e r i z a t i o n Techniques for P i t c h M a t e r i a l s . Among a number 
of c h a r a c t e r i z a t i o n techniques developed i n Japan , the technique 
due to the members of the Soc i e ty of Heavy O i l , l e d by Kunug i , 
stands out as p a r t i c u l a r l y u s e f u l . The a n a l y t i c a l data are 
t r e a t e d by computer methods to cons t ruc t average molecular s t r u c 
tures for the carbonaceous m a t e r i a l s . Sanada's group i n Hokkaido 
U n i v e r s i t y used h igh- temperature NMR and ESR data obtained by i n 
s i t u measurements of p i t c h m a t e r i a l s i n molten s a l t ( 21 ) . Much 
i n f o r m a t i o n on mesophase behavior d u r i n g the heat - t reatment 
process was obta ined i n t h i s way. 

Another s i g n i f i c a n t technique developed by Sanada's group i s 
the c h a r a c t e r i z a t i o n of p i t c h for i t s e l e c t r o n donor a b i l i t y , 
which i s est imated by the amount of hydrogen t r a n s f e r r e d from 
p i t c h to anthracene a f t e r the mixture has been heated to 400°C 
( 2 2 ) . The present authors l a t e r showed t h a t the e l e c t r o n acceptor 
a b i l i t y of p i t c h can be est imated i n a s i m i l a r manner by u s i n g a 
mix ture of p i t c h and dihydroanthracene (23) . The d e t a i l s of 
hydrogen t r a n s f e r between p i t c h molecules i s an important t o p i c 
f o r study to understand the i n i t i a l stages of c a r b o n i z a t i o n p r o 
cesses . 

Recent Developments of P i t c h - B a s e d Carbon F i b e r i n Japan 

A number of i n v e s t i g a t i o n s of the p r e p a r a t i o n of p i t c h - b a s e d 
carbon f i b e r are i n progress i n i n d u s t r i a l l a b o r a t o r i e s i n 
J a p a n . However, as ide from p a t e n t s , only the developments by 
Honda and Yamada's group at the Kyushu I n d u s t r i a l Research 
I n s t i t u t e and by the present authors a t Gunma U n i v e r s i t y have been 
p u b l i s h e d . 

P i t c h - B a s e d Genera l Performance Carbon F i b e r (GPCF). As desc r ibed 
i n the i n t r o d u c t i o n , c o n t i n u o u s - s t r a n d GPCF has been produced 
commercia l ly only by the Kureha Chemical I n d u s t r i e s Company. 
P u b l i c a t t e n t i o n has r e c e n t l y been a t t r a c t e d to t h i s type of 
carbon f i b e r by the success i n u s i n g c a r b o n - f i b e r - r e i n f o r c e d 
concrete i n the c o n s t r u c t i o n of the Arsasheed Monument i n I r a q 
(24) by the Kashima C o n s t r u c t i o n (Kashima Kensetsu) Co. Future 
c o n s t r u c t i o n p r o j e c t s i n Japan p lan to u t i l i z e f u r t h e r t h i s type 
of f i b e r - r e i n f o r c e d concre te . Such a p p l i c a t i o n s may l e a d to mass 
consumption of f i b e r i f i t s p r i c e can be brought below $9 /kg 
( $ 4 / l b ) . The authors b e l i e v e that some s u b s t a n t i a l r e d u c t i o n s i n 
the p r i c e of the general -performance f i b e r , perhaps to $ 6 . 5 / k g 
( $ 3 / l b ) , may occur i n the near f u t u r e . 
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22. OTANI AND OYA Progress of Pitch-Based Carbon Fiber in Japan 329 

High-Performance Carbon F i b e r (HPCF) from Non-Hydrogenated 
P i t c h , P i t c h - b a s e d high-performance f i b e r s from commercial ly 
a v a i l a b l e p i t c h e s were f i r s t prepared from mesophase p i t c h e s 
d e r i v e d from n a p h t h a - c r a c k i n g p i t c h e s (12 ) . In genera l these 
mesophase p i t c h e s have q u i t e h igh s o f t e n i n g p o i n t s and are not 
s u i t a b l e for smooth s p i n n i n g . P r i o r to 1970, the mesophase 
content i n such p i t c h e s was thought to be equal to the q u i n o l i n e -
i n s o l u b l e (QI) content . In 1976 we found t h a t , i n p i t c h e s d e r i v e d 
from naphthalene and anthracene w i t h the use of A l C l q c a t a l y s t , 
the o p t i c a l l y a n i s o t r o p i c reg ions were f a r l a r g e r than the QI 
content ( 2 5 ) . By h e a t i n g naphtha- tar p i t c h e s or a tmospher i c -
reduced p i t c h e s w i t h A 1 C 1 - , Yoshimura (26) prepared mesophase 
p i t c h e s w i t h good s p i n n a b i l i t y and w i t h s o f t e n i n g p o i n t s as low as 
200 to 300°C. 

In those days , p i t c h chemistry had not advanced s u f f i c i e n t l y 
to understand fundamental ly the forego ing phenomena. The p r e p a r a 
t i o n of mesophase p i t c h w i t h low s o f t e n i n g p o i n t ( the s o - c a l l e d 
" s o f t mesophase p i t c h " ) was based on d i r e c t exper iment . N e v e r t h e 
l e s s through extens ive and s e r i o u s e f f o r t s , i t became p o s s i b l e to 
prepare s o f t mesophase p i t c h e s from naphtha t a r s , decant o i l s from 
f l u i d i z e d c a t a l y t i c c rackers (FCC) , atmospheric -reduced crude 
o i l s , and other p i t c h - l i k e m a t e r i a l s . A t y p i c a l example of these 
p r e p a r a t i o n procedures i s the f o l l o w i n g . A p u r i f i e d FCC or 
naphtha p i t c h i s heated at 400°C for one hour under methane to 
convert the p i t c h to a mesophase content of 23.6% (27 ,28 ) . The 
mesophase separated by sed imentat ion has a s o f t e n i n g po in t of 
226°C; i t i s spun at 320°C, and the f i b e r i s s t a b i l i z e d i n a i r and 
f i n a l l y carbonized by r a p i d h e a t i n g at 100 t o 1600°C/min ( 2 9 ) . 

High-Performance Carbon F i b e r (HPCF) from Hydrogenated P i t c h . 
A l i c y c l i c molecular s t r u c t u r e and the extent of hydrogen t r a n s f e r 
between molecules have been p r o g r e s s i v e l y recogn ized as important 
f a c t o r s to c o n t r o l the p r o p e r t i e s of the precursor p i t c h for f i b e r 
s p i n n i n g . Three exper imenta l methods of p i t c h p r e p a r a t i o n were 
exp lored as our understanding of p i t c h chemistry was developed. 

The f i r s t method i s the s o - c a l l e d "dormant mesophase" or 
Gunma U n i v e r s i t y (Gundai) method (30,31) i n which the mesophase 
p i t c h i s i n i t i a l l y prepared from petroleum aspha l t by o r d i n a r y 
p y r o l y s i s procedures ; t h i s p i t c h i s then hydrogenated to convert 
i t to an i s o t r o p i c p i t c h under c o n d i t i o n s t h a t avo id decomposit ion 
r e a c t i o n s , and f i n a l l y converted again to mesophase p i t c h by 
another thermal treatment . The dormant mesophase method ( a l s o 
known as the Gundai method) i s o u t l i n e d and compared i n F i g u r e 6 
w i t h the second method, known as the Kyukoshi method (32) because 
the process was developed by the Kyushu I n d u s t r i a l Research 
I n s t i t u t e ( K y u k o s h i ) . In t h i s second method, naphtha or c o a l - t a r 
p i t c h e s are hydrogenated by u s i n g t e t r a h y d r o q u i n o l i n e (THQ) 
s o l v e n t and then converted to mesophase p i t c h by r a p i d h e a t i n g to 
450 to 500°C. The t h i r d method uses precursor p i t c h e s prepared 
from hydrogenated c o a l - t a r p i t c h or an SRC ( s o l v e n t - r e f i n e d coa l ) 
p i t c h sub jected to a hydrocrack ing t e chn ique . 

A f ea ture of the Gundai p r e p a r a t i o n method i s shown i n 
F i g u r e 7. The mesophase p i t c h e s i n d i c a t e d by DA240(A) were 
obta ined by r e h e a t i n g a hydrogenated p i t c h d e r i v e d from a p i t c h 
c o n t a i n i n g 3% mesophase; the DA240(B) p i t c h e s were s i m i l a r l y 
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GUNDAI METHOD KYUKOSHI METHOD 
Raw P i t c h 

A240 

Heat Treatment (I) 
~~J 440°C 2 hr 

Mesophase P i t c h 

ι 
Hydrogénation 

Heat Treatment (H ) 
"~J 350 - 400°C 

Dormant Mesophase P i t c h 
DA240-400 

Heat Treatment (HE) 
400 480°C 

Mesophase P i t c h 
DA240-480 

Raw P i t c h 
J C o a l o r naphtha p i t c h 

Hydrogénation 
1 38ΊΓ TUTT°C 
Hydrogenated. P i t c h 

Heat Treatment 

"~J 450°C, s h o r t time 
Mesophase P i t c h 

F i g u r e 6. Flow char t s for the p r e p a r a t i o n of f i b e r - s p i n n i n g 
p i t c h e s by the Gundai (dormant mesophase) and Kyukoshi methods. 

3 2 0 

300| 

2 8 0 

Sî 240| 

200 

Usual method 
: Kyukoshi method 
= Gundai method 

ο 

100, 
ο 

.''A240 
95 260h ο ° 95 ^ 

^ ° ^ > 6 0 J , 
o ° ^ A 2 4 0 ( ^ 2 4 0 ( B ) 

220h ° 6 0 6 0 

- Ι 
Ό 10 2 0 3 0 4 0 5 0 6 0 7 0 8 0 

Q l ( % ) 

F i g u r e 7. R e l a t i o n s between s o f t e n i n g p o i n t s , q u i n o l i n e - i n s o l u -
b l e contents , and mesophase contents of precursor p i t c h e s p r e 
pared by the Gundai and Kyukoshi methods. The volume percentage 
of mesophase i s i n d i c a t e d by the numbers adjacent to some 
p o i n t s . 
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22. OTAN I AND OYA Progress of Pitch-Based Carbon Fiber in Japan 331 

prepared from a 5% mesophase p i t c h . In both cases , the i n i t i a l 
mesophase p i t c h e s were obta ined from Ashland A240 petroleum p i t c h 
by h e a t i n g at 400°C. The numbers adjacent to some symbols i n 
F i g u r e 7 r e f e r to the mesophase contents measured o p t i c a l l y and 
expressed i n volume-%. The DA240 mesophase p i t c h e s have lower QI 
contents and lower s o f t e n i n g p o i n t s than those of mesophase 
p i t c h e s prepared by the u s u a l p y r o l y s i s procedures , and F i g u r e 7 
shows that the s o f t e n i n g po ints a l s o tend to be lower than for 
p i t c h e s prepared by the Kyukoshi method. Thus the Gundai method 
p i t c h e s are c h a r a c t e r i z e d by low s o f t e n i n g p o i n t s d e s p i t e t h e i r 
h i g h QI contents . 

To r e v e a l the hydrogénation e f f e c t s more c l e a r l y , measure
ments of r a d i c a l c o n c e n t r a t i o n and the amount of t r a n s f e r r e d 
hydrogen were compared for p i t c h e s prepared by the Gundai method 
and by o r d i n a r y p y r o l y s i s ; see Table I . Mesophase appears at 
n e a r l y the same temperature i n both methods. For measurements 
made j u s t before the mesophase appears , the p i t c h prepared by the 
Gundai method e x h i b i t s a l a r g e r amount of t r a n s f e r r e d hydrogen and 
a lower r a d i c a l c o n c e n t r a t i o n . These c h a r a c t e r i s t i c s must cause 
the lower s o f t e n i n g p o i n t s at h igh QI contents . These d i f f e r e n c e s 
disappear upon thermal treatment t o 480°C. 

Table I· Comparison of Transferred Hydrogen and Radical 
Concentrations i n Dormant and Ordinary Mesophase Pitch 

T r a n s f e r r e d 
Hydr ogen 

(mg/g) 

R a d i c a l 
C o n c e n t r a t i o n 

( /g) 
Ord inary Mesophase P i t c h (A240) 

A f t e r 400°C for 2 hr 
A f t e r 480°C for 20 min 

3.88 χ 1 0 " 2 

2.30 χ 1 0 " 2 

97.4 
22.7 

χ 1 θ } 8 

χ 1 0 1 8 

Dormant Mesophase P i t c h (DA240) 

A f t e r 400°C for 2 hr 
A f t e r 480°C for 30 min 

42.6 χ 1 0 " 2 

2.52 χ 10-2 
2.9 

21.9 
χ 1018 
χ 1 0 1 8 

Three p o i n t s are noteworthy for the Kyukoshi method. ( i ) 
Rapid h e a t i n g of the hydrogenated p i t c h to above 450°C produces a 
p i t c h s u i t a b l e for smooth s p i n n i n g . ( i i ) T h i s p i t c h appears to be 
i s o t r o p i c at the s p i n n i n g temperature of 370°C. ( i i i ) The v i s 
c o s i t y - t e m p e r a t u r e r e l a t i o n s h i p , p l o t t e d i n F i g u r e 8 i n terms of 
the Andrade equat ion 

A B / T η = Ae 

shows a change i n s lope at a t r a n s i t i o n temperature T g , which i s 
dependent on the p i t c h . F i b e r spun near T s e x h i b i t s r a d i a l s t r u c 
t u r e , but wi thout an open wedge. F i b e r spun a t lower temperatures 
develops the open-wedge r a d i a l s t r u c t u r e , w h i l e f i b e r spun at 
h igher temperature d i s p l a y s e i t h e r random or o n i o n - s k i n s t r u c 
t u r e s , as sketched s c h e m a t i c a l l y i n F i g u r e 8. 

In respec t to processes of o x i d a t i o n s t a b i l i z a t i o n and c a r 
b o n i z a t i o n of the spun mesophase f i b e r s , we are aware of no 
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332 PETROLEUM-DERIVED CARBONS 

f u r t h e r developments except for the r a p i d c a r b o n i z a t i o n technique 
p r e v i o u s l y noted ( 2 9 ) . 

The mechanical p r o p e r t i e s as a f u n c t i o n of heat treatment 
temperature are shown i n F igure 9 for f i b e r s prepared by the 
Kyukoshi method. F i b e r h e a t - t r e a t e d to 2000°C or higher have 
s t rengths above 3GPa (435 k p s i ) and t e n s i l e modul i of the order of 
500 GPa (72 M p s i ) . The present authors now b e l i e v e t h a t , i n the 
near f u t u r e , i t w i l l be p o s s i b l e to produce carbon f i b e r of e q u i v 
a l e n t p r o p e r t i e s by s e l e c t i o n of s u i t a b l e raw p i t c h m a t e r i a l s and 
by development of s p e c i a l i z e d pretreatment procedures for the 
p i t c h to r e p l a c e the ex tens ive hydrogénation technique desc r ibed 
here . 

The Future of P i t c h - B a s e d Carbon F i b e r 

I n comparison w i t h the USA, the aerospace and defense i n d u s t r i e s 
of Japan are q u i t e s m a l l . This i s the p r i n c i p a l reason for the 
r e l a t i v e l y slow c o m m e r c i a l i z a t i o n of p i t c h - b a s e d high-performance 
carbon f i b e r (HPCF) i n Japan . As i n c e n t i v e for the HPCF i n d u s t r y , 
other f i e l d s of a p p l i c a t i o n s must be sought. In g e n e r a l , the 
automotive i n d u s t r y i s thought to be the most promis ing f i e l d , but 
s e v e r a l wel l -known c o n d i t i o n s must be s a t i s f i e d . The cost of 
f i b e r must be decreased , mass product i on process ing of f i b e r must 
be e s t a b l i s h e d , and improved molding techniques f o r the composites 
should be developed. Furthermore , new types of a p p l i c a t i o n s 
should be cons idered ; for example, a GPCF c l o t h re in forcement for 
p h e n o l i c r e s i n has been used for s e v e r a l years as a wear r i n g i n 
the suspension of a dump t r u c k . Such a p p l i c a t i o n s suggest that 
carbon f i b e r can be extended beyond primary s t r u c t u r e s to such 
areas as f i l l e r for e n g i n e e r i n g p l a s t i c s , e l e c t romagnet i c s h i e l d s , 
and so on. 

I n the case of genera l performance carbon f i b e r (GPCF), 
c a r b o n - f i b e r - r e i n f o r c e d concrete i s a very promis ing a p p l i c a 
t i o n . As shown i n F i g u r e 10, Akihama et a l . (33) accomplished 
remarkable improvements i n the mechanical p r o p e r t i e s of concrete 
by adding chopped GPCF. By s k i l l f u l u n i d i r e c t i o n a l al ignment of 
GPCF i n the cement mor tar , Furukawa et a l . (34) obta ined i n c r e a s e s 
i n mechanical s t r e n g t h by f a c t o r s of 2 t o 3 for f i b e r a d d i t i o n s of 
one percent or l e s s . As noted e a r l i e r , new a p p l i c a t i o n s of f i b e r s 
i n the c o n s t r u c t i o n i n d u s t r y are i n c r e a s i n g . These should b r i n g 
about mass consumption of the genera l performance f i b e r , but lower 
cos t s for a l l types of f i b e r must be ach ieved . In t h i s r e s p e c t , 
the p i t c h - b a s e d f i b e r i s i n a more f avorab le s i t u a t i o n than PAN-
based f i b e r . Through es tab l i shment of mass p r o d u c t i o n f a c i l i t i e s , 
GPCF should p lay a r o l e as n a t u r a l leader to HPCF, w i t h f a v o r a b l e 
e f f e c t s i n cost r e d u c t i o n s of not only GPCF but a l s o HPCF. 
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22. OTAN I AND OYA Progress of Pitch-Based Carbon Fiber in Japan 333 

F i g u r e 8. V i s c o s i t y of mesophase p i t c h e s prepared by the 
Kyukoshi method, w i t h schematic m i c r o s t r u c t u r e s of f i b e r s spun 
a t temperatures i n the range of 300 to 400°C. 

1000 2000 
HTT (t) 

3000 
0 J 0 

600 

500 

400 

|300 

200 

100 

F i g u r e 9. Mechanica l p r o p e r t i e s , as a f u n c t i o n of heat t r e a t 
ment temperature, of carbon f i b e r s spun from mesophase p i t c h 
prepared by the Kyukoshi method. 

F i g u r e 10. F l e x u r a l performance of c a r b o n - f i b e r - r e i n f o r c e d 
c o n c r e t e . V ç i s the volume f r a c t i o n of carbon f i b e r . 
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23 
Growth of Carbon Fibers in Stainless Steel Tubes 
by Natural Gas Pyrolysis 

G. G. Tibbetts 

Physics Department, General Motors Research Laboratories, Warren, MI 48090-9055 

Formation of uniform, macroscopic carbon fibers by 
pyrolysis of hydrocarbons occurs in two principal 
stages: 1) growth of long submicron filaments by the 
interaction of nanometer-sized transition metal par
ticles with a decomposing hydrocarbon gas, and 
2) thickening of the filaments to diameters on the 
order of micrometers by subsequent deposition of 
pyrolysis products. Stainless steel tubes provide a 
suitable environment for both of these processes. As 
the steel begins to carburize, its surface fragments 
to produce metal particles. These particles can 
catalyze filament growth because gas phase hydrocarbon 
concentrations are suitably low due to substantial 
absorption by the walls. Thickening of the filaments 
to macroscopic fibers takes place after the walls are 
saturated with carbon. The concentration in the gas 
phase increases markedly, depositing pyrolytic carbon 
on previously-grown filaments to thicken them to the 
required diameter. Uniform 10 µm fibers as long as 
20 cm and of average modulus 1.8 x 1011 Pa have been 
grown by this method. 

In a 1953 study o f m a t e r i a l depos i ted on b l a s t furnace b r i c k w o r k , 
Davis et a l . Q ) observed the presence o f t w i s t e d carbon f i l a m e n t s 
about 0.01 ym t h i c k . S ince t h e n , s i m i l a r m i c r o s c o p i c carbon f i l 
aments formed d u r i n g the decomposit ion o f CO and hydrocarbons have 
been observed by many other i n v e s t i g a t o r s . T y p i c a l l y , these f i l 
aments are formed by the decomposit ion o f CO or o ther gaseous h y d r o 
carbons on i r o n subgroup metal c a t a l y s t p a r t i c l e s ( N i , Co, Fe , and 
Cr) ( 2 ) . 

Cons iderab ly fewer r e p o r t s o f macroscopic carbon f i b e r s ( i . e . , 
exceeding 1 ym i n diameter) have been p u b l i s h e d . I l e y and R i l e y (3) 
(1948) grew v i s i b l e f i b e r s by decomposing methane, propane, and 
ethylene a t 1200°C on quartz s u b s t r a t e s . H i l l e r t and Lang (4) grew a 
wide v a r i e t y o f g r a p h i t i c f i l a m e n t s , i n c l u d i n g h e l i c a l c o i l s , t w i s t e d 
t r i a d s , and branched s t r a i g h t t h r e a d s , by decomposing η-heptane i n a 

0097-6156/86/0303-0335$06.00/0 
© 1986 American Chemical Society 
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336 PETROLEUM-DERIVED CARBONS 

s i l i c a tube at 1000°C. Occasional straight fibers with lengths up to 
5 cm and diameters up to 200 ym were also observed. Koyama (5) and 
later Koyama and Endo (6) grew fibers by the thermal decomposition of 
benzene at about 1200°C. Most recently, Katsuki et a l . (7) reported 
fiber growth from the decomposition of napthalene-hydrogen mixtures. 

