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Preface

Aromatic chemicals represent about 30% of the total of some 8
million known organic compounds; the percentage of aromatic
chemicals produced by the entire organic chemical industry is of
the same order.

The importance of aromatics in hydrocarbon technology is,
however, greater than the percentage figures indicate. Quantita-
tively, the most important processes in hydrocarbon technology are
catalytic reforming to produce gasoline, which has a worldwide
capacity of around 350 Mtpa, and the carbonization of hard coal
to produce metallurgical coke, on roughly the same scale. A char-
acteristic of both processes is the formation of aromatics. The third
most important process in hydrocarbon technology in terms of
quantity is catalytic cracking, which is also accompanied by an
aromatization, as is the most important petrochemical process,
steam cracking of hydrocarbon fractions.

The recovery and further refining of aromatics was the basis of
the industrial organic chemistry in the middle of the last century.
In the early 1920’s, aromatic chemistry was complemented by the
chemistry of aliphatics and olefins, which today, in terms of
quantity, has surpassed the industrial chemistry of aromatics.

From the beginning of industrial aromatic chemistry there have
been fundamental new developments in the production of aromat-
ics. Until the 1920’s, coal tar and coke-oven benzole were virtually
the sole sources of aromatics available on an industrial scale. Coal
tar contains a host of widely used aromatic compounds, such as
benzene, toluene, naphthalene, anthracene and pyrene, as well as
styrene and indene. In addition coal tar contains some important
recoverable aromatic compounds with hetero atoms, such as phe-
nols, anilines, pyridines and quinoline.

As the growing demand for some coal-tar constituents for the
development of mass-produced plastics, such as phenolic resins
and polystyrene, and the increasing production of explosives could
not be met by coal tar alone, new sources of aromatics were devel-
oped, starting from petroleum. The development of the production
of reformate-gasoline and steam cracking of petroleum fractions
has made two further feedstock sources for the production of aro-
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matics available today; renewable raw materials are also used for
the manufacture of aromatics, albeit on a much smaller scale.

Processes for the refining of crude aromatics, in common with
methods for their further processing, are complicated by the occur-
rence of by-products; individual aromatics are usually accompa-
nied by associated products, and must be isolated by subsequent
separation processes. Aromatic chemistry is characterized by the
high reactivity of the m-electron system, which enables substitu-
tions to take place not only at one position in the aromatic ring,
but also, especially for polynuclear aromatics, at several different
sites, thus leading to isomers as well as multiple substitution.
Refining processes have, therefore, to be optimized to produce the
desired compounds in pure form from the crude products. Thus,
industrial aromatic chemistry involves close collaboration between
chemists and process engineers.

The present applications and future developments of aromatic
chemicals are characterized by a number of inherent properties.
These are in particular:

1. the facile substitution and high reactivity, which can be further
increased by the introduction of suitable substituents,

2. the relatively easily activated m-electron system which, coupled
with auxochromic groups, is capable of absorbing part of the
spectrum of light and is used in the production of dyes and pig-
ments,

3. the high solvent power, especially of alkylated derivatives,

4. the high C/H ratio, which renders polycyclic aromatics particu-
larly suited to the production of high-value industrial carbon
products, such as premium coke, graphite and carbon black, and

5. the affinity and tendency for association, which make aromatic
molecules suitable mesogens for the formation of liquid-crystal-
line phases.

Approximately 800,000 tpa of organic dyestuffs (dyes, pigments
and optical brighteners) are produced worldwide. Since the begin-
ning of the industrial production of organic dyestuffs, aromatics
have been the dominant raw materials for this group of products.

In addition, their versatility regarding substitution and resistance
to premature biological degradation have made aromatics essential
for the manufacture of plant protection agents. Of the ca.300 regis-
tered plant protection agents in Japan, over one-half are aromatic
in nature. A considerable proportion of the 160,000 t of pesticides
(also ca. 300) produced in West Germany in 1985 is based on aro-
matics. In the USA likewise, the most important organic plant pro-
tection agents in terms of quantity, such as atrazine, alachlor, triflu-
ralin and metolachlor, are aromatic in nature.

The traditional applications of aromatic chemistry, such as the
production of dyestuffs and the manufacture of plant protection
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agents have constantly expanded since their early days. The latest
advances in the production of aromatics have led to new catalytic
processes from simple compounds such as methanol and propane/
butane. The manufacture of aromatic monomer building blocks for
the production of polymers for high-performance engineering plas-
tics is in rapid development. The liquid-crystalline nature of a
number of aromatic-based polymers is the key to obtaining high-
performance properties in diverse applications such as high-value
aramid fibers and carbon artifacts.

Against the background of these developments, the authors of
this monograph have put together a review of aromatic chemistry
from benzene through the polynuclear aromatics such as naphtha-
lene, anthracene and pyrene, up to industrial graphite products,
concentrating on the industrially important raw materials and
intermediates as well as the quantitively most important final prod-
ucts. Some particularly interesting compounds of less importance
in terms of quantity have been included to illustrate the broad
range of aromatic chemistry.

The concentrated survey, complemented by detailed, standard-
ized process flow sheets, provides chemists and process engineers
engaged in the production and research, scientists in neighbouring
disciplines, and advanced students of chemistry and chemical
engineering with a brief insight into industrial aromatic chemistry,
thus making possible a comprehensive review.

Thanks are due to numerous colleagues, both at home and
abroad, for their valuable suggestions.

Frankfurt/Main (West Germany), H.-G. Franck
March 1988 J. W. Stadelhofer
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1 History

Aromatic compounds are currently defined as cyclic hydrocarbons in which the
carbon skeleton is linked by a specified number of conjugated n-bonds in addition
to o-bonds (Hiickel’s rule). During the early days of industrial aromatic chemistry
in the mid-19th century, the structure of aromatic compounds had not yet been
elucidated. The name of this class of compounds is historically-based since the
first members were obtained from aromatic, i.e. pleasant-smelling resins, balsams
and oils; examples of this are benzoic acid, which was obtained from gum ben-
zoin, toluene from tolu balsam and benzaldehyde from oil of bitter almonds.

The history of aromatic chemistry was, at the outset, closely linked to the devel-
opment of coal carbonization to produce coke, gas and tar.

Coke was mainly used as a substitute for charcoal in the production of pig iron,
coal gas was used for lighting, and coal tar initially replaced wood tar for impreg-
nating timber used in ship-building.

As early as 1584, the Duke of Brunswick recommended the application of
‘desulfurized’ coal as an alternative to charcoal for the production of salt. The first
patent for the production of coke for use in blast furnaces for iron smelting was
granted to Dud Dudley in England in 1622.

The first large-scale attempts to manufacture lighting gas were initiated by the
French engineer Philippe Lebon in 1790. He degasified wood chippings in an iron
retort on the grate of a kitchen stove and fed the resultant gas by pipe to other
rooms, where it was burned in lamps. His discovery, which he called ‘Thermo-
lamp’, aroused great interest but never found practical application.

The real founder of gas