Methane, or rather natural gas (which may contain carbon oxides, 
higher hydrocarbons, and inert gases), is of great interest as a 
source of pyrolytical ly grown fibers because of i t s re lat ive ly low 
cost. 

Fiber Growth 

General Requirements. At General Motors carbon fibers were acciden
t a l l y grown from the decomposition of natural gas in an apparatus 
designed to measure the d i f fus iv i ty of carbon through steel tubes 
(8). In the apparatus of Figure 1, (a modification of one or ig inal ly 
designed for diffusion studies by R. P. Smith (9)) the interior 
surface of a steel tube was saturated with carbon from pyrolyzing 
gaseous hydrocarbons. Simultaneously, the exterior surface was con
tinuously decarburized by wet hydrogen flowing through a jacket sur
rounding the tube. For a rather broad set of conditions of natural 
gas flow rate and temperature, i t was found that, after many hours, 
masses of fibers (Figure 2) grew within a 304 stainless steel 
(18? Cr, 8? Ni) tube of 0.8 mm wall thickness. Most of the exper
iments ut i l i zed experimental conditions consisting of a temperature 
of 970°C, room temperature flow rate of 20 cc/min of natural gas 
(containing 1.8? ethane and 1.7? oxides of carbon), and a room tem
perature flow rate of 200 cc/min of wet H 2 through the surrounding 
jacket. 

Figure 3 shows video images of fiber growth made through a 
window at the top of the growth tube; each dark c i r c l e defines the 
inner wall of the tube at a different time. Figure 3a was made after 
the growth tube had been exposed to the experimental conditions cited 
above for 9.5 h. Very thin fibers f i r s t became v i s i b l e within 
30 minutes (Figure 3b). These fibers continued to thicken with time 
and thus became more v is ib le as the experiment was concluded. 

Under some conditions one may observe a brightness increase 
within the volume of the growth tube during fiber growth. There are 
many references in the l i terature to a "fog" of droplets produced in 
organic vapors under highly pyrolyzing conditions (K)). This 
increase in luminosity is due to thermal radiation emitted or scat
tered by these droplets. Figure 4 is a plot of l ight intensity in 
the growth tubes from which the appearance of this fog can be deter
mined. Because the direction of gas flow in the experiment of 
Figure 4 was toward the camera, the fog is more apparent than in F i g 
ure 3, where i t is not discernible in the photographs. The tube 
interior remained dark for 10.5 h and then substantially brightened 
just as the fibers appeared. The brightness rapidly increased as the 
fibers continued to thicken u n t i l the experiment was terminated after 
16 h. 

Also shown in Figure 4 is the brightness measured within a 1010 
steel tube which did not grow fibers under otherwise identical condi
tions. No brightness increase was observed in such low-Cr mild steel 
tubes, and no fibers were grown. In contrast to mild steel , fused 
quartz tubes showed a high level of hydrocarbon fog during the entire 
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23. TIBBETTS Carbon Fiber Growth in Stainless Steel Tubes 337 

Figure 2. Carbon fibers produced from natural gas. 
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338 P E T R O L E U M - D E R I V E D C A R B O N S 

F i g u r e 3. Micrographs of the i n t e r i o r of an 11 mm i n s i d e diameter 
growth tube at 970 C a f t e r a) 9-1 /2 h , b) 10 h , c )10 -1 /2 h , 
d) 11 h , e) 11-1/2 h , f) 12 h . Reproduced w i t h permiss ion from 
re ference 8. Copyr ight 1983 American I n s t i t u t e o f P h y s i c s . 
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F i g u r e 4 . L i g h t i n t e n s i t y i n the center o f the growth tube 
(obtained by photo-diode measurement from the videotaped image) as 
a f u n c t i o n o f time f o r 304 s t a i n l e s s and 1010 s t e e l . 
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23. TIBBETTS Carbon Fiber Growth in Stainless Steel Tubes 339 

course of the experiment, yet no fibers could be grown within fused 
quartz tubes under the same conditions of flow rate and temperature 
that were successfully used with stainless steel tubes. Even when 
these tubes were provided with suitable nuclei for filament growth, 
no fibers could be grown. 

These observations suggested that the onset of the fog was 
related to the saturation of the walls of the growth tube by carbon. 
In order to elucidate this effect in 304 stainless s tee l , a set of 
experiments was performed at 970°C and several different natural gas 
flow rates F to measure τ, the time elapsed before the onset of 
fogging. The results , plotted in Figure 5, show that τ is as small 
as 3 h for rapid gas flow through the system and as long as 17 h for 
slow flow. The observed linear increase of τ with 1/F corresponds to 
the behavior expected i f a fixed concentration of carbon atoms [C] 
were required in order to saturate the steel surface at time τ, 

[C] « χ . F . (1) 

Measurements of the temperature dependence of τ yielded an activation 
energy consistent with this picture. Thus, the time τ required for 
the appearance of fogging corresponds to the time necessary to sat
urate the growth tube's surface with carbon. 

Pyrolysis Regimes. Results of a further experiment show how 
pyrolysis conditions change after time τ when the tube interior 
saturates. A number of thick 304 stainless steel wires (0.31 mm in 
diameter) were supported in the furnace during a fiber growth exper
iment and allowed to a drop out of the hot zone after different 
periods. Thus, the mass increase of these wires could be determined 
as a function of the length of time they remained in contact with 
pyrolyzing natural gas in the growth tube. 

The measurements were performed under standard conditions except 
that the flow rate of natural gas was 50 cnH/min. The mass of the 
wires (top panel of Figure 6) shows an i n i t i a l sharp rise as they 
carburize, followed by a much slower rise during the time required to 
carburize the growth tube of wall thickness 0.8 mm. In a separate 
experiment, i t was shown (Figure 6b) that, after 4.6 hours, fogging 
begins. At exactly that time, the mass of the stainless steel wires 
began to increase rapidly again, corresponding to deposition of an 
ever thickening layer of pyrolytic carbon. It is this pyrocarbon 
deposition which thickens any fibers present within the growth tube 
after fogging begins. 

Measurements of the effluent gas from the growth reactor also 
show significant changes when fogging begins. The effluent from a 
fused quartz tube showed l i t t l e change with time (Figure 7), in sharp 
contrast with the effluent from a 304 stainless steel tube. The 
tubes ut i l i zed in these experiments were from a different lot of 
stainless steel which apparently had a somewhat more reactive surface 
and thus required only 2.7 h to carburize at a flow rate of 
50 cnrVmin. During most of this period, the concentration of ethyl 
ene and a l l higher hydrocarbons was below 0.1?. However, when fibers 
f i r s t became vis ib le at 2.7 h, the ethylene concentration had risen 
to half i ts ultimate value. Higher hydrocarbons were beginning to be 
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340 PETROLEUM-DERIVED CARBONS 

Ol ι ι I ι ι L 
0 3 6 

1 /F (sec/cm3) 

F i g u r e 5. Time r e q u i r e d to grow v i s i b l e carbon f i b e r s u s i n g a 
f r e s h 0.9 mm w a l l 304 s t a i n l e s s s t e e l growth tube at 970°C, 
p l o t t e d as a f u n c t i o n o f r e c i p r o c a l n a t u r a l gas f low r a t e . 

30 

Time (h) 

F i g u r e 6. Top: Mass increase o f s t a i n l e s s s t e e l w ires as a 
f u n c t i o n o f p y r o l y s i s t ime . Bottom: Luminos i ty as a f u n c t i o n o f 
t i m e . A r b i t r a r y u n i t s are used . 
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23. TIBBETTS Carbon Fiber Growth in Stainless Steel Tubes 341 

produced in the tube in abundance; from them the complex molecules 
which produce pyrocarbon were beginning to appear. 

The conditions appropriate for growing fibers from natural gas 
may not be successful with other hydrocarbon feedstocks. Using pure 
ethane during a standard growth run produces merely a tarry sludge. 
At the other extreme, pure methane w i l l neither grow fibers nor 
deposit a pyrocarbon layer under the standard conditions at 970°C, 
but i t can grow fibers near 1100°C. 

Formation of Catalyst Particles by Surface Fragmentation. The 
phenomenon of "metal dusting corrosion" by which stainless steel 
surfaces are fragmented to produce submicron catalytic particles for 
fiber growth has been described by Bradley (_!_]_). In this process, 
the strongly reducing and carburizing atmosphere in the growth tube 
severely corrodes the natural oxide surface of the stainless steel to 
produce a fine dust of metal, carbide, and oxide part ic les . Some of 
the smaller particles can then act as nuclei for fiber growth. 

The role of the hydrogen jacket in fiber growth w i l l now be 
discussed. Gas chromatographic studies have shown that suff icient 
hydrogen from the jacket diffuses through the stainless steel to 
increase the concentration of hydrogen in the effluent gas by 2% 
under standard conditions. In the v i c i n i t y of the steel walls, where 
the filaments grown, the increase is even greater. Figure 8 shows 
the influence of hydrogen jacket pressure on fiber growth. A series 
of experiments were performed, each under standard conditions but 
with a different H 2 jacket pressure. The ordinate is Nc, the number 
of dist inct fibers in focus s l ight ly below the midplane of the fur 
nace 3 hours after fibers f i r s t became v is ib le — a quantity that is 
proportional to total fiber y i e l d . It is clear from these data that 
the hydrogen in the jacket aids in producing f ibers . The top curve 
refers to growth experiments in which the inside of the tube is 
seeded with Fe(NOg)g to provide nuclei suitable for filament growth. 
In this case only a very weak dependence on hydrogen pressure is 
noted. These data imply that wet hydrogen from the jacket aids in 
promoting the production of adequate metallic nuclei from the s t a i n 
less steel surface. Furthermore, i f adequate nuclei are already 
present, the hydrogen jacket is not useful in the remainder of the 
growth process. 

Fiber Morphology and Properties 

As Figure 9a shows, the fibers grow nearly paral le l to each other; 
they appear to grow approximately along the gas streamlines. The 
fibers are attached by one end to a laminar pyrocarbon deposit which 
adheres to the tube wall . The "cobbled" appearance of this layer may 
originate from shorter fibers which have been buried by pyrocarbon. 
The pyrocarbon deposit is about 0.3? hydrogen by weight, and contains 
particles of a l l the metallic constituents of the tube. 

Figure 9b shows that the fibers are quite uniform in diameter. 
Fibers as long as 20 cm and having diameters up to nearly 1 mm have 
been produced. Thickening of the fibers by chemical vapor deposition 
gives them an annular structure (Figure 10a), in contrast to the 
radial structure of a Thornel Ρ fiber (Figure 10b). 

The average modulus of the fibers is 180 GPa (26.1 Mpsi), 
although peak values of up to 450 GPa (65.3 Mpsi) have been measured 
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100%r Λ _ 
Quartz 

304 Fibers 
Visible 

a Quartz 
10.0 1- ο 304 Stainless Steel 

CH. 

Effluent 
Concentration 

(%) 

Quartz 

Time (h) 

F i g u r e 7. CHjj and C 2H^ e f f l u e n t obta ined a f t e r p y r o l y z i n g n a t u r a l 
gas a t 970°C and 5 sec res idence time i n a 304 s t r a i n l e s s s t e e l or 
quar tz r e a c t o r . F i b e r s appeared i n the s t a i n l e s s s t e e l r e a c t o r 
a f t e r 2.8 h . 

( P ) 1 / 2 ( A t m ) 1 / 2 
F i g u r e 8. Number o f f i b e r s counted i n the camera's f o c a l p lane 
2.5 cm below the furnace c e n t e r l i n e a f t e r a number o f s tandard 
growth experiments where the hydrogen j a c k e t pressure was h e l d 
constant a t the va lues shown. Bottom curve r e f e r s to a s e r i e s o f 
304 tubes . In the top curve 304 tubes which had p r e v i o u s l y grown 
f i b e r s and whose sur faces were t r e a t e d w i t h Fe(NO^)^ were used . 
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23. TIBBETTS Carbon Fiber Growth in Stainless Steel Tubes 343 

Figure 9. Scanning electron micrograph of a) fibers growing from 
matrix layer, b) a bundle of f ibers . 
Copyright 1983 American Institute of Physics. 
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344 PETROLEUM-DERIVED CARBONS 

F i g u r e 10. Scanning e l e c t r o n micrographs o f broken ends o f a) 
n a t u r a l gas and b) Thorne l Ρ f i b e r s . 
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23. TIBBETTS Carbon Fiber Growth in Stainless Steel Tubes 345 

f o r f i b e r s s l i g h t l y s m a l l e r than 10 ym i n d iameter . F i b e r t e n s i l e 
s t rengths average 1.0 GPa (145 k p s i ) . X - r a y d i f f r a c t i o n s t u d i e s show 
that the AQQ? spac ing f o r f i b e r s grown a t 970°C i s 0.345 nm, compared 
to 0.335 nm f o r c r y s t a l l i n e g r a p h i t e . 

Conc lus ions 

S e v e r a l f a c t o r s c o n t r i b u t e to the growth o f carbon f i b e r s from 
n a t u r a l gas i n 304 s t a i n l e s s s t e e l tubes surrounded by a j a c k e t c on 
t a i n i n g c i r c u l a t i n g wet hydrogen. F i r s t , the c a r b u r i z i n g s t a i n l e s s 
s t e e l sur face fragments to produce metal p a r t i c l e s s u i t a b l e f o r 
c a t a l y z i n g f i l a m e n t growth, p a r t i c u l a r l y when hydrogen d i f f u s e s 
through i n l a r g e q u a n t i t i e s . Second, d u r i n g c a r b u r i z a t i o n the s t a i n 
l e s s s t e e l absorbs enough hydrocarbons from the gas phase to prov ide 
an atmosphere s u f f i c i e n t l y dep le ted i n hydrocarbons to be s u i t a b l e 
f o r growth o f mic roscop i c f i l a m e n t s . T h i r d , a f t e r the s t a i n l e s s 
s t e e l i s s a t u r a t e d , the hydrocarbon c o n c e n t r a t i o n c l i m b s so that the 
f i b e r s may be th i ckened by d e p o s i t i o n o f pyrocarbon . 
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24 
Carbon-Fiber-Reinforced Carbon Composites 
Fabricated by Liquid Impregnation 

Erich Fitzer and Antonios Gkogkidis 

Institut für Chemische Technik, Universität Karlsruhe, D-7500 Karlsruhe, Federal 
Republic of Germany 

Although developed initially for aerospace applica
tions, carbon/carbon composites are now finding wider 
uses, e.g., in nuclear reactors, automobiles, metal– 
forming, and biomedical implants. This paper is con
cerned with problems and choices in fabrication, 
including chemical vapor deposition, but focussing 
principally on liquid impregnation methods. High final 
heat treatment temperatures for the carbon fiber are 
desirable to realize good translation of fiber strength 
into the composite. "Soft" matrix precursors, e.g., 
coal-tar pitch, contribute to the composite modulus by 
alignment of the graphitic layers parallel to the 
fibers. Stress cycling can destroy the matrix by 
internal fracturing to fine dust, but this loss of 
matrix can be limited by a final resin impregnation to 
produce a hybrid matrix. The hybrid matrix composites 
have mechanical properties similar to those of polymer– 
matrix composites, but with reduced flammability. 

Carbon/carbon composites f a b r i c a t e d by m u l t i p l e c y c l e s of l i q u i d 
impregnat ion and r e c a r b o n i z a t i o n are a t y p i c a l example of modern 
petroleum d e r i v e d carbons . In the 1975 ACS Symposium on Petroleum 
Derived Carbons ( 1 ) , papers were presented on carbon /carbon com
p o s i t e m a t e r i a l s formed by p y r o l y t i c i n f i l t r a t i o n processes (2) or 
by l i q u i d impregnat ion w i t h petroleum p i t c h ( 3 , 4 ) , on f a b r i c a t i o n 
processes f o r high-modulus carbon f i b e r s based on p o l y a c r y l o n i t r i l e 
(PAN) or p i t c h precursors (_5), and on the use of carbon m a t e r i a l s 
f o r t h e r m o s t r u c t u r a l (6_) as w e l l as b i omed i ca l a p p l i c a t i o n s (_7_). 

The present paper addresses the problems posed i n these 
e a r l i e r c o n t r i b u t i o n s from a new v i e w p o i n t , namely the development 
of a s u p e r i o r carbon m a t e r i a l that r e a l i z e s more f u l l y the 
s t r e n g t h , s t i f f n e s s , and thermal p r o p e r t i e s i n h e r e n t i n the s t rong 
chemical bonds of carbon i n the g r a p h i t i c l a y e r ( 8 ) . Petroleum 
p r o d u c t s , as the carbon precursors f o r p i t c h - b a s e d carbon f i b e r s 
and f o r the carbon m a t r i x of the composite , have proved a d v a n t a 
geous f o r such s u p e r i o r carbon m a t e r i a l s . 

0097-6156/86/0303-0346$09.50/0 
© 1986 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

02
4



24. FITZER AND GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 347 

A p p l i c a t i o n s of Carbon/Carbon Composites 

The performance of carbon/carbon composites became w e l l known to 
the g e n e r a l p u b l i c by the repeated s u c c e s s f u l l a n d i n g s of the 
American space s h u t t l e s , i n which 2D carbon/carbon composi tes , 
r e i n f o r c e d t w o - d i m e n s i o n a l l y by a f i b e r web or f a b r i c , are used f o r 
s t r u c t u r a l p a r t s t h a t are c r i t i c a l d u r i n g r e e n t r y , such as the nose 
cap and the l e a d i n g edges of the wings ; see F i g u r e 1 (9) · 

Because of i t s h i g h s t r e n g t h and i n f u s i b i l i t y even at very 
h i g h temperatures , as w e l l as i t s low d e n s i t y , c a r b o n - f i b e r -
r e i n f o r c e d carbon i s most s u i t a b l e as d i s c brake m a t e r i a l f o r 
supersonic a i r c r a f t such as the c i v i l i a n CONCORDE and n e a r l y a l l 
m i l i t a r y j e t s ; see F i g u r e 2. For t h i s a p p l i c a t i o n , 2D 
carbon/carbon composites are p r e f e r r e d . The performance 
c h a r a c t e r i s t i c s of d i s c m a t e r i a l s as t e s t e d by SEP France are 
compared i n F igure 3 (SEPCARB i s ^ the t rade name f o r carbon /carbon 
composites f a b r i c a t e d by Société Europeene de P r o p u l s i o n ) . The 
h i g h t o l e r a b l e c o n c e n t r a t i o n of consumed energy i n the 
carbon/carbon brake d i s c s should be noted ( 1 0 ) . 

In the near f u t u r e , i t i s planned to r e p l a c e the c o n v e n t i o n a l 
asbestos brake l i n i n g s f o r automobiles by mod i f i ed carbon/carbon 
composites ( 1 1 , 1 2 ) . 

Carbon/carbon m a t e r i a l s are c u r r e n t l y used i n the most 
c r i t i c a l p a r t s of s o l i d - f u e l rocket eng ines . A t e s t n o z z l e f o r the 
French ARIANE rocket i s shown i n cross s e c t i o n a f t e r f i r i n g i n 
F i g u r e 4 to demonstrate the undamaged s u r f a c e o f the 3D composite 
w i t h i n the t h r o a t of the n o z z l e ( 1 0 ) . 

Carbon/carbon composites are a l s o used as r e f r a c t o r y 
components i n gas - coo led h igh- temperature n u c l e a r r e a c t o r s , e . g . , 
i n the heat exchanger between the primary and secondary he l ium 
c o o l i n g c i r c u i t s ( 1 3 ) . 

Gas t u r b i n e s have been b u i l t w i t h b lades made from ceramic 
m a t e r i a l s and u s i n g l D - r e i n f o r c e d carbon-carbon c i r c u m f e r e n t i a l 
r i n g s developed by DFVLR, S t u t t g a r t (14) (DFVLR = Deutsche 
Forschungs- und V e r s u c h s a n s t a l t f u r L u f t - und Raumfahrt) ; see 
F i g u r e 5. In t h i s a p p l i c a t i o n the carbon-carbon r i n g prov ides 
compressive p r e s t r e s s on the ceramic t u r b i n e b l a d e s , which are 
s e n s i t i v e t o t e n s i l e s t r e s s . 

A recent s u c c e s s f u l a p p l i c a t i o n o f carbon / carbon composites i s 
the t o o l f o r s u p e r p l a s t i c f o r g i n g of t i t a n i u m i l l u s t r a t e d by F igure 
6; tubes up t o 1.5 m i n l e n g t h can be forged a t temperatures up to 
1000°C, thus o f f e r i n g a r a p i d a l t e r n a t i v e f a b r i c a t i o n technique to 
present p roduc t i on methods, e . g . , r i v e t e d tubes ( 1 5 ) . Contact 
brushes f o r e l e c t r i c a l commutators, made w i t h carbon f i b e r s and 
carbon/carbon composites (16) , are opening another new f i e l d of 
a p p l i c a t i o n . Furthermore , p i s t o n s i n d i e s e l engines have been 
proposed t o be made from carbon/carbon composites ( 1 7 ) . 

F i n a l l y the use of c a r b o n - f i b e r - r e i n f o r c e d carbon m a t e r i a l s 
f o r i m p l a n t a t i o n purposes i n human medicine should be mentioned. 
One of the most impress ive a p p l i c a t i o n s i s t h a t f o r h i p j o i n t s . In 
F i g u r e 7 a s t a t e - o f - t h e - a r t h i p j o i n t made from a c o b a l t a l l o y w i t h 
a po lye thy lene socket i s compared w i t h a des ign concept employing a 
c a r b o n - f i b e r - r e i n f o r c e d carbon stem i n a p o l y g r a n u l a r carbon 
s o c k e t . Such a stem des ign o f f e r s the p o s s i b i l i t y to approach 
c l o s e l y the femur s t r u c t u r e by a p p r o p r i a t e combinat ion of 1D- , 2D, 

American Chemical Society Library 
1155 16th St., N.W. 

Washington, O.C. 20036 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ch

02
4



348 PETROLEUM-DERIVED CARBONS 

(1) BOTTOM 

F i g u r e 1. The l e a d i n g edge ( L . E . ) of the wing, and the nose cap 
of the COLUMBIA space s h u t t l e (9_) are made of r e i n f o r c e d carbon 
composites (RCC). 

F i g u r e 2. An a i r c r a f t d i s c brake f a b r i c a t e d from carbon /carbon 
composites ( 1 0 ) . 
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24. FITZER AND GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 349 

F i g u r e 3. Comparative performance of three d i s c m a t e r i a l s f o r 
a i r c r a f t brakes ( 1 0 ) . 

F i g u r e 4. Rocket nozz l e of the ARIANE r o c k e t , observed i n 
c r o s s - s e c t i o n a f t e r f i r i n g (10 ) . 
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350 PETROLEUM-DERIVED CARBONS 

F i g u r e 5. A t u r b i n e r o t o r made w i t h ceramic b lades and a 
carbon-carbon composite r i n g to w i t h s t a n d t e n s i l e s t r e s s e s (14) • 
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24. FITZER AND GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 351 

F i g u r e 6. Above: a t o o l f o r the s u p e r p l a s t i c f o r g i n g of 
t i t a n i u m , made e n t i r e l y from carbon/carbon composites ( 1 5 ) . 
Below: a i r c r a f t exhaust mani fo ld formed from t i t a n i u m by super -
p l a s t i c f o r g i n g w i t h the carbon/carbon t o o l . 
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352 PETROLEUM-DERIVED CARBONS 

Reinforced Carbon 
Composite 

1- D R E I N F O R C E M E N T 
(NECK: HIGHEST FLEXURAL STRESS) 

2- D R E I N F O R C E M E N T 
(TRANSVERSEand LONGITUDINAL STRENGTH) 

3- D R E I N F O R C E M E N T 
(INTRAMEDULLARY SCREW THREAD/ILSS) 

1-D R E I N F O R C E M E N T 
(STEM: HIGH FLEXURAL STRENGTH) 

F i g u r e 7. Comparison of a convent i ona l h i p j o i n t f a b r i c a t e d 
from coba l t a l l o y s w i t h a j o i n t des ign u s i n g c a r b o n - f i b e r -
r e i n f o r c e d composites t a i l o r e d to meet s p e c i f i c l o c a l s t r e s s 
requirements ( 18 ) . 
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24. FITZER AND GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 353 

and 3 D - r e i n f o r c e d composites ( 18 ,19 ) . Some va lues of f l e x u r a l 
s t r e n g t h and Young's modulus ach ievab le by v a r i o u s types of 
carbon/carbon composites are shown i n F i g u r e 8 ( 2 0 ) . A wide range 
of s t r e n g t h and s t i f f n e s s i n v a r i o u s d i r e c t i o n s can be designed 
i n t o such t a i l o r e d m a t e r i a l s . The p r o p e r t i e s of the Co-Cr-Mo 
a l l o y s t h a t are used f o r med i ca l implants are compared w i t h 
mechanical data f o r human bones to demonstrate t h a t carbon/carbon 
composites are promis ing candidates f o r i m p l a n t a t i o n i n the f u t u r e . 

F a b r i c a t i o n Processes f o r Carbon/Carbon Composites 

Processes f o r f a b r i c a t i o n of carbon/carbon composites by "gas-phase 
impregnat ion" and by " l i q u i d - p h a s e impregnat ion" were d e s c r i b e d i n 
the 1975 Symposium ÇL). The vapor impregnat ion process was f i r s t 
used f o r f a b r i c a t i o n of the s p e c i a l a i r c r a f t brakes r e q u i r e d f o r 
the commercial j e t CONCORDE, and i s s t i l l i n use , a l though most new 
carbon/carbon p a r t s and even a i r c r a f t brakes are now produced by 
the more economical p i t c h - i m p r e g n a t i o n processes . 

The gas-phase impregnat ion process ( i n - p o r e d e p o s i t i o n o f 
p y r o l y t i c carbon) i s d i f f i c u l t to perform because of the tendency 
f o r pore c l o s i n g i n s t e a d of pore f i l l i n g . F i g u r e 9 shows the 
r e s u l t s of chemica l vapor impregnat ion (CYI) experiments w i t h SiC 
d e p o s i t i o n i n t u b e - l i k e model pores i n a p o l y g r a n u l a r g r a p h i t e 
body. SiC d e p o s i t i o n was used f o r b e t t e r r e c o g n i z a b i l i t y of the CV 
d e p o s i t s . The tendency to depos i t i n the pore entrances can 
r e a d i l y be understood i f the o v e r a l l d e p o s i t i o n r a t e of the 
heterogeneous r e a c t i o n i s c o n t r o l l e d by the chemica l d e p o s i t i o n 
r a t e and not by t r a n s p o r t phenomena (21 ) . Transport c o n t r o l occurs 
main ly at the h i g h e r d e p o s i t i o n temperatures . 

In F i g u r e 10 ( l e f t - h a n d s ide ) exper imenta l r e s u l t s on p e n e t r a 
t i o n depth i n p o l y c r y s t a l l i n e g r a p h i t e are shown by dashed l i n e s as 
a f u n c t i o n of d e p o s i t i o n temperature . The decrease i n p e n e t r a t i o n 
depth can be p r e c a l c u l a t e d f o r v a r i o u s pore d iameters i f the d i f f u 
s i o n behavior of the gaseous spec ies and the r a t e of the chemica l 
d e p o s i t i o n r e a c t i o n are known. For t h i s c a l c u l a t i o n the d i m e n s i o n -
l e s s Damkohler I I number ( i d e n t i c a l w i t h the square of the T h i e l e 
modulus) can be used as i n d i c a t e d i n the r i g h t - h a n d s i d e of F i g u r e 
10. The r e s u l t s of p r e c a l c u l a t i o n are shown i n the l e f t - h a n d s i d e 
and i n d i c a t e t h a t the exper imenta l data f i t the p r e c a l c u l a t e d data 
q u i t e w e l l i f the decreases i n pore diameter d u r i n g CVI are taken 
i n t o c o n s i d e r a t i o n ( 2 2 - 2 5 ) . 

Pore f i l l i n g w i thout pore b l o c k i n g can more e a s i l y be achieved 
by l i q u i d impregnat i on ; see F igure 11 ( 2 6 ) . Furthermore , pore f i l 
l i n g can be improved by impregnat ion and c a r b o n i z a t i o n at h i g h 
p r e s s u r e . In recent y e a r s , we have performed s e v e r a l b a s i c s t u d i e s 
(27-29) of the l i q u i d impregnat ion p r o c e s s . 

The l i q u i d impregnat ion process f o r carbon /carbon composites 
i s s i m i l a r to the i n d u s t r i a l f a b r i c a t i o n process f o r the h i g h -
d e n s i t y g r a p h i t e e l e c t r o d e s r e q u i r e d f o r u l t r a - h i g h - p o w e r s t e e l 
f u r n a c e s . F i g u r e s 12 and 13 show the ana log i es as w e l l as the 
d i f f e r e n c e s between the two processes . In both c a s e s , the 
heterogeneous s t r u c t u r e c o n s i s t s of two c o n s t i t u e n t s : (a) pr imary 
carbon , which i s in t roduced as e l ementa l carbon d u r i n g the process 
step of "green f a b r i c a t i o n , " and (b) secondary carbon , formed by 
thermal degradat i on of the carbonaceous b inder d u r i n g the process 
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F i g u r e 8 . Mechanica l p r o p e r t i e s of v a r i o u s c a r b o n - f i b e r -
r e i n f o r c e d composites compared to bone and some b i o m e d i c a l 
a l l o y s ( 2 0 ) . HM and HT r e f e r , r e s p e c t i v e l y , t o f i b e r s of h i g h 
modulus and h i g h t e n s i l e s t r e n g t h . 

F i g u r e 9. Pore f i l l i n g (second and t h i r d micrographs) and pore 
b l o c k i n g ( f i r s t and f o u r t h micrographs) of model pores i n a 
g r a p h i t e body, as f u n c t i o n s of pore diameter and r e a c t i o n tem
p e r a t u r e . SiC d e p o s i t i o n was used to d i s t i n g u i s h d e p o s i t s 
c l e a r l y ( 2 1 ) . 
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F i g u r e 10. P e n e t r a t i o n depth f o r chemica l vapor d e p o s i t i o n i n t o 
c y l i n d r i c a l pores w i t h r a d i i of 1, 5, and 10 ym. L e f t - h a n d 
s i d e : comparison of exper imenta l data w i t h t h e o r e t i c a l c a l c u l a 
t i o n s . R ight -hand s i d e : c a l c u l a t i o n of combined e f f e c t s of 
d i f f u s i o n and chemical r e a c t i o n d u r i n g the CVD p r o c e s s , u s i n g 
the Damkôhler number (22 -25 ) .  P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
14

, 1
98

6 
| d

oi
: 1

0.
10

21
/b

k-
19

86
-0

30
3.

ch
02

4
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GRAPHITIZED 
PITCH COKE-

V//7////////, 
GAS IMPREGNATED 

EARLY STAGE 
GAS IMPREGNATED 
FINAL STAGE AFTER 
HEAT TREATMENT TO 

2500°C 

F i g u r e 11. Schematic mechanisms of pore f i l l i n g and pore b l o c k 
i n g by l i q u i d impregnat ion and by chemical vapor d e p o s i t i o n 
( 2 6 ) . 

CARBON CERAMIC 

GREEN FABRICATION 
(Mixing, Molding .Grin ding) 

CARBON CARBON COMPOSITES 

BINDER CARBON FIBERS 
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GREEN FABRICATION 
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Poly granular 
Carbons ~~ 
(Electrodes, Bricks) 
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(Graphite Electrode 
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CARBONIZA TION 

DENSIFICA TION 

Impr* Recarb 

l.b * DENSIFICA TION 

Impr* Recarb 

GRA PHI TIZA TION GRA PHI TIZA TION 

•CFRC 

-CFRC 

F i g u r e 12. Comparison of produc t i on processes f o r s y n t h e t i c 
p o l y g r a n u l a r g r a p h i t e s and carbon/carbon composi tes . 
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24. FITZER AND GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 357 

step of " b a k i n g " . In p o l y g r a n u l a r carbons , the pr imary carbon i s 
represented by the f i l l e r g r a i n s , the secondary carbon by the 
b inder br idges between the g r a i n p a r t i c l e s . Carbon/carbon 
composites c o n s i s t of carbon f i b e r s as pr imary carbon and the 
carbon m a t r i x as secondary carbon. The major d i f f e r e n c e between 
the two products i s seen i n the d i s t r i b u t i o n of the s t r u c t u r a l 
e lements . In the case of the composites both pr imary and secondary 
carbons are continuous phases, whereas i n g r a n u l a r carbons o n l y the 
b inder coke i s a continuous phase. The advantages of the 
continuous f i l l e r phase i n the carbon/carbon composites appear i n 
h i g h bu lk s t r e n g t h , b e t t e r thermal and e l e c t r i c a l c o n d u c t i v i t y , and 
good r e s i s t a n c e to f r a c t u r e p r o p a g a t i o n . 

In p r i n c i p l e , the l i q u i d impregnat ion process c o n s i s t s of the 
format ion of a f i b e r s k e l e t o n by p y r o l y s i s of a temporary b inder 
(as i n the f a b r i c a t i o n of c o n v e n t i o n a l carbon c e r a m i c s ) , then 
l i q u i d impregnat ion w i t h p i t c h or other l i q u i d carbon precursors 
and r e c a r b o n i z a t i o n , f o l l o w e d by m u l t i p l e r e p e t i t i o n of the l a t t e r 
process s t e p s . Owing to shr inkage of the r e s i n or p i t c h d u r i n g 
c u r i n g and c a r b o n i z a t i o n , new s l i t - l i k e pores are formed i n each 
c y c l e , and these can be r e f i l l e d by l i q u i d m a t r i x precursor f o r 
subsequent r e c a r b o n i z a t i o n . In order to achieve composites w i t h 
s u f f i c i e n t l y h i g h d e n s i t y , s t r e n g t h , modulus, impact r e s i s t a n c e , 
and thermal c o n d u c t i v i t y , t h i s m u l t i - s t e p i m p r e g n a t i o n -
r e c a r b o n i z a t i o n process must be opt imized w i t h respec t to the 
process c o n d i t i o n s as w e l l as the f i b e r and precursor m a t e r i a l s . 

Our s t u d i e s (8 ,20 ,30-34) were performed w i t h u n i d i r e c t i o n a l l y 
r e i n f o r c e d model composites because on ly w i t h t h i s arrangement can 
the t r a n s l a t i o n of f i b e r s t r e n g t h i n the composite be eva luated by 
comparison of p r e c a l c u l a t e d and exper imenta l r e s u l t s . The f l e x u r e 
t e s t s were made by a t h r e e - p o i n t bending machine w i t h a r a t i o o f 
s p a n - l e n g t h to specimen t h i c k n e s s of 40. Data f o r the mechanica l 
p r o p e r t i e s of the f i b e r were obta ined by s i n g l e - f i l a m e n t - t e s t i n g 
w i t h a gage - l ength of 30 mm. 

Systematic Studies of the L i q u i d Impregnation Process 

The In f luence of the M a t r i x P r e c u r s o r . The f i r s t requirement f o r a 
s u i t a b l e m a t r i x precursor i s h i g h carbon y i e l d , which must be 
ach ievab le under s imple p y r o l y s i s c o n d i t i o n s . F i g u r e 14 ( l e f t - h a n d 
s i d e ) shows weight l o s s as a f u n c t i o n of p y r o l y s i s temperature f o r 
s e v e r a l m a t r i x p r e c u r s o r s ; p r a c t i c a l p r e c u r s o r s t h a t are 
commercia l ly a v a i l a b l e i n c l u d e c o a l - t a r and petroleum p i t c h e s , 
p h e n o l i c r e s i n s , p o l y i m i d e s , and the para -po lypheny leneacety lene 
r e s i n Hercules HA 43 ( 3 5 , 3 6 ) . The s t r u c t u r a l formulas of some 
polymer b inders are shown i n F i g u r e 15. 

The carbon y i e l d of p i t c h can be g r e a t l y i n c r e a s e d by 
p y r o l y s i s under h i g h gas pressure (31 ,37 ) ; see F i g u r e 14 ( r i g h t -
hand s i d e ) . High carbon y i e l d s can a l s o be obta ined at room 
pressure i f the i n i t i a l dehydrogenation of the p i t c h i s achieved 
by a d d i t i o n of e lementa l s u l f u r before thermal decomposi t ion 
( 3 2 , 3 3 , 3 8 - 4 0 ) . 

There are two f u r t h e r requirements f o r a s u i t a b l e m a t r i x p r e 
c u r s o r . F i r s t l y , the c a r b o n i z a t i o n shr inkage of the m a t r i x should 
not damage the carbon f i b e r of the s k e l e t o n . Secondly , the 
p o r o s i t y formed by c a r b o n i z a t i o n of the precursor should be open 
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358 PETROLEUM-DERIVED CARBONS 

PRIMARY CARBON 
FILLER Φ 10-103μπι FIBER Φ ΊΟ μ m 

SECONDARY CARBON 
BINDER COKE CARBON MATRIX 

F i g u r e 13. The "two-phase" s t r u c t u r e s of s y n t h e t i c p o l y g r a n u l a r 
g r a p h i t e s and carbon/carbon composites . 

SP 126 e c 

200 «30 600 800 
TEMPERATURE (C) 

10 100 

GAS PRESSURE (BAR) 
F i g u r e 14. Weight l o s ses i n the c a r b o n i z a t i o n of v a r i o u s p r e 
c u r s o r s . Le f t -hand s i d e : weight l o sses i n room-pressure c a r 
b o n i z a t i o n at 2°C/min (20 ) . R ight -hand s i d e : In f luence of gas 
pressure on three c o a l - t a r p i t c h e s w i t h v a r i o u s s o f t e n i n g p o i n t s 
( S P ) , pyro lyzed to 600°C at 10°C/min. ( 3 5 ) . 
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24. FITZER A N D GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 359 

and a c c e s s i b l e to f u r t h e r impregnat ion . Only under these 
p r e c o n d i t i o n s can f u r t h e r improvement of d e n s i t y and mechanica l 
p r o p e r t i e s be achieved by subsequent p r o c e s s i n g c y c l e s . 

The s u i t a b i l i t y of carbon matr i c e s f o r f u r t h e r impregnat ion i s 
shown i n F i g u r e 16 f o r two groups of p recursors w i t h q u i t e 
d i f f e r e n t p y r o l y s i s b e h a v i o r . C r o s s l i n k e d r e s i n s w i t h h i g h 
molecu lar weight and l a r g e monomer u n i t s , such as po ly imides and 
po lyphenyleneacety lene , achieve good s t r e n g t h a f t e r o n l y one c y c l e 
o f impregnat ion and c a r b o n i z a t i o n . T h i s r e s u l t s from h i g h carbon 
y i e l d and i s o t r o p i c shr inkage without damage to the f i b e r . 
However, the mechanical p r o p e r t i e s achieved a f t e r the f i r s t 
c a r b o n i z a t i o n w i l l not be inc reased by f u r t h e r impregnat ion and 
c a r b o n i z a t i o n c y c l e s ( 8 , 3 2 , 3 6 ) . 

The second group of m a t r i x precursors i s represented by the 
pheno l i c r e s i n s as w e l l as by petroleum and c o a l - t a r p i t c h e s ; when 
carbonized under normal p r e s s u r e , these form porous carbon matr i ces 
w i t h on ly low mechanica l s t r e n g t h of the composites a f t e r the f i r s t 
c a r b o n i z a t i o n . However, s t r o n g improvements i n the mechanica l p r o 
p e r t i e s can be achieved by repeated impregnat ion and c a r b o n i z a t i o n 
cyc les · 

An i n t e r m e d i a t e p o s i t i o n can be seen f o r p i t c h e s t h a t are c a r 
bonized under pressure or by a d d i t i o n of e l ementa l s u l f u r . Because 
of the h i g h cost of precursor m a t e r i a l s of the f i r s t group , the 
s e l e c t i o n of p recursor type and process ing must be o p t i m i z e d c a r e 
f u l l y ( 2 0 , 3 2 ) . 

Carbon F i b e r s and T h e i r In f luence on Carbon/Carbon Composites . 
Carbon f i b e r s produced by s p i n n i n g p o l y a c r y l o n i t r i l e (PAN) c o n s i s t 
o f polymer carbon and are complete ly n o n - g r a p h i t i z a b l e , as can be 
recognized i n X - r a y d i f f r a c t i o n p a t t e r n s from the weak two-
d imens iona l 10 and 11 r e f l e c t i o n s . In c o n t r a s t , g r a p h i t i z a b l e 
carbon i s formed from mesophase p i t c h . Although mesophase -p i t ch -
based f i b e r s are o x i d i z e d d u r i n g the s t a b i l i z a t i o n p r o c e s s , they do 
not complete ly l o se the tendency to g r a p h i t i z e ; t h i s can be 
recognized by the modulat ion of the two-d imens ional 10 r e f l e c t i o n 
i n t o 100 and 101 d i f f r a c t i o n l i n e s and the 11 r e f l e c t i o n i n t o 110 
and 112 l i n e s ( 4 1 , 4 3 ) . 

Carbon f i b e r s can have extremely a n i s o t r o p i c mechanica l 
p r o p e r t i e s , depending on the i n t e n s i t y of the p r e f e r r e d o r i e n t a t i o n 
of the g r a p h i t i c l a y e r s i n the d i r e c t i o n p a r a l l e l w i t h the f i b e r 
a x i s . This o r i e n t a t i o n can be seen i n the TEM micrographs of 
F i g u r e 17. 

As d e s c r i b e d by the e l a s t i c constants ( 4 4 , 4 5 ) , 

C n = 1060 GPa 
C 3 3 = 36.5 GPa 
C 4 4 = 5.4 GPa 

the g r a p h i t e c r y s t a l i s very shear s e n s i t i v e , as i l l u s t r a t e d i n 
F igure 18 f o r a n a t u r a l g r a p h i t e f l a k e . Graphi te f l a k e s can be 
bent e a s i l y i n s p i t e of the h i g h t e n s i l e s t r e n g t h of the g r a p h i t e 
l a y e r , and , upon m i l l i n g , the l a y e r s are bent and t w i s t e d i n 
m a n i f o l d ways because of the low shear r e s i s t a n c e ( 4 6 ) . 
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360 PETROLEUM-DERIVED CARBONS 

PHENOLICS RESIN A RESIN Β 
OH OH 

HEXAMETHYLENTETRAMIN 
(HARDENER) 

POLYIMIDES: KAPTON QX 13 

Figure 15. Some polymers used as matrix precursors f o r 
carbon/carbon composites (37). 

J 100 Γ 

Fiber: Thornel 90 Modmcrï Sigrafil Sigrafil 
HF/HM HF/HM 

Figure 16. T r a n s l a t i o n of f i b e r s t r e n g t h , a f t e r the f i r s t 
impregnation and c a r b o n i z a t i o n (shaded b a r ) , and a f t e r repeated 
d e n s i f i c a t i o n c y c l e s (32). Thornel 50, Modmor I , and S i g r a f i l 
HM f i b e r s are high-modulus PAN-based f i b e r s ; S i g r a f i l HF i s a 
high- s t r e n g t h PAN-based f i b e r . 
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24. FITZER AND GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 361 

F i g u r e 17. Transmiss ion e l e c t r o n micrographs of PAN-based and 
mesophase-pitch-based carbon f i b e r s , as d e l i v e r e d and a f t e r heat 
treatment ( 4 2 , 4 3 ) . HT and HM r e f e r to h i g h s t r e n g t h and h i g h 
modulus PAN-based f i b e r s ; P55 and P100 r e f e r to mesophase -p i t ch -
based f i b e r s , w i t h t e n s i l e modul i of 55 and 100 M p s i , r e spec 
t i v e l y . 
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362 PETROLEUM-DERIVED CARBONS 

In carbon f i b e r s , the l e s s - t h a n - p e r f e c t p r e f e r r e d o r i e n t a t i o n 
and minor i m p e r f e c t i o n s i n the g r a p h i t i c l a y e r s d i m i n i s h the s t i f f 
ness to l e s s than 300 GPa, but improve the r e s i s t a n c e to shear and 
i n c r e a s e the t e n s i l e s t r e n g t h to va lues as h i g h as 4 GPa ( 4 7 ) . The 
p r e f e r r e d o r i e n t a t i o n i s in t roduced d u r i n g f a b r i c a t i o n of the 
carbon f i b e r s by o r i e n t a t i o n of the polymer molecules and i s 
i n t e n s i f i e d by heat treatment f o l l o w i n g the c a r b o n i z a t i o n s t e p . 
Heat treatment at g r a p h i t i z i n g temperatures produces the h i g h -
modulus (Type HM) f i b e r s . The h i g h - t e n s i l e - s t r e n g t h (Type HT) 
f i b e r s are produced by heat treatments near 1400°C. 

F i g u r e 19 summarizes the mechanical p r o p e r t i e s of the v a r i o u s 
types of carbon f i b e r s ( 4 8 ) . Future work on composites must 
cons ider not on ly the b a s i c f i b e r types HT and HM but a l s o the new 
g e n e r a t i o n of h i g h t e n s i l e s t r e n g t h f i b e r s (sometimes d e s c r i b e d as 
medium modulus f i b e r s ) and the u l t r a - h i g h - m o d u l u s f i b e r s based on 
mesophase p i t c h . There i s some con fus ion i n the nomenclature ; to 
be p r e c i s e , we note that a l l f i b e r s , except the high-modulus 
mesophase-pitch-based f i b e r s , are carbon and not g r a p h i t e f i b e r s . 
U n f o r t u n a t e l y i n American p r a c t i c e even the HT-type f i b e r s are 
sometimes c a l l e d g r a p h i t e f i b e r s . In Europe o n l y the term carbon 
f i b e r s i s used. An e a r l i e r c l a s s i f i c a t i o n developed by B r i t i s h 
workers f o r PAN-based f i b e r s and s t i l l i n use d i s t i n g u i s h e s Type I 
and Type I I f i b e r s : Type I r e f e r s to high-modulus f i b e r and Type 
I I to h i g h - s t r e n g t h f i b e r . Another po in t of nomenclature concerns 
the Type S f i b e r s ; f o r most po lymer -matr ix composi tes , sur face 
treatment of the f i b e r by e l e c t r o c h e m i c a l , wet c h e m i c a l , or thermal 
o x i d a t i o n i s r e q u i r e d to achieve good mechanical p r o p e r t i e s i n the 
composite . These s u r f a c e - t r e a t e d f i b e r s are o f t e n i n d i c a t e d by an 
S i n c l u d e d i n t h e i r commercial d e s i g n a t i o n . 

In recent work ( 4 1 , 4 9 ) , we have shown t h a t the sur face p r o p e r 
t i e s of carbon f i b e r are changed by h igh - temperature heat t r e a t 
ment. The h i g h t e n s i l e s t r e n g t h f i b e r s have c h e m i c a l l y more a c t i v e 
s u r f a c e s , whereas the high-modulus f i b e r s , and e s p e c i a l l y those 
based on mesophase p i t c h , have very smooth g r a p h i t e - l i k e n o n -
r e a c t i v e s u r f a c e s . Desp i te the h igh- temperature heat treatment 
a p p l i e d i n the manufacture of high-modulus PAN-based carbon f i b e r s , 
they are s t r u c t u r a l l y n o n - g r a p h i t i c because they are b u i l t up from 
n o n - g r a p h i t i z i n g polymer carbon . S t r u c t u r a l l y , the high-modulus 
mesophase-pitch-based f i b e r s show g r a p h i t i z a t i o n e f f e c t s . 

As shown i n F igure 20, the bu lk s t r e n g t h of ID-composites i s 
s u p e r i o r i f high-modulus f i b e r s are used i n s t e a d of the h i g h -
s t r e n g t h t y p e s . M40 and T300 a r e , r e s p e c t i v e l y , high-modulus and 
h i g h - s t r e n g t h PAN-based f i b e r s manufactured by Toray I n d u s t r i e s . 
This s u p e r i o r composite s t r e n g t h can be expressed i n terms of the 
t r a n s l a t i o n (sometimes termed u t i l i z a t i o n ) of the f i b e r s t r e n g t h 
i n t o the composite ; the t r a n s l a t i o n reaches va lues above 90% i n the 
case of high-modulus f i b e r s . W i t h h i g h - s t r e n g t h f i b e r s , on ly 20% 
t r a n s l a t i o n of f i b e r s t r e n g t h i n t o the composites i s a c h i e v e d . 
Surface treatment of the f i b e r decreases the poor t r a n s l a t i o n of 
f i b e r s t r e n g t h to even lower v a l u e s , as shown i n F i g u r e 20. This 
l a t t e r e f f e c t can be reduced i f the s u r f a c e - t r e a t e d f i b e r s are 
c leaned by heat treatment at 1000°C i n n i t r o g e n atmosphere ( 2 0 ) . 

Recent work (50) w i t h model ID-composites made w i t h p h e n o l i c 
r e s i n as m a t r i x precursor shows that heat treatment of commercial 
HT f i b e r s (from Toho Beslon) improves the t r a n s l a t i o n of f i b e r 
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24. FITZER AND GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 363 

F i g u r e 18. Shear deformat ion i n a bent f l a k e of n a t u r a l 
g r a p h i t e ( 4 6 ) . 

F i g u r e 19. T e n s i l e behavior of carbon f i b e r s , based on p o l y -
a c r y l o n i t r i l e (PAN) or mesophase p i t c h (MPP), and compared w i t h 
polyaramide and g l a s s f i b e r s ( 4 8 ) . 
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364 PETROLEUM-DERIVED CARBONS 

s t r e n g t h i n t o the composite . Maximum v a l u e s of 75% were obta ined 
w i t h f i b e r s heat t r e a t e d up to 1800°C. F u r t h e r i n c r e a s e s i n heat 
treatment temperature , to 2300°C, gave no f u r t h e r improvement i n 
t r a n s l a t i o n . 

F i g u r e 21 compares the t r a n s l a t i o n s of f i b e r s t r e n g t h i n t o 
p h e n o l i c m a t r i x u n i d i r e c t i o n a l composites f o r high-modulus (Type I ) 
and h i g h - s t r e n g t h (Type I I ) PAN-based f i b e r s i n both s u r f a c e -
t r e a t e d and unt rea ted c o n d i t i o n s . The l e f t - h a n d p l o t r e f e r s to the 
r i g i d i z e d s k e l e t o n a f t e r the f i r s t impregnat ion and c a r b o n i z a t i o n 
to 1000°C; the r i g h t - h a n d p l o t r e f e r s to composites a f t e r f our 
d e n s i f i c a t i o n c y c l e s . The weight l o s s on heat treatment of the 
f i b e r to 600°C prov ides a measure of the sur face groups on the 
f i b e r . The s u p e r i o r t r a n s l a t i o n of the h i g h modulus Type I f i b e r s 
i s on ly achieved a f t e r d e n s i f i c a t i o n c y c l i n g , not i n the s i n g l y 
impregnated s k e l e t o n ( 2 0 , 5 1 ) . 

The c r o s s - s e c t i o n a l shr inkage of u n i d i r e c t i o n a l (UD) model 
composites i n the f i r s t c a r b o n i z a t i o n o f f e r s a good i n d i c a t i o n of 
the s u i t a b i l i t y o f a s e l e c t e d combinat ion of f i b e r and m a t r i x p r e 
c u r s o r . Table I g i v e s shr inkage observat i ons f o r composites f a b r i 
cated w i t h po lyphenyleneacety lene (HA 43) as m a t r i x precursor and 
w i t h three types of PAN-based f i b e r s from the same manufacturer 
( T o r a y ) . The r e s u l t s i n d i c a t e t h a t low c r o s s - s e c t i o n a l shr inkage 
because of poor adhesion between the m a t r i x and the high-modulus 
untreated f i b e r i s advantageous. Th is r e s u l t can a l s o be des c r ibed 
as a tendency of the m a t r i x to s h r i n k away from the f i b e r s d u r i n g 
c a r b o n i z a t i o n . The s l i t - s h a p e d pores formed by t h i s shr inkage are 
f i l l e d i n subsequent impregnat i on . A f t e r r e c a r b o n i z a t i o n , two d i f 
f e rent l a y e r s of m a t r i x can be observed, as shown by the scanning 
e l e c t r o n micrograph of F igure 22 . 

The amount of c r o s s - s e c t i o n a l shr inkage decreases w i t h 
i n c r e a s i n g y i e l d of the m a t r i x p r e c u r s o r , as shown i n F igure 2 3 . 
In t h i s f i g u r e , the low carbon y i e l d s of 50 to 60% are due to 
pheno l i c r e s i n m a t r i c e s , and the y i e l d s of 60 to 65% r e f e r t o 
matr i ces of c o a l - t a r p i t c h w i t h s u l f u r a d d i t i o n s . Higher carbon 
y i e l d s ( -80%) are obta ined by pressure c a r b o n i z a t i o n (100 bars ) o f 
c o a l - t a r p i t c h , w h i l e the h i g h e s t y i e l d s ( - 85%) r e f e r to the HA 43 
r e s i n p r e c u r s o r . I t should be noted t h a t the e f f e c t of carbon 
y i e l d cannot compensate f o r the dominant f a c t o r s de termin ing 
shr inkage b e h a v i o r , namely the f i b e r type and s u r f a c e t rea tment . 

The importance of the f i b e r sur face can a l s o be seen i n 
F i g u r e s 24 and 25 i n the t r a n s l a t i o n s of f i b e r s t r e n g t h i n t o the 
i n i t i a l s k e l e t o n as w e l l as the f i n a l composite a f t e r f our 
d e n s i f i c a t i o n c y c l e s . The temperature a t t a i n e d i n c a r b o n i z a t i o n 
a f t e r the i n i t i a l r i g i d i z a t i o n w i t h p h e n o l i c r e s i n has some 
i n f l u e n c e , but the abso lute l e v e l of s t r e n g t h t r a n s l a t i o n i s 
dominated by the type of f i b e r . The mesophase-pitch-based P55 
f i b e r s have proved to be s u p e r i o r , r e l a t i v e to the high-modulus 
PAN-based f i b e r s M40 and HM3, because of the very smooth and n o n -
r e a c t i v e s u r f a c e . The i n t e r l a m i n a r shear s t r e n g t h (ILSS) was 
measured i n a t e s t s i m i l a r to the t h r e e - p o i n t f l e x u r e t e s t but w i t h 
shor t span dimensions (span to t h i c k n e s s r a t i o = 5 ) . The 
composites prepared w i t h mesophase-pitch-based f i b e r s a l s o showed 
s u p e r i o r ILSS v a l u e s , but the abso lu te va lues of b u l k s t r e n g t h are 
lower because of the lower i n t r i n s i c f i b e r s t r e n g t h ( 3 4 ) . 
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24. FITZER AND GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 365 

I V/λ I I I ρ I t—Υ/Λ I U/Λ I 
T300-S T300-U M40-U T300-S T300-U M40-U 

Figure 20 . F l e x u r a l s t r e n g t h and t r a n s l a t i o n of f i b e r s t r e n g t h 
i n u n i d i r e c t i o n a l composites (50 v o l - % f i b e r ) prepared by four 
d e n s i f i c a t i o n c y c l e s w i t h HA 43 (po lyphenyleneacety lene) m a t r i x 
precursor ( 20 ) . T300 and M40 r e f e r to h i g h - s t r e n g t h and h i g h -
modulus PAN-based f i b e r s ; U and S r e f e r to unt rea ted and 
s u r f a c e - t r e a t e d f i b e r s , r e s p e c t i v e l y . 

a: 

δ 80 

100| 
°/c 

60 

40 

20 

Skeleton C F R P . U xdensified CFRC 
Torayca M40/U 

NU0/S 
Sigrafil HM/U 

HM/S 

Torayca T300/U 
Τ 300/S 

Sigrafil HF/U 
HF/S 

Graf il HT/S 
Hercules A/S 

type I typeir 
0.2 0,4 0.6 0.8 

WEIGHT LOSS 
0 0.2 0.4 0.6 03%1J0 

(up to600°C) 

F i g u r e 2 1 . T r a n s l a t i o n ( u t i l i z a t i o n ) of f i b e r s t r e n g t h as a 
f u n c t i o n of f i b e r type and sur face treatment ( 5 1 ) . F l e x u r a l 
t e s t s on u n i d i r e c t i o n a l l y r e i n f o r c e d composites made w i t h 
pheno l i c -based matr i c e s carbonized to 1000°C. 
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366 PETROLEUM-DERIVED CARBONS 

Table I . C a r b o n i z a t i o n Shrinkage and T r a n s l a t i o n of F i b e r S t r e n g t h 
In U n i d i r e c t i o n a l C/C Composites F a b r i c a t e d w i t h 
Po lyphenyleneacety lene (HA 43) as M a t r i x P r e c u r s o r (20) 

F i b e r D e s c r i p t i o n Shrinkage T r a n s l a t i o n 

D e s i g n a t i o n Type (AQ/Q Q ,%) n p , % 

T300 90A Type I I , S 11.3 10 

T300 99A Type I I , U 9.0 23 

M40 99A Type I , U 1.5 90 

η ( t r a n s l a t i o n ) = 

Q 0 = t r a n s v e r s e c ross s e c t i o n of composite a f t e r f i r s t i m 
p r e g n a t i o n , before c a r b o n i z a t i o n 

AQ = change i n t ransverse cross s e c t i o n caused by f i r s t c a r 
b o n i z a t i o n 

o" c / c = f l e x u r a l s t r e n g t h of composite a f t e r four d e n s i f i c a t i o n 
c y c l e s , measured by the t h r e e - p o i n t long-beam t e s t . 

Op = t e n s i l e s t r e n g t h of the carbon f i l a m e n t s , s i n g l e f i l a m e n t 
t e s t s on 30 ram gage l e n g t h . 

0 F = carbon f i b e r content of composite = 55%. 

S = s u r f a c e t r e a t e d f i b e r 

U = u n t r e a t e d f i b e r 
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24. FITZER AND GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 367 

F igure 22. Two phases of carbon m a t r i x caused by f i l l i n g o f 
s l i t - s h a p e d pores d u r i n g re impregnat ion ( 2 0 , 4 8 ) . 

CARBON YIELD OF THE P R E C U R S O R 

F i g u r e 23 . C r o s s - s e c t i o n a l shr inkage as a f u n c t i o n of carbon 
y i e l d i n the f i r s t c a r b o n i z a t i o n . U n i d i r e c t i o n a l composites 
f a b r i c a t e d w i t h PAN-based f i b e r s and v a r i o u s m a t r i x p r e c u r s o r s . 
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368 PETROLEUM-DERIVED CARBONS 

FIBER CONTENT 5 2 - 5 8 v / o 

500 700 [°C] 1000 500 700 [°C] 1000 
FIRST CARBONIZATION TEMPERATURE 

F i g u r e 2 4 . T r a n s l a t i o n of f i b e r s t r e n g t h and i n t e r l a m i n a r shear 
s t r e s s ( I L S S ) of carbon/carbon s k e l e t o n s r i g i d i z e d w i t h a 
p h e n o l i c r e s i n , as a f u n c t i o n of the c a r b o n i z a t i o n temperature 
( 3 4 ) . 

40 

FIBER CONTENT 5 2 - 58 v/o MATRIX PREC: PHENOLIC RESIN 
30-m 

500 

D . P 5 5 

M40 

"ΉΜΓ 

25 

20 

1/1 

"» 15 
_ J 

10 

HM 3 * 

700 [°C] 1000 500 700 [°C] 1000 
FIRST CARBONIZATION TEMPERATURE 

F i g u r e 2 5 . T r a n s l a t i o n of f i b e r s t r e n g t h and i n t e r l a m i n a r shear 
s t r e s s ( I L S S ) of the carbon/carbon composites of F i g u r e 24 a f t e r 
four impregnat ion and c a r b o n i z a t i o n ( 1 0 0 0 ° C ) c y c l e s w i t h c o a l -
t a r p i t c h and 12.5% s u l f u r ( 3 4 ) . 
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24. FITZER AND GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 369 

Process Parameters . As i n c o n v e n t i o n a l carbon and g r a p h i t e t e c h 
no logy , the h e a t i n g r a t e s and f i n a l heat treatment temperatures are 
most important process parameters . F i g u r e 26 shows the e f f e c t of 
h e a t i n g r a t e s up to 300°C/h on the c r o s s - s e c t i o n a l shr inkage of 
u n i d i r e c t i o n a l composites w i t h high-modulus f i b e r s and c o a l - t a r 
p i t c h as m a t r i x precursor carbonized under pressure and /or w i t h 
s u l f u r a d d i t i o n s . As expected the shr inkage i n c r e a s e s w i t h 
i n c r e a s i n g h e a t i n g r a t e . C a r b o n i z a t i o n under pressure i n h i b i t s gas 
e v o l u t i o n from the composite and reduces the shr inkage ( 2 0 ) . 

G r a p h i t i z i n g heat treatments cause shr inkage of the carbon ized 
m a t r i x and s t r e n g t h decreases of the composi tes , as shown i n F i g u r e 
27. The l o s s i n f i n a l s t r e n g t h can be reduced by i n t e r m e d i a t e 
g r a p h i t i z i n g heat treatment between the i m p r e g n a t i o n / c a r b o n i z a t i o n 
c y c l e s . This i n t e r m e d i a t e heat treatment opens s l i t - s h a p e d pores 
and improves the ease of impregnat ion ( 5 2 ) . 

Most i n t e r e s t i n g i s the i n f l u e n c e of the g r a p h i t i z i n g heat 
treatment on the bu lk Young 1 s modulus of the composite . Up to 180% 
t r a n s l a t i o n of the f i b e r modulus i s found i f the c o n t r i b u t i o n of 
the m a t r i x i s neg lec ted f o r the c a l c u l a t i o n . I t can be concluded 
that the m a t r i x i t s e l f can c o n t r i b u t e to the composite modulus i n 
an amount of the same order as the f i b e r (32 ) . The micrographs of 
F i g u r e 28 show t h a t the p r e f e r r e d o r i e n t a t i o n of the m a t r i x carbon 
i s q u a l i t a t i v e l y the same as that of the f i b e r s . The X - r a y 
d i f f r a c t i o n r e s u l t s support the o p t i c a l e v a l u a t i o n s . These 
observat i ons apply only i f p i t c h or p i t c h / s u l f u r i s used as m a t r i x 
p r e c u r s o r ; the p r e f e r r e d o r i e n t a t i o n i s caused by the i n t e r m e d i a t e 
mesophase t r a n s f o r m a t i o n (8_). Process parameters such as low 
p y r o l y s i s pressure (<100 b a r ) , h i g h h e a t i n g r a t e s (>100 ° C / h ) , o r 
f i n a l heat treatment at temperatures l e s s than 1800°C can l e a d to 
lower modulus va lues of the composite . 

As the mesophase has a much lower v o l a t i l e content than the 
o r i g i n a l b i n d e r p i t c h , and because the mesophase i s s t i l l 
deformable by mold ing , a c a r b o n i z a t i o n process was developed 
by Bruckmann (19) i n which mechanica l pressure i s a p p l i e d a f t e r the 
green composite has been pyro lyzed at 450°C f o r 5 h . A t e n s i l e 
s t r e n g t h of about 800 MPa and a Young's modulus of about 150 GPa 
were achieved wi thout subsequent impregnat ion processes . These 
va lues were measured a f t e r f i n a l bak ing to 950°C. 

F i n a l P r o p e r t i e s of Carbon/Carbon Composites 

Recent t e s t s have revea led s u r p r i s i n g l y good f a t i g u e and creep 
r e s i s t a n c e f o r carbon/carbon composi tes . F igure 29 presents some 
r e s u l t s of t o r s i o n and f l e x u r e t e s t s i n which the f a t i g u e 
p r o p e r t i e s of c a r b o n - f i b e r - r e i n f o r c e d carbon (CFRC) 3D composites 
are compared w i t h those of c a r b o n - f i b e r - r e i n f o r c e d polymer (CFRP) 
3D composites ( 53 ) . 

The s t r e n g t h of carbon/carbon composites i s r e t a i n e d at t e s t 
temperatures as h i g h as 2000°C, as expected i f a p r o t e c t i v e atmos
phere i s p r o v i d e d . Our r e s u l t s (31,54) on u n i d i r e c t i o n a l 
composites are compared i n F igure 30 w i t h data from the l i t e r a t u r e 
(55) on 3D-composites , p y r o l y t i c g r a p h i t e , and the f i n e - g r a i n e d 
g r a p h i t e A T J . 

J u s t as f o r other carbon and g r a p h i t e m a t e r i a l s , carbon/carbon 
composites o x i d i z e i n a i r at 500°C and above, as shown i n 
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370 P E T R O L E U M - D E R I V E D C A R B O N S 

F i g u r e 26. C r o s s - s e c t i o n a l shr inkage as a f u n c t i o n of h e a t i n g 
r a t e d u r i n g c a r b o n i z a t i o n of u n i d i r e c t i o n a l composites f a b r i 
cated w i t h high-modulus PAN-based f i b e r s and p i t c h m a t r i x under 
three c o n d i t i o n s of pressure and s u l f u r content (20) • 

x Impregnated/carbonized at 1000°C 
• Impregnated I carbonized at 2600°C 
<& Craphitized after 4 impregnation cycles 

0 1 2 3 4 0 1 2 3 4 
DENSIFICA ΤI ON CYCLES 

F i g u r e 27. F l e x u r a l s t r e n g t h and bu lk d e n s i t y of u n i d i r e c t i o n a l 
composites sub jec ted to g r a p h i t i z i n g heat treatments e i t h e r f o r 
each d e n s i f i c a t i o n c y c l e or a f t e r the d e n s i f i c a t i o n c y c l e s were 
completed ( 2 0 , 5 2 ) . The m a t r i x was a c o a l - t a r b i n d e r p i t c h w i t h 
10 wt . -% s u l f u r ; the high-modulus PAN-based f i b e r was S i g r a f i l 
HM. 
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24. FITZER AND GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 371 

F i g u r e 28. A p i t c h - b a s e d m a t r i x that p y r o l y z e s v i a the meso
phase t r a n s f o r m a t i o n develops a s t rong p r e f e r r e d o r i e n t a t i o n 
p a r a l l e l to the f i b e r a x i s ( 8 ) . 

100 

5 0 

C F R C 

C F R P 
à 

. . g g . . 

C F R C (3 a x i a l ) 7 t̂iltic 2 0 . 9 N / n i m 2 

C F R P ( 3 - a x i a l ) S t a t i c " 7 6 8 N / n " » 2 

1 0 u 10' 10' 1 0 J 10« 10 J 

1 0 0 

5 0 h 
C F R C | C F R P 

C F R C (3-axial) (5, 

C F R P (3-axial) 6*· 

10 b 

-· Hr 

static 283 N / m r r / 

6 0 5 N / m m 2 

10 u 10' 10' 10° 10* 10 b 10° 

load cycles 

F i g u r e 29. Comparison of the f a t i g u e behavior of 3D carbon-
m a t r i x (CFRC) and epoxy-matr ix (CFRP) composites ( 5 3 ) . 
(a) Dynamic t o r s i o n s t r e n g t h ( r e l a t i v e t o s t a t i c t o r s i o n ) . 
(b) Dynamic f l e x u r e s t r e n g t h ( r e l a t i v e to s t a t i c f l e x u r e ) . 
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372 PETROLEUM-DERIVED CARBONS 

F i g u r e 31. However, the o x i d a t i o n r e s i s t a n c e can be improved by 
impregnat ion w i t h i n h i b i t o r s , e s p e c i a l l y z i n c phosphate, which 
prevents weight l o s s to about 600°C ( 3 2 , 4 9 ) . At h i g h e r 
temperatures up t o 1400°C, SiC coa t ings are p r o v i n g s u c c e s s f u l , i f 
repeated but only s h o r t - t i m e h e a t i n g i s cons idered ( 5 6 ) , as i n the 
case of a r e e n t r y space v e h i c l e . An S i C - i m p r e g n a t i o n process u s i n g 
t e t r a e t h y l o r t h o s i l i c a t e (TEOS) was used to impregnate the " a l l -
carbon" p a r t s of the space s h u t t l e COLUMBIA (9_). 

S ince both components of carbon/carbon compos i tes , i . e . , the 
carbon f i b e r s and the carbon m a t r i x , are b r i t t l e m a t e r i a l s , i t i s 
s u r p r i s i n g t h a t the two- o r t h r e e - d i m e n s i o n a l l y r e i n f o r c e d 
composites d i s p l a y good f r a c t u r e toughness ( 5 7 , 5 8 ) , as shown i n 
F i g u r e 32. T h i s f r a c t u r e toughness i s due to mi c roc racks w i t h i n 
the m a t r i x and to f i b e r - m a t r i x debonding, which a c t s to stop c rack 
propagat ion through the i n t e r f a c e and to i n c r e a s e the energy of 
f r a c t u r e ; see F i g u r e 33 ( 5 9 ) . 

In the case of good adhesion between f i b e r and m a t r i x , b r i t t l e 
f r a c t u r e of the f i b e r s i s observed . A f u r t h e r disadvantageous 
behavior was found i n composites used i n u l t r a c e n t r i f u g e s running 
at h i g h temperature ( 6 0 ) . I n t e r n a l f r a c t u r i n g destroyed the 
i n t e g r i t y of the m a t r i x , and l o s s of m a t r i x as carbon dust was 
observed . These observat i ons l e d to s y s t e m a t i c s t u d i e s of 
carbon/carbon composites w i t h h y b r i d matr i c e s ( 3 4 ) . 

Carbon/Carbon Composites w i t h Hybr id M a t r i c e s 

Composites w i t h h y b r i d carbon-polymer matr i ces are prepared by 
means of the c o n v e n t i o n a l carbon -precursor impregnat ion process but 
w i t h a f i n a l impregnat ion by a c r o s s - l i n k i n g r e s i n which i s not 
subsequently c a r b o n i z e d . The va lues of s t r e n g t h (see F i g u r e 34 ) , 
modulus, and i n t e r l a m i n a r shear s t r e s s (ILSS) are comparable w i t h 
those of carbon f i b e r r e i n f o r c e d polymers (CFRP) . An a d d i t i o n a l 
advantage, r e l a t i v e to CFRP composites , i s the h i g h e r thermal 
s t a b i l i t y because of the g r e a t e r f r a c t i o n of carbon i n the 
m a t r i x . The b u l k s t r e n g t h of the h y b r i d - m a t r i x composite i s not 
s t r o n g l y i n f l u e n c e d by the f i r s t c a r b o n i z a t i o n temperature , 
e s p e c i a l l y i f the l ow-cos t mesophase-pitch-based f i b e r s (P55) are 
used; however the bu lk s t r e n g t h i s lower than composites f a b r i c a t e d 
w i t h high-modulus PAN-based f i b e r s (M40 or HM3) because of the 
lower i n t r i n s i c s t r e n g t h of the mesophase-pitch-based f i b e r s . 

Some r e s u l t s of sys temat i c s t u d i e s of the process parameters 
(61,62) are g i v e n i n F igure 35. The compos i t ion of the h y b r i d 
m a t r i x i s i n d i c a t e d by the b u l k d e n s i t y of the carbon /carbon 
s k e l e t o n before f i n a l impregnat ion w i t h the c r o s s - l i n k i n g r e s i n s . 
The f l e x u r a l s t r e n g t h and i n t e r l a m i n a r shear s t r e s s (ILSS) decrease 
w i t h i n c r e a s i n g carbon content i n the m a t r i x ; the Young's modulus, 
however, i n c r e a s e s . For comparison, data are i n c l u d e d f o r the 
carbon s k e l e t o n before the f i n a l r e s i n impregnat i on ; these data 
show the e f f e c t of the i m p r e g n a t i o n / c a r b o n i z a t i o n c y c l e s w i t h c o a l -
t a r p i t c h p l u s s u l f u r . 

R e l a t i v e to carbon/carbon composites , the h y b r i d composites 
have a reduced thermal s t a b i l i t y i n a i r due to the r e s i n content of 
the m a t r i x . The f l a m m a b i l i t i e s of the h y b r i d composi tes , as 
measured by the l i m i t i n g oxygen index (LOI) t e s t ( 6 3 ) , are g i v e n i n 
F i g u r e 36. Pure carbon/carbon composites are not inf lammable i n 
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24. FITZER AND GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 373 
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F i g u r e 30. High-temperature s t r e n g t h of u n i d i r e c t i o n a l 
carbon/carbon composites f a b r i c a t e d w i t h rayon-based T h o m e ! 75 
f i b e r s and c o a l - t a r p i t c h as m a t r i x precursor to a d e n s i t y of 
1.51 g/cm ( 3 1 , 5 4 ) , i n comparison w i t h a 3D composite ( 5 5 ) , 
p y r o l y t i c g r a p h i t e , and a commercial g r a p h i t e . 
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i n h i b i t o r or by SiC c o a t i n g ( 3 2 , 4 9 ) . The composites were f a b r i 
cated w i t h 50 v o l . - % high-modulus Modmor I f i b e r s , c o a l - t a r 
p i t c h as m a t r i x p r e c u r s o r , f our d e n s i f i c a t i o n c y c l e s , and f i n a l 
heat treatment to 1400°C. 
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374 PETROLEUM-DERIVED CARBONS 

F i g u r e 32. Demonstration of the toughness of carbon /carbon com
p o s i t e s ( 5 7 ) . 

F i g u r e 33. Scanning e l e c t r o n micrographs of the f r a c t u r e 
sur face of a 3D carbon/carbon composite ( 5 9 ) . F i b e r p u l l o u t 
causes i n c r e a s e d energy consumption i n f r a c t u r e . 
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24. FITZER AND GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 375 

F i g u r e 34, Comparison of the f l e x u r a l s t r e n g t h s of u n i d i r e c 
t i o n a l carbon/carbon composites ( l e f t - h a n d s i d e ) w i t h those o f 
h y b r i d composites i n which the f i n a l impregnat ion i s made w i t h 
an epoxy r e s i n ( 3 4 ) . The composites were f a b r i c a t e d w i t h h i g h -
modulus f i b e r s r i g i d i z e d w i t h p h e n o l i c r e s i n , and sub jec ted to 
four d e n s i f i c a t i o n c y c l e s w i t h c o a l - t a r p i t c h p l u s s u l f u r . 

200 

GPa 

150 

100h 

C/C RESIN COMPOSITE 

C/C SKELETON 

FIBER CONTENT 55v/o 

1,5 g/cm3 

BULK DENSITY OF C/C SKELETONS 

F i g u r e 35. Mechanica l p r o p e r t i e s of carbon/carbon e p a x y - r e s i n 
h y b r i d composi tes , compared w i t h the p r o p e r t i e s o f the composite 
ske l e tons before r e s i n impregnat ion ( 6 1 , 6 2 ) . The composite 
ske l e tons were prepared from S i g r a f i l HM 3 PAN-based f i b e r , 
r i g i d i z e d w i t h a p h e n o l i c r e s i n , and d e n s i f i e d by four c y c l e s 
w i t h c o a l - t a r p i t c h p lus s u l f u r ; the c a r b o n i z a t i o n temperature 
was 1000°C. (a) Young's modulus. 
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376 PETROLEUM-DERIVED CARBONS 
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Figure 35. Mechanical properties of carbon-carbon epoxy-resin 
hybrid composites, compared with the properties of the composite 
skeletons before r e s i n impregnation (6jL,62). The composite 
skeletons were prepared from S i g r a f i l HM 3 PAN_based f i b e r , 
r i g i d i z e d with a phenolic r e s i n , and d e n s i f i e d by four cycles 
with c o a l - t a r p i t c h plus s u l f u r ; the carbonization temperature 
was 1000 C. (b) F l e x u r a l strength. (c) Interlaminar shear 
s t r e s s , measured with two sample thicknesses. 
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24. FITZER AND GKOGKIDIS Carbon-Fiber-Reinforced Carbon Composites 3ΊΊ 

100-

90-

§ 80\ 

70\ 

60\ 

50 h 

HM - FIBER REINFORCED 
CARBON-CARBON 

[Ol-IQ]—/07 
(2.5) 

(11.0) 

fOj do not inflame 
in 100% oxygen 

( ) resin content 
mass fraction 

1.20 1.30 

DENS/TY 

1.W Iglcm3] 1.50 

F i g u r e 36. L i m i t i n g oxygen index (LOI) of f l a m m a b i l i t y r e s i s t 
ance f o r carbon/carbon composites and r e l a t e d h y b r i d composites 
w i t h epoxy r e s i n imprégnant, as f u n c t i o n s of bu lk d e n s i t y and 
r e s i n content ( 6 4 ) . 

F i g u r e 37. L i m i t i n g oxygen index (LOI) of f l a m m a b i l i t y r e s i s t 
ance of v a r i o u s carbon and g r a p h i t i c m a t e r i a l s i n comparison 
w i t h carbon/carbon composites ( 6 4 ) . 
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378 PETROLEUM-DERIVED CARBONS 

100% oxygen (see F i g u r e 37 ) , w h i l e the L O I - v a l u e s of the h y b r i d -
m a t r i x composites l i e between 65 and 100% oxygen, depending on 
t h e i r r e s i n c o n t e n t . 

I t i s hoped t h a t the concept of h y b r i d matr i ces w i l l open new 
f i e l d s of a p p l i c a t i o n f o r carbon/carbon composi tes . 
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Carbon-Carbon Composites 
Matrix Microstructure and Its Possible Influence 
on Physical Properties 

R. A. Meyer and S. R. Gyetvay 

Materials Sciences Laboratory, The Aerospace Corporation, P.O. Box 92957, Los Angeles, 
CA 90009 

Processing conditions required to attain desirable 
composite properties can be defined more easily if 
the factors controlling composite microstructure 
are understood. Such factors include type of pre
cursors employed and the composite's processing 
history. The microstructure of the matrix may 
contribute to the performance of the fibers and 
influence the properties of the composite. Re
viewed are experiments to determine matrix micro
structural features, how microstructural variations 
are achieved, and ways in which thermal expansion 
and fracture behavior relate to microstructure. 

Carbon-carbon (C-C) composites w i t h a v a r i e t y of unique p r o p e r t i e s 
can be f a b r i c a t e d by a l t e r i n g the combinations of the type and 
d i s t r i b u t i o n of f i l a m e n t s and the bonding m a t r i x used . Many 
eng ineer ing a p p l i c a t i o n s can be s a t i s f i e d w i t h a composite m a t e r i a l 
whose d e n s i t y i s j u s t 70% that of aluminum and 25% that of s t e e l , 
but f o r which the s p e c i f i c s t r e n g t h and s t i f f n e s s va lues are four 
or f i v e times those of s t e e l . To a t t a i n the d e s i r e d p r o p e r t i e s f o r 
such a p p l i c a t i o n s r e q u i r e s an understanding of the i n t e r r e l a t i o n 
sh ip of the f i b e r s and the m a t r i x that holds them. 

The newest advances i n C-C composite m a t e r i a l s have r e s u l t e d 
from f i b e r improvements, such as modulus increases of two to three 
times and diameter decreases of more than 50% i n the l a s t ten 
y e a r s . Weaving techniques have a l s o been improved, so that 
inc reased f i b e r content and r e p r o d u c i b l e d i s t r i b u t i o n of f i l a m e n t s 
and yarns (down to 0.75 mm c e n t e r - t o - c e n t e r spac ing between yarns 
i n 3D composites) are p o s s i b l e . However, because the i n t e r r e l a 
t i o n s h i p of the f i l a m e n t s and yarns w i t h the bonding m a t r i x i s not 
w e l l understood , the improved f i b e r p r o p e r t i e s have not yet been 
f u l l y t r a n s l a t e d i n t o a corresponding magnitude of improvement i n 
C-C composites . 

T h i s paper i s intended to s t i m u l a t e more in tense study of the 
m a t r i x ' s i n f l u e n c e on the behavior of C-C composites . Exper imenta l 

0097-6156/86/0303-0380$06.00/0 
© 1986 American Chemical Society 
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25. MEYER AND GYETVAY Carbon-Carbon Composites: Matrix Microstructure 381 

observat ions are presented to exempl i fy how the m a t r i x and i t s 
m i c r o s t r u c t u r e may c o n t r i b u t e to v a r i a t i o n s i n some p h y s i c a l 
p r o p e r t i e s ; reasons f o r those v a r i a t i o n s are a l s o proposed. 

Background 

A s t r u c t u r e woven of carbon f i b e r (a preform) can be d e n s i f i e d i n a 
number of ways that w i l l r e s u l t i n d i f f e r e n t types of m a t r i x m i c r o -
s t r u c t u r e s . The two u s u a l d e n s i f i c a t i o n methods are chemical vapor 
d e p o s i t i o n (CVD) and impregnat ion w i t h p i t c h or r e s i n i n the l i q u i d 
s t a t e . The choice of d e n s i f i e r can determine whether the m a t r i x 
w i l l be g r a p h i t i z a b l e . P i t c h e s and CVD are considered g r a p h i t i z -
a b l e , whereas most r e s i n s do not g r a p h i t i z e except under great 
s t r e s s . Composites can a l s o be made u s i n g c l o t h that has been 
"prepregged" w i t h a r e s i n , then l a i d up i n t o the d e s i r e d 
c o n f i g u r a t i o n . A f t e r a s e r i e s of forming s t e p s , the r e s i n - c l o t h 
layup i s carbon i zed , p o s s i b l y g r a p h i t i z e d , and then f u r t h e r 
d e n s i f i e d by CVD or l i q u i d - i m p r e g n a t i o n methods. The m i c r o s t r u c 
t u r e of the m a t r i x depends to a l a r g e extent on the composite 
c o n f i g u r a t i o n and process ing c o n d i t i o n s . I d e n t i f y i n g those f a c t o r s 
that i n f l u e n c e the m a t r i x p r o p e r t i e s should a i d i n d e f i n i n g the 
c o n d i t i o n s necessary to a t t a i n d e s i r e d composite p r o p e r t i e s . 

S tud ies reviewed by F i t z e r and Gkogk id i s (1) on composite 
samples carbonized to 1000°C i n d i c a t e that c a r b o n i z i n g the m a t r i x 
c o n t r i b u t e s to h igh s t r e n g t h and low s t r a i n , changes the f r a c t u r e 
b e h a v i o r , and enhances the e f f e c t i v e f i b e r s t r e n g t h . In c o n t r a s t , 
lower composite s t r e n g t h s , h igher s t r a i n s to f a i l u r e , and lower 
u t i l i z a t i o n of f i b e r s t rengths have been observed a f t e r the m a t r i x 
i s transformed to a more g r a p h i t i c s t a t e by a d d i t i o n a l h i g h -
temperature heat treatment (HT). In comparative f l e x u r e t e s t s 
performed on s m a l l 2D f l e x u r e samples before and a f t e r HT ( 2 ) , we 
have observed decreases of the load to f a i l u r e of the order of 15%; 
however, the s t r a i n - t o - f a i l u r e values were increased by 100%. 

Evange l ides has noted that the more g r a p h i t i c matr ix ( d e r i v e d 
from c o a l t a r p i t c h ) i n composites p r e f e r s to f r a c t u r e a long the 
weaker d i r e c t i o n p a r a l l e l to the a-b planes ( 3 ) . Th i s f r a c t u r i n g 
e f f e c t i s reasonable because the mechanical p r o p e r t i e s of c r y s t a l 
l i n e g r a p h i t e (4_) are h i g h l y a n i s o t r o p i c ; those measured i n the 
d i r e c t i o n of the basa l l a y e r planes ( " a - d i r e c t i o n " ) vary by orders 
of magnitude from the p r o p e r t i e s measured across the l a y e r s 
( " c - d i r e c t i o n " ) . The a /c a n i s o t r o p y r a t i o s of t e n s i l e s t r e n g t h and 
modulus are about 20 and 150, r e s p e c t i v e l y ( 5 ) . The basa l l a y e r 
p lanes are he ld together i n the c - d i r e c t i o n by weak Van der Waals 
f o r c e s . Consequently , the l a y e r planes are r e a d i l y d i s p l a c e d by 
shear forces p a r a l l e l to the a - d i r e c t i o n and e a s i l y separated or 
cracked by t e n s i l e f orces i n the c - d i r e c t i o n , and the p r e f e r r e d 
d i r e c t i o n f o r f r a c t u r e l i e s i n the a-b p l a n e . There fore , the 
f r a c t u r e path i n the m a t r i x depends on the l a y e r o r i e n t a t i o n on the 
m i c r o s t r u c t u r a l s c a l e . 

I f the p r o p e r t i e s of carbon-carbon composites are i n p a r t 
determined by the p r o p e r t i e s of the m a t r i x , then a l t e r i n g the 
m a t r i x and observ ing the r e s u l t i n g changes i n the composi te ' s 
thermal -mechanica l p r o p e r t i e s would be important f o r understanding 
the behavior of C-C composites . A f i r s t step toward t h i s goa l i s 
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382 PETROLEUM-DERIVED CARBONS 

to c h a r a c t e r i z e the m a t r i x i n the yarn bundles and the preform 
pockets w i t h respect to i t s unique f r a c t u r e and thermal expansion 
charac te r i s t i c s · 

The m a t r i x pockets w i t h i n a C-C composite are f i l l e d w i t h 
v a r i o u s l y o r i e n t e d g r a i n s whose f r a c t u r e c h a r a c t e r i s t i c s are 
comparable to those of bulk g r a p h i t e . Prev ious s t u d i e s have shown 
that the s i z e , o r i e n t a t i o n , and d i s t r i b u t i o n of c r y s t a l l i t e s i n the 
g r a i n s w i t h i n a volume of bulk g r a p h i t e determine i t s s t r a i n and 
s t r e n g t h p r o p e r t i e s , because the mode of f r a c t u r e i s c o n t r o l l e d by 
the m i c r o c r a c k i n g of the i n d i v i d u a l g r a i n s and the r e d i r e c t i o n of 
cracks by the b a s a l plane o r i e n t a t i o n i n adjacent g r a i n s and by 
pore d i s t r i b u t i o n s . V e r i f i c a t i o n of t h i s concept was made f o r bulk 
g r a p h i t e by a micromechanical model that uses m i c r o s t r u c t u r a l 
i n f o r m a t i o n to p r e d i c t the s t r e s s - s t r a i n c h a r a c t e r i s t i c s of g r a p h 
i t e (type ATJ-S ) ( 6 ) . The same approach should be u s e f u l to 
approximate the performance of the m a t r i x i n pockets i n C-C com
p o s i t e s , prov ided d e t a i l s of the m i c r o s t r u c t u r e , e s p e c i a l l y the 
c r y s t a l l i n i t y of the m a t r i x , have been determined. 

S e v e r a l procedures are a v a i l a b l e to de f ine the degree of 
c r y s t a l l i n i t y of carbon and the o r i e n t a t i o n of l a y e r planes i n the 
m a t r i x . X - r a y d i f f r a c t i o n can be used to measure the b a s a l l a y e r 
s p a c i n g , but f i b e r cannot be d i s t i n g u i s h e d from m a t r i x i n the 
composites . The o r i e n t a t i o n and al ignment of b a s a l planes i n the 
m a t r i x of p o l i s h e d samples of C-C composites can be mapped by 
p o l a r i z e d microscopy ( 7 , 8 ) . S i m i l a r i n d i c a t i o n s can be obtained by 
c a t h o d i c a l l y e t c h i n g the p o l i s h e d samples w i t h i n e r t gas, which 
r e v e a l s the l a m e l l a r s t r u c t u r e by s p u t t e r i n g o f f carbon atoms i n 
l o w e r - d e n s i t y r e g i o n s . The l ame l lae are packets of s tacks of 
n e a r l y p a r a l l e l b a s a l l a y e r p l a n e s . L a m e l l a r s t r u c t u r e i s r e l e v a n t 
to the d i r e c t i o n of crack propagat ion ( 9 ) . 

The h i g h l y a n i s o t r o p i c c h a r a c t e r i s t i c s of the g r a p h i t i c m i c r o -
s t r u c t u r e permit HT, i n a d d i t i o n to changing the f r a c t u r e behav ior , 
to a l t e r the thermal expans ion . I n s i n g l e - c r y s t a l form, the 
e x p a n s i v i t y i s approximately 25 * 10~ 6°C'" 1 i n the c - d i r e c t i o n and 
0.5 x 10~"" oC~* i n the a - d i r e c t i o n , g i v i n g an a n i s o t r o p y f a c t o r , 
c / a , of about 50 to 60. There fore , w i t h such a h i g h degree of 
a n i s o t r o p y , the expansion of the m a t r i x w i t h i n a pocket between 
yarns or between f i b e r s would be expected to depend on the d i s t r i 
b u t i o n and s i z e of g r a i n s , t h e i r o r i e n t a t i o n s , and the v o i d s t r u c 
ture surrounding the g r a i n s . 

M a t r i x M i c r o s t r u c t u r e s 

The m a t r i x m i c r o s t r u c t u r e can be i n t e n t i o n a l l y v a r i e d by m a n i p u l a t 
i n g such f a c t o r s as f i b e r s p a c i n g , heat - treatment r a t e and tempera
t u r e , m a t r i x p r e c u r s o r , and process ing p r e s s u r e . From microscop i c 
examinat ions , a number of in fe rences about the importance of the 
d i s t a n c e of spac ing between f i b e r s have been drawn. O p t i c a l m i c r o 
scopy has r e v e a l e d , f o r example, that w i t h p i t c h impregnat ion 
process ing at ambient p r e s s u r e , the m a t r i x a l i g n s i n sheaths around 
f i l a m e n t s , even below g r a p h i t i z a t i o n temperatures . The al ignment 
of the l ame l lae as revea led by i o n e t c h i n g i n d i c a t e s that l a r g e 
molecules of p i t c h p r e f e r e n t i a l l y o r i e n t themselves p a r a l l e l to any 
sur face (F igure l a ) . I t has been repor ted that as the spac ing 
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25. MEYER AND GYETVAY Carbon-Carbon Composites: Matrix Microstructure 383 

between f i b e r s i n c r e a s e s , the alignment or " sheath" e f f e c t around 
the f i b e r s d imin i shes and the m a t r i x can c o n t a i n d i s c l i n a t i o n s and 
v a r i o u s g r a i n o r i e n t a t i o n s . 

The p r e f e r r e d o r i e n t a t i o n of the m a t r i x p a r a l l e l to the f i b e r 
bundles appears to be a f f e c t e d by process ing pressure d u r i n g 
p y r o l y s i s (400-500°C), becoming more random as impregnat ion 
pressures are i n c r e a s e d . Even t ransverse l a m e l l a r o r i e n t a t i o n s can 
r e s u l t (F igure l b ) . Because p i t c h mesophase coalescence has been 
i n h i b i t e d by the p r e s s u r e , g r a i n s of m a t r i x may be t r a n s v e r s e l y 
o r i e n t e d to the f i l a m e n t s . 

Heat treatment above 2000°C i s known to increase the degree of 
g r a p h i t i z a t i o n , e . g . , as evidenced by the formation of the l a m e l 
l a e . At around 2000 to 2500°C, the frequency of l a m e l l a e increases 
as the degree of g r a p h i t i z a t i o n i n c r e a s e s . As F i g u r e 2 i l l u s t r a t e s 
f o r i s o t h e r m a l HT, when the time i s i n c r e a s e d , the boundaries 
( l i n e s ) between lame l lae become more d i s t i n c t and numerous. 
Furthermore , the l a m e l l a e tend to s t r a i g h t e n out , then b u c k l e , 
caus ing the m i c r o s t r u c t u r e to appear segmented or po lygonized ( 1 0 ) . 
X - r a y determinat ions of the spac ing between b a s a l l a y e r planes show 
decreas ing va lues as the degree of g r a p h i t i z a t i o n i s i n c r e a s e d . 
From h i g h - m a g n i f i c a t i o n observat ions w i t h the scanning e l e c t r o n 
microscope (SEM), these boundaries do not appear to be cracks 
( e . g . , Mrozowski c r a c k s ) . I t i s thought , a l though not c o n c l u s i v e l y 
proven, that such boundaries are the r e s u l t of i n t e r s t i t i a l carbon 
atoms and de fects d i f f u s i n g to these areas as the b a s a l l a y e r s 
between the boundaries become more ordered and g r a p h i t i c . L o n g -
range l a m e l l a r alignment i n m a t r i x g r a i n s permits the formation of 
l a r g e r c r y s t a l l i t e s than f o r the more randomly o r i e n t e d or d i s c l i n -
ated s h o r t e r l a m e l l a r s t r u c t u r e s . 

I n c o n t r a s t , u n g r a p h i t i z e d m a t r i x or f i b e r that has only been 
carbonized (HT < 1900°C) does not e x h i b i t s i g n i f i c a n t l a m e l l a r 
m i c r o s t r u c t u r e . X - r a y s t u d i e s conf i rm the d i f f e r e n t degrees of 
c r y s t a l l o g r a p h i c order of the carbonized and g r a p h i t i z e d m a t r i x . 
The degree to which g r a p h i t i c p e r f e c t i o n can be a t t a i n e d i s l i m i t e d 
by the morphology of the m a t r i x d u r i n g p y r o l y s i s , because the 
al ignment of the g r a i n s i s set i n the m a t r i x when i t i s i n the 
l i q u i d c r y s t a l s t a t e . But t h i s al ignment i s not transformed i n t o 
c r y s t a l l i n e s t r u c t u r e un less s u f f i c i e n t time i s prov ided at 
temperatures >2000°C. 

The precursor used f o r i n f i l t r a t i o n can a l s o i n f l u e n c e the 
m i c r o s t r u c t u r e that i s generated . G e n e r a l l y , r e s i n s do not 
g r a p h i t i z e unless subjected to s t r e s s and high- temperature heat 
treatment (11 ) . P i t c h p r e c u r s o r s , which are r e a d i l y g r a p h i t i z e d , 
appear to have t h e i r g r a i n s i z e reduced by an i n c r e a s e i n q u a n t i t y 
of q u i n o l i n e - i n s o l u b l e p a r t i c l e s (_7_), by heat t r e a t i n g the p i t c h 
p r i o r to i n f i l t r a t i o n , or by the use of h igh process ing pressures 
d u r i n g the impregnation c y c l e . 

V a r i a t i o n s of P h y s i c a l P r o p e r t i e s by A l t e r i n g the M i c r o s t r u c t u r e 

The exact r o l e of m a t r i x m i c r o s t r u c t u r e i n determining the p h y s i c a l 
p r o p e r t i e s of C-C composites i s d i f f i c u l t to determine p r e c i s e l y 
because the m i c r o s t r u c t u r a l v a r i a t i o n s and f i b e r - m a t r i x i n t e r a c 
t i o n s are h i g h l y complex. Some i n s i g h t i n t o the importance of 
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384 PETROLEUM-DERIVED CARBONS 

F i g u r e 1. Scanning e l e c t r o n micrographs of (a) sheath of 
a l i g n e d m a t r i x produced by l ow-pressure impregnat i on , and (b) 
t r a n s v e r s e l y o r i e n t e d m a t r i x produced by h i g h - p r e s s u r e 
impregnat i on . 

F i g u r e 2. Scanning e l e c t r o n micrographs of bu lk m a t r i x 
g r a p h i t i z e d at 2400°C f o r (a) <0.25 h r , (b) 2 h r , and (c) 4 h r . 
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25. MEYER AND GYETVAY Carbon-Carbon Composites: Matrix Microstructure 385 

m i c r o s t r u c t u r e i s presented by the f o l l o w i n g proper ty measurements 
and m i c r o s t r u c t u r a l a n a l y s e s . 

Thermal E x p a n s i v i t y ( A L / L ) . Experiments were performed to 
determine what i n f l u e n c e m i c r o s t r u c t u r e has on the thermal 
expansion c h a r a c t e r i s t i c s of t h r e e - d i m e n s i o n a l (3D) C-C composites 
prepared w i t h two types of c o a l t a r p i t c h as m a t r i x p r e c u r s o r s . 

Three l - i n . - c u b e b i l l e t s were f a b r i c a t e d from a pre form, 
prepared from mesophase p i t c h f i b e r (Union Carbide P55) by F i b e r 
M a t e r i a l s , I n c . I t was of 3D c a r t e s i a n c o n s t r u c t i o n w i t h a 1 to 1 
to 2 r a t i o of yarns i n the X , Y , and Ζ o r i e n t a t i o n s (1-1-2 f i b e r 
composite ) , r e s p e c t i v e l y . The processed b i l l e t s were a h i g h -
d e n s i t y and a l o w - d e n s i t y A l l i e d 15V c o a l t a r p i t c h composite, and 
a h i g h - d e n s i t y Koppers A (KPA) exper imenta l p i t c h composite . The 
KPA imprégnant had a q u i n o l i n e - i n s o l u b l e content of < 1%, whereas 
that of 15V was approximately 8%. Each b i l l e t was r i g i d i z e d w i t h 
p i t c h at atmospheric pressure and then sequenced through h i g h -
pressure d e n s i f i c a t i o n c y c l e s f o l l owed by g r a p h i t i z a t i o n u n t i l the 
d e s i r e d d e n s i t y was a t t a i n e d . The r e s u l t i n g d e n s i t i e s and thermal 
e x p a n s i v i t y data are summarized i n Table I . 

Table I . Some P r o p e r t i e s of 3D C a r t e s i a n C-C B i l l e t s 
F a b r i c a t e d w i t h Coal Tar P i t c h Imprégnants 

B i l l e t I d e n t i f i c a t i o n 

15V 
High Ρ 

KPA 
High ρ 

15V 
Low ρ 

Imprégnant ( c o a l t a r p i t c h ) A l l i e d 15V Koppers A A l l i e d 15V 

Bulk Dens i ty (g /cm 3 ) 
By weight/volume 
By poros imetry 

1.96 
1.96 

1.96 
1.97 

1.87 
1.89 

ο 
Apparent Dens i ty (g/cm ) 

Poros imetry 2.16 2.17 2.11 

Open Pore Volume (%) 8.9 9.8 10.1 

Thermal Expans ion , A L / L Χ 10~ 3 

(20 to 1400°C) 

X - d i r e c t i o n 
F i b e r content (%) 

2.3 
14 

3.0 
11 

4.1 
11 

Z - d i r e c t i o n 
F i b e r content (%) 

1.8 
26 

1.7 
27 

3.9 
26 

The A L / L va lues of Table I are shown i n F i g u r e 3. A p p a r e n t l y , 
v a r i a t i o n s of thermal expansion can be obtained by u s i n g d i f f e r e n t 
p r e c u r s o r s , i n c r e a s i n g the d e n s i t y of the composite, or v a r y i n g the 
number of yarns i n each d i r e c t i o n . Since the three b i l l e t s were 
cut from the same preform, the f i b e r type and d i s t r i b u t i o n are 
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386 PETROLEUM-DERIVED CARBONS 

s i m i l a r p r i o r to p r o c e s s i n g . There f o re , v a r i a t i o n s i n p r o p e r t i e s 
are p r i m a r i l y a t t r i b u t e d to d i f f e r e n c e s w i t h i n the m a t r i x m i c r o -
s t r u c t u r e and d i s t r i b u t i o n . 

The i n f l u e n c e of m a t r i x i s shown i n F igure 3a . The KPA value 
of A L / L i n the X - d i r e c t i o n d i v i d e d by that i n the Z - d i r e c t i o n i s 
1.76, which i s h i g h l y a n i s o t r o p i c compared w i t h the 1.28 f o r 15V. 
In a d d i t i o n , m i c r o s t r u c t u r a l examinat ion shows the KPA sample to 
have an average g r a i n s i z e f i v e times l a r g e r than that of the 15V 
samples (F igure 4 ) . Note a l s o that the f i b e r f r a c t i o n (F) r a t i o 
F x / F z f o r the KPA sample i s 0 . 4 1 , i n c on t ras t to 0.56 for the 15V 
sample. Since both samples were r i g i d i z e d and processed i n the 
same manner, the m a t r i x i n the yarns f o r both KPA and 15V would be 
expected to expand i n a s i m i l a r manner, because at ambient p r e s 
sures on ly the yarns become f i l l e d w i t h a s i m i l i a r l y o r i e n t e d 
m a t r i x d u r i n g the r i g i d i z a t i o n c y c l e . Th is argument i m p l i e s that 
the bulk m a t r i x i n the pockets , which i s produced d u r i n g the h i g h -
pressure c y c l e s , must cause the A L / L d i f f e r e n c e s h e r e . 

The reasons f o r such d i f f e r e n c e s are complex and r e q u i r e 
f u r t h e r c l a r i f i c a t i o n . Presented here are some i n f l u e n c e s that 
should be c ons idered . Large as opposed to s m a l l g r a i n s i n the 
pockets could r e s u l t i n v a r i a t i o n s of A L / L between the X - and 
Z - d i r e c t i o n s , e s p e c i a l l y f o r s m a l l samples. Assuming each pocket 
between the yarns i s f i l l e d w i t h g r a p h i t i c s t r u c t u r e s , there w i l l 
be a h igher p r o b a b i l i t y of i s o t r o p i c expansion w i t h i n the pockets 
i f the g r a p h i t i c g r a i n s i z e s are s m a l l . As a r e s u l t , there w i l l be 
l i t t l e a n i s o t r o p y f o r the X - and Z - d i r e c t i o n s , as shown i n 
F i g u r e 3a f o r 15V. Converse ly , f o r l a r g e r and fewer g r a i n s i n the 
pockets as f o r KPA, a h igh degree of an i so t ropy occurs between X -
and Z - d i r e c t i o n s . Th i s p i t c h pocket e f f e c t i s m o d i f i e d , s ince on ly 
41% of the f i b e r s are i n the X - d i r e c t i o n ; so the r e s t r a i n t i s l e s s 
than f o r the Z - d i r e c t i o n . 

The lower value of thermal expansion i n F i g u r e 3b f o r the 
h i g h e r - d e n s i t y 15V composite i s , at f i r s t g lance , s u r p r i s i n g . 
C a r e f u l examination of the m i c r o s t r u c t u r e revea led that the l o w e r -
d e n s i t y composite had narrower gaps between yarns and m a t r i x than 
d i d the h i g h e r - d e n s i t y one. As a r e s u l t , the narrower gap i s 
c l o sed at a lower temperature and expansion i n i t i a t e s e a r l i e r i n 
the l o w e r - d e n s i t y composite and cont inues at an equal or g rea ter 
r a t e than that of the h i g h - d e n s i t y sample. The same f i b e r d i s 
t r i b u t i o n r e s t r a i n t s a p p l y , as mentioned above. I n both cases , the 
a n i s o t r o p y values are s m a l l and e q u i v a l e n t . 

The causes f o r the d i f f e r e n c e s of these gap widths i s not 
c l e a r l y understood . One p o s s i b l e e x p l a n a t i o n f o r the l a r g e r gap i n 
the h i g h e r - d e n s i t y sample i s the e f f e c t s of creep at the h i g h 
process ing temperatures . Dur ing g r a p h i t i z a t i o n , the g r a i n s w i l l 
expand and f i l l any a v a i l a b l e v o i d space. As the preform i s 
d e n s i f i e d , i t w i l l c o n t a i n fewer vo ids and thermal expansion of the 
g r a i n s w i l l exert force aga ins t i t s f i b e r or yarn surround ings . 
Above 2200°C, meaningful creep of the r e s t r a i n i n g yarns has been 
measured by Feldman (12) and accommodation of the m a t r i x o c curs . 
On cooldown, the yarns do not s h r i n k as much as the m a t r i x and a 
gap i s l e f t between yarn and m a t r i x ; consequent ly , the h i g h e r -
d e n s i t y composites must creep more f o r the same g r a p h i t i z a t i o n 
temperature , thereby producing l a r g e r gaps at room temperature . 
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25. MEYER AND GYETVAY Carbon-Carbon Composites: Matrix Microstructure 387 

F i g u r e 3. R e l a t i o n s h i p of thermal expansion to (a) d i r e c t i o n i n 
composite , f o r two imprégnants; (b) d i r e c t i o n i n composi te , f o r 
two d e n s i f i c a t i o n l e v e l s ; and (c) X - d i r e c t i o n , f o r three 
composites . 

F i g u r e A. O p t i c a l micrographs showing (a) l a r g e - g r a i n e d m a t r i x , 
KPA specimen, and (b) f i n e - g r a i n e d m a t r i x , 15V specimen. 
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388 PETROLEUM-DERIVED CARBONS 

The r o l e of the d i f f e r e n t f i n e l y d i spersed p o r o s i t y , gaps produced 
by g r a p h i t i z a t i o n , or p y r o l y s i s steps needs to be f u r t h e r 
e v a l u a t e d . 

The i n f l u e n c e of the d e n s i t y of the m a t r i x i s dep ic ted i n 
F i g u r e 3c f o r the X o r i e n t a t i o n a l o n e . These curves demonstrate 
the v a r i a b i l i t y that may p o s s i b l y be achieved by a l t e r i n g the 
m a t r i x between y a r n s . More work i s needed to f u r t h e r c l a r i f y the 
mechanisms f o r such v a r i a t i o n s . For example, the f i b e r s may vary 
s l i g h t l y because the h i g h - d e n s i t y sample re ce ived four g r a p h i t i z a 
t i o n c y c l e s r a t h e r than t h r e e . Other f a c t o r s could c o n t r i b u t e , 
such as v a r i a t i o n s of yarn d i s t r i b u t i o n s between samples. 

T o r s i o n a l Shear and Bonding C h a r a c t e r i s t i c s of the M a t r i x . The 
carbon or g r a p h i t e matr i ces serve to m a i n t a i n the geometric 
d i s t r i b u t i o n and r i g i d i t y of the y a r n s , as w e l l as p r o v i d i n g a 
means of t r a n s f e r r i n g forces between y a r n s . The m i c r o s t r u c t u r a l 
c h a r a c t e r i s t i c s of the m a t r i x , such as a n i s o t r o p y , g r a i n s i z e , and 
v o i d s t r u c t u r e , are expected to i n f l u e n c e how e f f i c i e n t l y the yarns 
are u t i l i z e d . How e f f e c t i v e l y the m a t r i x i s bonded to the yarns i s 
a l s o impor tant , as the f o l l o w i n g example demonstrates . 

T o r s i o n a l shear s t r e n g t h values (F igure 5) were found to be 
v a s t l y d i f f e r e n t f o r two 3D b i l l e t s (2 -2 -3 yarn d i s t r i b u t i o n ) p r o 
cessed i d e n t i c a l l y w i t h CVD r i g i d i z a t i o n f o l l owed by h i g h - p r e s s u r e 
impregnat ion c y c l e s u s i n g l i q u i d p i t c h . The maximum shear s t r e n g t h 
of composite A was approximately 800 p s i , whereas that of compos
i t e Β was 2200 p s i at f a i l u r e . The s t r e s s - s t r a i n curves , as 
measured at Southern Research I n s t i t u t e , are very d i f f e r e n t , as the 
f i g u r e ev idences . 

M i c r o s t r u c t u r a l examination of b i l l e t s A and Β by SEM revea led 
the major d i f f e r e n c e between them was i n the CVD l a y e r depos i ted on 
the f i b e r s before a d d i t i o n a l d e n s i f i c a t i o n steps were performed. 
In b i l l e t A the l a y e r appeared to be porous (see F i g u r e 6 ) , whereas 
b i l l e t Β e x h i b i t e d a u n i f o r m l y dense CVD c o a t i n g . The remaining 
p o r t i o n s of the m a t r i x are der ived from the l i q u i d p i t c h impregna
t i o n s , and these looked s i m i l a r f or A and B . I t i s p o s s i b l e that 
the lower shear s t r e n g t h of b i l l e t A can be a t t r i b u t e d to the more 
porous and probably weaker CVD l a y e r . 

F u r t h e r evidence f o r the l a c k of bonding was obta ined by 
examinat ion of t e n s i l e samples. Numerous p u l l e d - o u t f i b e r s were 
ev ident f o r b i l l e t A , and these were covered w i t h p i t c h matr ix w i t h 
a minimum of d i s c e r n i b l e CVD. In c o n t r a s t , the b i l l e t Β t e n s i l e 
sample d i d not d i s p l a y f i b e r p u l l o u t and the f r a c t u r e tended to 
occur nearer the CVD-matrix i n t e r f a c e than at the CVD- f iber i n t e r 
f a c e , which i n d i c a t e s good bonding and the a b i l i t y of a f i b e r to 
share i t s l oad w i t h the surrounding f i b e r s . Consequently , f i b e r 
p u l l o u t was reduced and f r a c t u r e was more uni form between the 
f i b e r s , r e s u l t i n g i n h igher s t r e n g t h . 

Mechan i ca l P r o p e r t i e s and F r a c t u r e B e h a v i o r . U n t i l r e c e n t l y , 
l i t t l e was known about the sequence of f r a c t u r e behavior that 
occurs i n the 2D composites that are used to f a b r i c a t e l a rge C-C 
s t r u c t u r e s , such as the e x i t cones of rocket eng ines . In such 
composites , the yarns i n the c l o t h are he ld together by a carbon 
m a t r i x der ived from a pheno l i c r e s i n f i l l e d w i t h carbon p a r t i c l e s . 
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25. MEYER AND GYETVAY Carbon-Carbon Composites: Matrix Microstructure 389 

2500 r 

S T R A I N , mils/in. 

Source: Southern Research Institute 

F i g u r e 5· T o r s i o n a l shear p r o p e r t i e s of two 3D composites 
sub jec ted to s i m i l a r p r o c e s s i n g . 

F i g u r e 6. Composite A i n t e r f i l a m e n t m a t r i x w i t h porous CVD 
c o a t i n g the f i l a m e n t . 
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390 PETROLEUM-DERIVED CARBONS 

A f t e r p y r o l y s i s , the carbon body i s f u r t h e r d e n s i f i e d by l i q u i d 
p i t c h , r e s i n impregnat ion , or CVD. Stud ies were undertaken to 
understand the r o l e of the m a t r i x , pores , and c r a c k s , and f i b e r -
m a t r i x i n t e r a c t i o n s i n t h i s m a t e r i a l as i t i s s t r e s s e d . The i n t e n t 
was to determine whether process ing d i f f e r e n c e s could a l t e r the 
f r a c t u r e behavior and p o s s i b l y improve the p h y s i c a l 
c h a r a c t e r i s t i c s . 

Rather than the c a t a s t r o p h i c f a i l u r e normal ly observed i n 
b r i t t l e m a t e r i a l s , carbon-carbon composites f r e q u e n t l y show, a f t e r 
reach ing t h e i r maximum s t r e n g t h v a l u e s , a gradua l r e d u c t i o n i n 
s t r e n g t h as the s t r a i n i s i n c r e a s e d . L o c a l reg ions appear to 
f r a c t u r e i n c r e m e n t a l l y i n a sequence that lowers the s t r e n g t h w i t h 
i n c r e a s i n g s t r a i n u n t i l t o t a l f a i l u r e occurs (see F i g u r e 7 ) . 

Smal l samples were s t r e s s e d i n t h r e e - p o i n t f l e x u r e w h i l e being 
viewed w i t h scanning e l e c t r o n or o p t i c a l microscopes . The f r a c t u r e 
behavior was recorded by video and c o r r e l a t e d w i t h a c o u s t i c emis 
s i o n measurements. The samples were o r i e n t e d i n the f l e x u r e - t e s t 
f i x t u r e w i t h the plane of the c l o t h p l i e s p e r p e n d i c u l a r to the 
f orce d i r e c t i o n ; t h e r e f o r e , the t e n s i l e and compressive s t r e s s e s 
are p r i m a r i l y i n the plane of the c l o t h p l i e s where the f i b e r s 
r e s i s t de format ion . 

Crack propagat ion through the m a t r i x and between p l i e s and 
f i b e r s appeared to be a pr imary mode of f a i l u r e . S e q u e n t i a l 
photographs taken on the s ide sur face of the f l e x u r e sample w i t h 
the t e n s i l e f orces p a r a l l e l to the c l o t h warp d i r e c t i o n showed 
c r a c k i n g of the m a t r i x p r o g r e s s i n g i n i t i a l l y between the p l i e s from 
the t e n s i l e s ide of the specimen toward the compressive s i d e . The 
cracked and weakened regions appeared to delaminate and form gaps 
between the yarn bundles (see F i g u r e 8 ) . U l t i m a t e l y , the samples 
f a i l e d on the compressive s ide i n a t e n s i l e manner. Thus, i t 
appears that the weakest component of t h i s p a r t i c u l a r 2D m a t e r i a l 
i n the warp d i r e c t i o n i s the m a t r i x that bonds the f i b e r s , y a r n s , 
and p l i e s , because the f a i l e d samples contained a minimum of broken 
f i b e r s . When s i m i l a r t e s t s were conducted w i t h the t e n s i l e forces 
p a r a l l e l to the c l o t h f i l l d i r e c t i o n , f r a c t u r e a l s o i n i t i a t e d i n 
the m a t r i x , but more f i b e r s were observed to have f r a c t u r e d than 
f o r the warp d i r e c t i o n ( 2 ) . Th i s i s due to the lower f i b e r volume 
f r a c t i o n i n the f i l l d i r e c t i o n i n these 2D composites . 

Samples of the 2D m a t e r i a l s were f u r t h e r h e a t - t r e a t e d f o r 
1.5 hr at 2480°C to determine whether the c r y s t a l l i n e s t a t e of the 
m a t r i x could be a l t e r e d , thereby changing the f r a c t u r e behavior 
under t h r e e - p o i n t f l e x u r e l o a d . For t y p i c a l specimens, changes 
were manifested i n the l o a d - d e f l e c t i o n curves , such as those i n 
F i g u r e s 7 and 9. A p p a r e n t l y , f u r t h e r HT reduced the u l t i m a t e 
s t rengths and modulus but inc reased the s t r a i n to f a i l u r e . In 
a d d i t i o n , there was a d i f f e r e n c e i n the amplitude of the a c o u s t i c 
no ise emitted as the load was a p p l i e d (see F i g u r e 9) between the 
a s - r e c e i v e d sample and the HT sample. Th i s d i f f e r e n c e i n d i c a t e s 
that more m i c r o c r a c k i n g occurs at lower s t r e s s l e v e l s a f t e r HT. 
SEM observat ions revea led more m i c r o c r a c k i n g of the HT m a t r i x . 
Furthermore , there appeared to be p r e f e r e n t i a l m i c r o c r a c k i n g a long 
l a m e l l a e , which i s c h a r a c t e r i s t i c of a more c r y s t a l l i n e g r a p h i t e 
m a t r i x . 
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F i g u r e 7. T h r e e - p o i n t - b e n d i n g t e s t s of 2D C-C composite 
specimens: 1 and 2 i n a s - r e c e i v e d c o n d i t i o n ; 3 and 4 a f t e r heat 
treatment at 2480°C f o r 1 h r . 
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392 PETROLEUM-DERIVED CARBONS 

F i g u r e 8. Montage of photomicrographs showing crack propagat ion 
through the m a t r i x and between p l i e s and f i b e r s i n a f l e x u r e 
t e s t of a 2D composite . 

F i g u r e 9. (a) L o a d - d e f l e c t i o n and (b) a c o u s t i c emiss ion 
response i n t h r e e - p o i n t - b e n d i n g t e s t of some 2D C-C composites 
from a rocket engine e x i t cone. 
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25. M E Y E R A N D GYETVAY Carbon-Carbon Composites: Matrix Microstructure 393 

The apparent increase of m i c r o c r a c k i n g a f t e r heat t r e a t i n g at 
g r a p h i t i z a t i o n temperatures suggests that the m a t r i x i s more 
c r y s t a l l i n e even though the r e s i n precursor i s normal ly considered 
u n g r a p h i t i z a b l e . Hishiyama et a l . have shown, however, that 
n o n g r a p h i t i z i n g carbons can develop s t r u c t u r e i n regions that are 
s t r e s s e d under HT at g r a p h i t i z a t i o n temperatures ( 11 ) . F u r t h e r , we 
have found heat - treatment e f f e c t s w i t h the same r e s i n precursor i n 
measurements of the dynamic modulus of u n i d i r e c t i o n a l samples ( 13 ) . 
An increase of modulus f o r HT > 2100°C to 2500°C oc curs , which i s 
a t t r i b u t e d to c r y s t a l l i z a t i o n of the m a t r i x i n t o more g r a p h i t i c 
s t r u c t u r e s whose o r i e n t a t i o n i s p a r a l l e l to the u n i d i r e c t i o n a l 
f i b e r s and thereby increases t h e i r e f f e c t i v e s t i f f n e s s or dynamic 
modulus. 

I f the m a t r i x can become more g r a p h i t i c , as the above examples 
i n d i c a t e , more shear planes become a v a i l a b l e ; hence more m i c r o 
c r a c k i n g can occur , r e s u l t i n g i n g rea ter s t r a i n at lower s t r e s s 
l e v e l s . Thus the apparent or e f f e c t i v e modulus of the 2D composite 
m a t e r i a l s i s reduced, and more energy i s r e q u i r e d to cause 
f a i l u r e — a n outcome i n d i c a t e d by the d i f f e r e n c e of area under the 
a s - r e c e i v e d and h e a t - t r e a t e d l o a d - d e f l e c t i o n curves i n F i g u r e s 7 
and 9. 

Summation 

Examples have been presented that suggest the f i b e r s and matr ix 
have an i n t e r r e l a t i o n s h i p that appears to have i n f l u e n c e d the 
thermal expansion and mechanical p r o p e r t i e s of s e v e r a l types of C-C 
composites . The e f f e c t s can be a t t r i b u t e d to the d e n s i f i c a t i o n 
methods, p r e c u r s o r s , and subsequent heat t reatments , which a l t e r 
the c r y s t a l l i n i t y of the r e s u l t i n g m a t r i x and i t s contained v o i d -
age, i n c l u d i n g pores , gaps, and c r a c k s . The extent and d i s t r i b u 
t i o n of c r y s t a l l i n i t y of the m a t r i x appear to be important because 
of the very a n i s o t r o p i c p r o p e r t i e s of the g r a p h i t e c r y s t a l . 
There fore , i f the degree and d i s t r i b u t i o n of c r y s t a l l i n i t y can be 
c o n t r o l l e d , the thermal e x p a n s i v i t y and mechanical c h a r a c t e r i s t i c s 
of the m a t r i x can be changed. Such changes w i l l , i n t u r n , i n t e r a c t 
w i t h the yarns by s t r e s s i n g or i n i t i a t i n g and propagat ing m a t r i x 
c r a c k i n g around them. 

The mechanical response of composites , as shown i n these 
e x p l o r a t o r y s t u d i e s , i n d i c a t e s dependence on the ease w i t h which 
f r a c t u r e can occur between f i b e r s , y a r n s , and p l i e s . P o o r l y 
c r y s t a l l i z e d matr i ces r e s u l t i n composites that are s t rong and 
s t i f f but w i t h l i t t l e y i e l d so that f a i l u r e occurs c a t a s t r o p h i -
c a l l y . In c o n t r a s t , more c r y s t a l l i n e matr i ces seem to be not q u i t e 
as s t rong and to have a lower e f f e c t i v e modulus, but t h e i r 
increased s t r a i n c a p a b i l i t y ensures that f a i l u r e i s not c a t a 
s t r o p h i c ; the composi te ' s s t r e n g t h decays g r a d u a l l y as f u r t h e r 
s t r a i n i s a p p l i e d . Thus, the energy r e q u i r e d f o r t o t a l f a i l u r e i s 
i n c r e a s e d , and the composite w i t h more c r y s t a l l i n e m a t r i x i s more 
t o l e r a n t of de fec ts or s t r e s s r i s e r s . 

F i n a l l y , we note that v o i d s , c r a c k s , and gaps can absorb 
thermal expansion and prov ide s i t e s at which f r a c t u r e may be 
i n i t i a t e d or means by which the propagat ion of cracks may be 
i n t e r r u p t e d . 
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394 PETROLEUM-DERIVED CARBONS 

P r o c e s s i n g c o n d i t i o n s have been i m p l i c a t e d as c o n t r i b u t o r s to 
some v a r i a t i o n s i n p h y s i c a l p r o p e r t i e s . P o s s i b l e e x p l a n a t i o n s have 
been proposed i n order to s t i m u l a t e f u r t h e r r e s e a r c h . More 
d e t a i l e d i n f o r m a t i o n must be obta ined before the cause - e f f e c t 
r e l a t i o n s h i p s can be more f u l l y understood. 
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behavior, 319-321 
See a l s o Anode carbon 
See a l s o G r a p h i t i z i n g carbons 
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precursors, 360f 
primary and secondary carbons 

described, 357 
process parameters, 369 
prop e r t i e s determined by 

matrix, 381-382 
stren g t h , 369 
strength decrease, 390 
t o o l f o r s u p e r p l a s t i c f o r g i n g of 

ti t a n i u m , 351f 
toughness, 374f 
turbine r o t o r , 350f 
weight l o s s of u n i d i r e c t i o n a l , 373f 
Young's modulus i n f l u e n c e d , 369 

Carbon di o x i d e 
carbon black formation r o l e , 280 
reduction, anode carbon, 236 

Carbon monoxide, carbon black formation 
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398 PETROLEUM-DERIVED CARBONS 

C a r b o n i z a t i o n — C o n t inued 
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d i s t i l l a t i o n , 220f 
e l e c t r o n microscopic 

observations, 85-97 
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composition, 121t 
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C a t a l y t i c cracking 
asphaltenes, 105 
d e f i n i t i o n , 100 
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products, 102 
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Coal, maximum f l u i d i t y , 254 
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c h a r a c t e r i s t i c s , 139t 
petroleum p i t c h comparison, 238 
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blending design, 254 
coking, evaluation, 254-256 

Cocarbonization s u s c e p t i b i l i t y , 
d e f i n i t i o n , 34 
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a d d i t i o n t e s t , 259,260t 
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anode use, 167 
blending l i m i t , 266 
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composition, 239 
dimensional changes, l88f 
hydrogen content, 228 
pore s i z e d i s t r i b u t i o n , 187Γ 
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coalesced mesophase r e l a t i o n s h i p , 49 
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crushing strength, 230 
c r y s t a l l i t e s i z e s and i n t e r l a y e r 

spacing, 209t 
d e s u l f u r i z e d , p h y s i c a l 

p r o p e r t i e s , 197t 
d i s c l i n a t i o n s , 68 
economic evaluation, 266 
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Coke—Cont inued Coke 
electrode use, 167 p r o d u c t i o n -
f a c t o r f o r saturates i n RCC 

process, 112t 
f i l l e r 

formation, 239-240 
p r o p e r t i e s , 239-241 
source, 239 

formation, 218f 
fr a c t u r e surface from Chinese Shuang 

Ya c o a l , 9f 
f u e l uses, 166-167 
g a s i f i c a t i o n uses, 167 
high-surface-area a c t i v e carbon 

formed, 303 
im p u r i t i e s , 193-194 
i s o t r o p i c p r o p e r t i e s , 240 
Japanese s t e e l companies, use, 253t 
markets 

c h a r a c t e r i s t i c s , 149-151 
consuming i n d u s t r i e s , 149 
consuming world regions, 149 
demand, 149-151 
hierarchy, 152 
h i s t o r y , 144 
p r i c i n g , 151-154 
supply, 145-149 

m e t a l l u r g i c a l coke making, 251-267 
operation y i e l d s , 164-165 
o p t i c a l texture 

dependence, 11 
examined, 16 
growth c h a r a c t e r i s t i c s , 16 
increase, 12 
influenced by QI m a t e r i a l , 22 
nomenclature, 8t 
q u a n t i f i e d , 5-8 

overview, 144-154 
p h y s i c a l p r o p e r t i e s of 

thermally treated, 210t 
pi t - t y p e handling system, I 6 l f 
p o l a r i z e d l i g h t o p t i c a l microscope 

used, 5 
p r e d i c t i o n 

equation i n RCC u n i t , 110-114 
quantity and q u a l i t y f o r e c a s t i n g , 145 
RCC process, 99-117 

p r i c i n g 
conclusions, 154 
determination, 151 
European f u e l market, 149 
f u e l grade, 152 
v a r i a b l e s , 154 

production 
feedstock composition 

r e l a t i o n s h i p , 108 
fore c a s t , 146 
methodology of f o r e c a s t i n g , l 4 7 f 
United States, 150f 

-Cont inued 
usage i n 1980, 202t 
y i e l d s and product p r o p e r t i e s , l65t 

p r o p e r t i e s , 258t 
p u f f i n g behavior, 230 
q u a l i t y 

c a l c i n a t i o n , 243-244 
in f l u e n c e of coking 
v a r i a b l e s , 240-243 

re f i n e d product demand, I47f 
runs to crude s t i l l s , I47f 
South A f r i c a n c o a l comparison, 154 
strength, 251 
str u c t u r e r e l a t i o n s h i p to 

mesophase, 5-11 
s u l f u r content p r i c i n g , 152 
types, 160-163 
United States production, 144,193 
uses, 166-167 
u t i l i t y power consumption, 149 
v i s c o s i t y v a r i a t i o n with temperature 

of p y r o l y s i s , 13f 
X-ray parameters, 184 
y i e l d f a c t o r s , 108 
y i e l d p r e d i c t i o n s f o r reduced 

crude, 111t 
See a l s o Coking 
See a l s o Delayed coke 
See a l s o F l u i d coke 
See a l s o Green coke 
See a l s o Needle coke 
See a l s o Shot coke 
See a l s o Sponge coke 

Coke making, raw ma t e r i a l consumption 
i n Japan, 252f 

Coker blowdown system, d e s c r i p t i o n , 158 
Coker heater, design, 169 
Coking 

buildup i n f l u e n c e s , 145 
se c t i o n , flow diagram, 156 

Compact composite baking, anode 
carbon, 246 

Compounded rubber 
Fi r e s t o n e rebound, 296f 
Firestone running temperature, 294f 
Goodyear rebound, 296f 
p a r t i c l e s i z e c o r r e l a t i o n with 

treadwear, 295 
pr o p e r t i e s , 269-299 
See a l s o Rubber 

Crude o i l 
future o r i g i n , 146 
g r a v i t y 

future p r e d i c t i o n s , 146 
s u l f u r content, 146 

q u a l i t y , 148f 
r e f i n i n g process, 242 
United States supply, I48f 
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400 PETROLEUM-DERIVED CARBONS 

D 

D a r k - f i e l d imaging, defined, 86 
Delayed coker 

coke drum pressure, 164 
d i r e c t r a i l car loading, l6lf 
g r a v i t y flow dewatering bin 

system, l62f 
heater o u t l e t temperature, 164 
Pad-type dewatering system, l 6 l f 
process 

flow diagram, 157f 
v a r i a b l e s , 164 

re c y c l e r a t i o e f f e c t on 
production, 164 

revamps and r e t r o f i t s , 170 
rotary hearth furnace, I68f 
rotary k i l n c a l c i n e r , l68f 
s l u r r y dewatering b i n system, l 6 2 f 

Delayed coking 
coker blowdown system, 158 
coker heater design, 169 
d e f i n i t i o n and uses, 155 
d e s c r i p t i o n , 155-156 
design features, 169-170 
drum s i z e , 169 
energy e f f i c i e n c y , 169-170 
formation, 240 
f r a c t i o n a l s e c t i o n , 156-158 
process 

mechanism, 156 
update, 155-170 

u n i t d e s c r i p t i o n , 156 
D e n s i f i c a t i o n , methods f o r carbon 

f i b e r , 381 
Density, r e a l vs. bulk, 197 
Desulco 

granular g r a p h i t i c carbon, 200-213 
s t r u c t u r e , 208 

D e s u l f u r i z a t i o n 
a c t i v a t i o n energy f o r coke 

r e a c t i o n , 197 
annealing process f o r coke, 197 
ca l c i n e d coke, 203f 
chemistry of new method, 196-197 
electrothermal heating, 202 
green coke, 196 
k i n e t i c s f o r thermal method of 

coke, 202 
thermal-chemical process, 

new, 195-197 
petroleum coke, 193-198 
process a l t e r n a t i v e s f o r coke, 202 
technology, 194-195 
thermal process, new, 195-197 
thermal process, o l d , 196t,203f 

Diaromatics 
c a t a l y t i c c racking, 105 
molecular parameters from s l u r r y 

o i l , 109t 

Diaromat i c s — C o n t inued 
s l u r r y o i l and coke f a c t o r i n RCC 

process equation, 113t 
D i s c l i n a t i o n s 

geometry for mesophase, 74 
pi n c h - o f f r e a c t i o n , 73f 
r e a c t i o n of mesophase, 73f,75f 

D i s p e r s i o n 
iron-phthalocyanine on carbon 

supports, 312-314 
metals on carbon supports, 310-311 

Dominant Partner E f f e c t 
coke q u a l i t y upgraded, 19 
d e f i n i t i o n , 34 

Ε 

Edge carbon atoms 
carbon supports, 311 
d i s p e r s i o n and s i n t e r i n g of 

iron-phthalocyanine, 319 
E f f e c t i v e f l u i d i t y 

petroleum coke, 264t 
r e s i d u a l o i l , 26lt,269t 

E f f e c t i v e r e f l e c t a n c e , r e s i d u a l 
o i l , 26lt,264t 

Electrochemistry, a p p l i c a t i o n s f o r 
carbon supports, 310 

Electrodes 
c a l c i n e d coke used, 179 
pr o p e r t i e s o f graphite, I83t 

E l e c t r o n d i f f r a c t i o n pattern, ray path 
i n converging lens, 87f 

El e c t r o n microscopic observations, 
g r a p h i t i z a t i o n , 95-97 

E l e c t r o n s p i n resonance (ESR), free 
r a d i c a l s i n mesophase-pitch 
system, 12 

Extrusion r a t e , carbon black, 297f 

F 

F a b r i c a t i o n processes, carbon-carbon 
composites, 353-357 

FCC operation, schematic diagram, 101f 
Feedstock 

carbon black formation, 271 
c h a r a c t e r i z a t i o n i n RCC process, 102 
coker, green coke q u a l i t y , 242 
composition f o r s l u r r y o i l , 108 
conversion, carbon black, 278 
p h y s i c a l p r o p e r t i e s , 163 
q u a l i t y during c a t a l y t i c 

cracking, 102 
reduced crude, 107t 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

14
, 1

98
6 

| d
oi

: 1
0.

10
21

/b
k-

19
86

-0
30

3.
ix

00
2



INDEX 401 

F i l l e r aggregate s e l e c t i o n , anode 
carbon, 245 

F i l l e r aggregate s i z i n g , anode 
carbon, 244-245 

F l e x u r a l strength, composites subjected 
to g r a p h i t i z i n g heat 
treatments, 370f 

F l u i d coke, formation, 240 
Fogging, carbon f i b e r growth i n 

s t a i n l e s s s t e e l tubes, 339 

G 

Gas phase impregnation, 
d i f f i c u l t i e s , 353 

General Performance Carbon F i b e r , 
a p p l i c a t i o n s , 324,328-329 

General Performance Carbon F i b e r s , 
d e s c r i p t i o n , 324 

Graphite 
d i f f r a c t i o n peak examinations, 208t 
r e s i l i e n c y of various m a t e r i a l s , 209t 
rods, p r o p e r t i e s , l83t 

G r a p h i t i z a t i o n 
e l e c t r o n microscopic 

observations, 85-97 
s t r u c t u r a l stages, 90f 
s u l f u r i n f l u e n c e , 95 

G r a p h i t i z i n g carbons, mechanisms of 
formation, 2 

Green coke 
b i n d e r l e s s carbons, 50 
composition, 239 
d e s u l f u r i z a t i o n , 196 
dimensional changes during 

c a l c i n a t i o n , 184 
Gulf Coast p r i c e s , 153f 
markets f o r U.S. coke, 153f 
pr i c e vs. South A f r i c a n c o a l , 153f 
pr o p e r t i e s , l80t 
p r o p e r t i e s determined f o r new 

c a l c i n i n g method, 182 
s u l f u r e f f e c t , 230 
tested f o r new c a l c i n i n g method, 180 
U.S. supply and q u a l i t y , 150f 
world markets f o r U.S. coke, 150f 
bin d e r l e s s carbons, 50 

Gundai method 
high performance carbon f i b e r , 329 
preparation, 330f 

High Performance Carbon F i b e r 
hydrogenated p i t c h , 329-332 
nonhydrogenated p i t c h , 329 

High t e n s i l e strength f i b e r s 
d e f i n i t i o n , 362 
surface p r o p e r t i e s , 362 

Hot stage microscopy 
microscope designed f o r 

quenching, 72f 
v i s c o s i t y and o p t i c a l texture 

r e l a t i o n s h i p , 11 
Hydrocarbons, tendency to smoke, 270 
Hydrogen 

carbon black formation r o l e , 280 
jac k e t , r o l e i n f i b e r growth, 341 

Hydrogenated pyrenes, s t r u c t u r e s , 35f 

I 

Interlaminar shear s t r e s s , t r a n s l a t i o n 
of the carbon-carbon 
composites, 368f 

Iron 
carbons added, 200 
graphite added, 201 

Iron-phthalocyanine 
chemical s t r u c t u r e , 312 
c r y s t a l l i t e s i z e , 314 
d i s p e r s i o n on carbon support, 312-321 
growth, 317 
i n t e r a c t i o n with an oxygen 

complex, 320f 
mean p a r t i c l e s i z e and mean 

c r y s t a l l i t e s i z e comparison, 316f 
p a r t i c l e s per u n i t area of carbon 

support, 315f 
s i n t e r i n g , 317-318 
s t r u c t u r e , 313f 
surface area, 312-314,320f 
surface area as a functi o n of 

load i n g , 313f 
X-ray d i f f r a c t i o n r e s u l t s , 3l4t 

I s o t r o p i c p i t c h , viscosity-temperature 
curves, 51f 

J 
Japan 

imported coking c o a l s , 251 
pitch-based carbon f i b e r , 328,323-332 

H 

High-modulus type f i b e r s 
d e f i n i t i o n , 362 
surface p r o p e r t i e s , 362 K i n e t i c s , c a r b o n i z a t i o n , 225-228 
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402 PETROLEUM-DERIVED CARBONS 

Kyukoshi method 
mechanical p r o p e r t i e s of carbon 

f i b e r s , 333f 
preparation, 330f 
v i s c o s i t y of mesophase p i t c h , 333f 

L 

Lamallae, frequency of high 
temperature, 383 

Lamellae, progressive crumpling, 91f 
L a t t i c e f r i n g e imaging, p r i n c i p l e s , 86 
Li g n i n 

molten, carbon f i b e r prepared, 325f 
whisk e r - l i k e carbon, 325f 

L i q u e f a c t i o n , hydrogen r o l e , 20 
Liq u i d c r y s t a l , wedge 

d i s c l i n a t i o n s , 69f 
Liq u i d impregnation 

pore f i l l i n g , 353 
process i n carbon-carbon 

composites, 353-357 
systematic s t u d i e s , 357-369 

Local molecular o r i e n t a t i o n (LMO) 
asphaltene s i z e s , 94f 
concept, 88-95 
d a r k - f i e l d images, 93f 
decrease with oxygen content, 95 
g r a p h i t i z a b i l i t y and atomic r a t i o 

r e l a t i o n s h i p , 96f 
increase with hydrogen content, 95 
lamellae s i m i l a r i t y , 89 
morphology i n b r i g h t - f i e l d , 93f 
s i z e c l a s s i f i c a t i o n , 92t 

M 

Matrix 
bulk, 384f 
c a r b o n i z a t i o n , 381 
crack propagation, 392f 
degree of c r y s t a l l i n i t y of 

carbon, 382 
f r a c t u r i n g , 381 
large-grained and fi n e - g r a i n e d , 387f 
micrograph of sheath, 384f 
prefer r e d o r i e n t a t i o n for carbon 

f i b e r s , 383 
Matrix microstructure 

carbon f i b e r , 381 
382-383 

p h y s i c a l p r o p e r t i e s o f carbon-carbon 
composites, 383-384 

thermal expansivity i n f l u e n c e 
explained, 386 

Matrix precursor, carbon-carbon 
composites, 357-359 

Maximum f l u i d i t y 
c o a l , 254 
coa l blends, 255f 
r e l a t i o n to drum strength of 

coke, 255f 
Medicine, carbon-carbon composites 

used, 347-353 
Mesophase 

a n i s o t r o p i c , model s t r u c t u r e , 37,39f 
c a r b o n i z a t i o n 

c o n t r o l , 32-36 
rate a f f e c t i n g o p t i c a l texture 

s i z e , 12 
c h a r a c t e r i s t i c s and 

preparation, 29-42 
chemistry, 1-25 
coalescence, 72f 
coke s t r u c t u r e r e l a t i o n s h i p , 5-11 
composition, 2 
c r y s t a l l i z a t i o n , 23 
current research, 24 
d e f i n i t i o n , 1,38 
d e f i n i t i o n o f bulk, 89 
deformed microstructure, 75f 
d i s c l i n a t i o n s t r u c t u r e s , 64 
extrusion apparatus, 77f 
flow behavior, e f f e c t , 68 
formation 

chemical aspects, 11-20 
tr a n s f e r a b l e hydrogen r o l e , 19 

free r a d i c a l s i n mesophase-pitch 
system, 12 

geometry of d i s c l i n a t i o n 
r e a c t i o n s , 74 

growth u n i t s 
anthracene-phenanthrene, 10f 
detected, 8 

hot-stage microscopy, 68-76 
incorporated oxygen, 42 
lamellae, 88 
l y o t r o p i c , 24 
molecular and s t r a i n models, 67f 
o p t i c a l texture detected, 38 
p i t c h carbon f i b e r etched with 

chromic a c i d , 3f 
p r e c i p i t a t i o n , 23-24 
preparation, 23,37 
pressure e f f e c t on formation, 8-11 
products, microstructure 

formation, 80-81 
p y r o l y s i s , 71 
r e a c t i v i t y , 42 
rod 

annealing behavior, 76 
deformation and extrusion, 76-80 
microstructures, 78f 
o r i e n t a t i o n produced by l i g h t 

draw, 77f 
transverse microstructures, 79f 
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INDEX 403 

Mesophase—Cont inued 
schematic diagram of d i s c l i n a t i o n 

loop, 70f 
schematic models, 69f 
schematic phase diagram, 38 
s i z e , 8 
spider web model f o r c o n s t i t u e n t 

molecules, 327f 
s t a r t i n g m a t e r i a l s , 37 
s t r u c t u r e and phase t r a n s i t i o n , 37-41 
temperature e f f e c t on formation, 14 
t h e o r e t i c a l amount during 

c a r b o n i z a t i o n , 219 
time e f f e c t on temperature, 14 
u n i a x i a l deformation of d i s c l i n a t i o n 

loop, 81f 
v i s c o s i t y measurements, 11 

Mesophase carbon f i b e r 
f r a c t u r e surface, 64 
microstructure formation, 62-82 
production, 63 
r a d i a l s t r u c t u r e and open-wedge 

shape, 65f 
random-core s t r u c t u r e and round 

shape, 66f 
recent advances, 63 
r h e o l o g i c a l behavior, 54 
rheology, 48 
schematic phase diagram, 39f 
t e n s i l e f r a c t u r e surfaces, 66f,67f 

Mesophase p i t c h , coalescence, 49 
Mesophase p i t c h , formation, r o l e of 

i n e r t s , 20-22 
Mesophase p i t c h 

pyrolyzed at constant heating, 68 
r h e o l o g i c a l p r o p e r t i e s , 49 
s t r u c t u r a l models, 67f 
t r a n s f e r r e d hydrogen i n dormant and 

ordinary, 331t 
Mesophase spheres, models f o r 

co n s t i t u e n t molecules, 39f 
M e t a l l i c dérivâtes 

d i s p e r s i o n 
on carbon supports, 310-321 
on carbons, 311t 

Metals, content, feedstocks 
importance, 163 

Molten s a l t media, 
c a r b o n i z a t i o n , 326-328 

Monoaromatics 
c a t a l y t i c c r a c k i n g , 105 
s l u r r y o i l and coke f a c t o r , 113t 

Ν 

Naphthalene, condensation 
r e a c t i o n s , 33f 

Needle coke 
blended f r a c t i o n s o r i g i n , 19 
c h a r a c t e r i s t i c s , 160 
mesophase flow behavior e f f e c t , 68 
operation y i e l d , I66t 

Nenatic l i q u i d c r y s t a l s , d i s c l i n a t i o n 
i n t e r a c t i o n s , 74t 

Nitrogen, carbon black formation 
r o l e , 280 

0 

O i l — S e e Crude o i l 
O l i g o m e r i z a t i o n , mechanisms of 

hydrogenated pyrene, 36f 
O p t i c a l anisotropy 

cocarbonization e f f e c t , 35f 
development, 31f 
p'yrolysis mechanism, 30 
s o l u b i l i t y r e l a t i o n s h i p , 38-40 
steps i n v o l v e d , 30 

O p t i c a l microscopy, r e s o l u t i o n 
l i m i t a t i o n , 5-8 

O p t i c a l temperature, 21f 
O p t i c a l texture 

coarse-flow anisotropy, 7f 
domains, 7f 
examined f o r coke, 16 
fine-grained mosaics, 6f 
index (ΟΤΙ), formula, 5 
medium- and coarse-grained 

mosaics, 6f 
s i z e 

influenced by QI m a t e r i a l , 22 
s u l f u r e f f e c t , 17-19 

examined f o r coke, 16 
Organic compounds, r a d i c a l chemistry of 

p y r o l y s i s , 12 
Ostwald r i p e n i n g , d e s c r i p t i o n , 317 
Oxygen, carbon black formation 

r o l e , 280 

Ρ 

Pad-type dewatering, d e s c r i p t i o n , 158 
Paste compaction, anode carbon, 245 
P i t dewatering, d e s c r i p t i o n , 158 
P i t c h 

a l i c y c l i c s t r u c t u r e importance, 326 
blending s t u d i e s , 17 
blending to produce needle coke, 19 
c h a r a c t e r i z a t i o n , 49 
c h a r a c t e r i z a t i o n technique f o r p i t c h 

m a t e r i a l s , 328 
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404 PETROLEUM-DERIVED CARBONS 

P i t ch—C o n t inued 

chemical m o d i f i c a t i o n s , 17-19 
chemistry, 326-328 
coke conversion, 4-5 
complexity of composition, 11 
components, 15 
dispersed phase e f f e c t on the 

apparent viscosity-temperature 
curve, 52 

k i n e t i c a n a l y s i s of nonisothermal 
gravimetry, 46-48 

p y r o l y s i s chemistry, 45 
r h e o l o g i c a l studies during 

p y r o l y s i s , 50 
rheology, 48 
s p i n - l a t t i c e r e l a x a t i o n time 

v a r i a t i o n , I8f 
thermogram, 226f 
thermogravimetric data for p y r o l y s i s 

products, 47f 
thermogravimetry, 46-48 
upgrading commercial value, 16-17 
v o l a t i l e content and i n s o l u b l e 

contents r e l a t i o n s h i p , 47f 
See a l s o i s o t r o p i c p i t c h 

Pitch-mesophase-coke transformation 
a n a l y t i c a l and r h e o l o g i c a l 

techniques, 45-59 
diagram, 54,56f 

Pitches 
basic s t r u c t u r a l u n i t s (BSU), 88 
pretreatment processes, 324 

Polar aromatics 
c a t a l y t i c cracking, 105 
molecular parameters f o r s l u r r y 

o i l , 109t 
s l u r r y o i l and coke f a c t o r i n RCC 

process equation, 1l5t 
P o l y a c r y l o n i t r i l e (PAN) 

carbon f i b e r s 
derived, 324 
produced, 359 

Polygranular g raphites, two-phase 
s t r u c t u r e s , 358f 

Polyphenyleneacetylene 
c a r b o n i z a t i o n shrinkage and 

t r a n s l a t i o n of f i b e r 
strength, 366t 

shrinkage observations for 
composites, 364 

P o l y v i n y l c h l o r i d e , mechanisms of 
c a r b o n i z a t i o n , 324 

Pore blocking 
graphite body, 354f 
schematic mechanism, 356f 

Pore f i l l i n g 
graphite body, 354f 
schematic mechanisms, 356f 

P o r o s i t y , Desulco g r a p h i t i c carbon, 210 
Potassium hydroxide, used i n a c t i v e 

carbon formation, 303-305 

Prebake c e l l s 
advantages, 247 
anode performance, 246-247 

P y r o l y s i s 
carbon f i b e r growth i n s t e e l 

tubes, 339-341 
e f f l u e n t gas 

f i b e r growth r e a c t o r , 339-341 
obtained i n carbon f i b e r growth 
tube, 342f 

hydrocarbons described, 223 
processes 

c a r b o n i z a t i o n , 217 
c o n t r i b u t i o n , 219 

r e a c t i o n path of hydrocarbons, 223 
r h e o l o g i c a l studies of p i t c h , 50 

Q 

Quinoline i n s o l u b l e s (QI) 
c a r b o n i z a t i o n i n f l u e n c e d , 223-225 

226f 
coke s t r u c t u r e , 223 
formation 

ra t e , 224f 
r e a c t i o n time e f f e c t , 123f 
temperature e f f e c t , 123f,127 
weight loss during 

c a r b o n i z a t i o n , 224f 
f r a c t i o n , anode binder p i t c h , 238 
ma t e r i a l 

d e f i n i t i o n and 
c l a s s i f i c a t i o n , 20-22 

func t i o n during c a r b o n i z a t i o n 
process, 22 

p i t c h s i z e reduced, 383 
types, 223 

R 

Radical chemistry, mesophase 
formation, 12 

RCC feedstock, s l u r r y o i l and coke 
p r e d i c t i o n , 115t,1l6t 

RCC operation, schematic diagram, 103f 
Recarburiser, materials a n a l y s i s , 201t 
Reduced crude conversion (RCC) process 

feedstock c h a r a c t e r i z a t i o n , 102 
s l u r r y o i l and coke y i e l d 

p r e d i c t i o n , 99-117 
Reduced crude o i l , a n a l y s i s , 106-108 
Residual o i l 

a d d i t i o n t e s t , 259 
e f f e c t i v e r e f l e c t a n c e and e f f e c t i v e 

f l u i d i t y , 2 6 l t 
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R e s i d u a l o i l — C o n t inued 

equations for e f f e c t i v e r e f l e c t a n c e 
and f l u i d i t y , 264t 

p r o p e r t i e s , 256t 
s l u r r y o i l and coke y i e l d 

p r e d i c t i o n , 99-117 
Rheology, mesophase p i t c h , 49 
Rotary hearth c a l c i n e r 

advantages, 176 
cross s e c t i o n , 177Γ 
d e s c r i p t i o n , 176,243-244 
top view, 177f 

Rotary hearth furnace, delayed 
coker, l68f 

Rotary hearth method, c a l c i n i n g 
coke, 169 

Rotary k i l n c a l c i n e r 
coke feed rates, 243 
delayed coker, l68f 
described, 173-176,243-244 
h i s t o r y of coke c a l c i n i n g , 172-173 
modern, 175f 
o r i g i n a l , 174f 

Rotary k i l n process, c a l c i n i n g , 167-169 
Rubber 

carbon black p r o p e r t i e s , 290 
See a l s o Compounded rubber 

S 

Saturates 
c a t a l y t i c cracking, 105 
s l u r r y o i l and coke fac t o r f o r RCC 

process, 112t 
Selected area d i f f r a c t i o n (SAD), 

unscattered beam displacement, 87f 
Shear deformation, bent flake of 

na t u r a l g raphite, 363f 
Shot coke, c h a r a c t e r i s t i c s , 160 
S i n t e r i n g 

g r a p h i t i z e d carbon mechanism, 318 
iron-phthalocyanine, 317-318 

S l u r r y o i l 
a n a l y s i s , 106-108 
API g r a v i t y , 108 
fa c t o r f o r diaromatics i n RCC process 

equation, 113t 
fac t o r for monoarornatics i n RCC 

process, 1131 
HPLC a n a l y s i s , 107t 
HPLC scheme, 107f 
models of molecular types, 104f 
molecular parameters 

diaromatics, 109t 
polar aromatics, 109t 

percent diaromatic molecules, 110 
p r e d i c t i o n equation i n RCC 

u n i t , 110-114 

S l u r r y o i l — C o n t inued 

saturates 
API g r a v i t y r e l a t i o n s h i p , 110 
content vs. API g r a v i t y , 111f 

Soderberg c e l l s , anode 
performance, 246-247 

Space s h u t t l e , carbon composite 
part s , 348f 

Sponge coke, c h a r a c t e r i s t i c s , 160 
Steam cracker t a r 

aromatic p i t c h conversion, 134 
c h a r a c t e r i s t i c s , 134,136t 
d e f i n i t i o n , 134 
pitches 

aromatic o i l determined, 135 
c h a r a c t e r i s t i c s , 1 3 7 1 , 1 3 9 1 

coking y i e l d s , 134 
molecular weight d i s t r i b u t i o n , 135 
thermal process temperature 

e f f e c t , 138t 
thermogravimetric a n a l y s i s , 135 
v i s c o s i t y , 135 

Su l f u r 
c o a l p r o p e r t i e s , 256 
coke removal methods, 194 
content, feedstocks importance, 163 
g r a p h i t i z a t i o n i n f l u e n c e d , 95 
reduced by c a l c i n a t i o n , 244 
thermal removal from coke, 194 
thermal-chemical removal from 

coke, 195 
See a l s o D e s u l f u r i z a t i o n 

Synthetic aromatic p i t c h 
CCB d i s t i l l a t e and residue 

f r a c t i o n s , 126-133 
production using steam cracker 

t a r , 134-143 

Τ 

Tetrabenzo (a,c,h,j) 
phenazine 

c a r b o n i z a t i o n , 324 
p i t c h , 327f 
s t r u c t u r e , 325f 

Thermal c o n d u c t i v i t y , anode carbon, 237 
Thermal expansion 

carbon f i b e r , 382 
r e l a t i o n s h i p to d i r e c t i o n of 

composite, 387f 
Thermal expansion c o e f f i c i e n t 

c a l c i n i n g coke, 183,184,189 
crushing strength, 230,232f 

Thermal expansivity, influence on 
microstructure, 385-388 

Thermal s t r e s s r e s i s t a n c e , anode 
carbon, 237 
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Thermogravimetrie a n a l y s i s 
CCB d i s t i l l a t e f r a c t i o n , 122t 
k i n e t i c s of c a r b o n i z a t i o n , 225 
steam cracker t a r p i t c h e s , 135 

THF-insoluble p y r i d i n e s o l u b l e 
f r a c t i o n s 

o p t i c a l micrographs, 41 f 
s t r u c t u r a l i n d i c e s , 40t 

THF-soluble f r a c t i o n s , s t r u c t u r a l 
i n d i c e s , 40t 

T o r s i o n a l shear 
bonding c h a r a c t e r i s t i c s of carbon 

matrix, 388 
pr o p e r t i e s , composites, 391f 

Transformation diagram 
d e f i n i t i o n of coke, 59 
mesophase-pitch p r o p e r t i e s 

p r e d i c t e d , 59 
p i t c h , 58f 

Transmission e l e c t r o n microscopy 
basic s t r u c t u r a l u n i t s (BSU), 86 
LMO c l a s s i f i c a t i o n , 92 
LMO extent, 92 
mesophase growth u n i t s detected, 8 
techniques, 86-87 

V 

V i s c o s i t y 
carbon black, 297f 
mesophase influenced during 

c a r b o n i z a t i o n , 32 
mesophase p i t c h pyrolyzed, 68,70f 

Viscosity-temperature curves, i s o t r o p i c 
p i t c h , 51f 

W 
Williams-Landel-Ferry equation, 

v i s c o s i t y of p i t c h systems, 48-49 

X 

X-ray d i f f r a c t i o n , 
iron-phthalocyanine, 3l4t 

Y 

Y i e l d p r e d i c t i o n s , s l u r r y o i l 
development, 108 

Young's modulus 
anode carbon, 237 
carbon-carbon composites e f f e c t , 369 
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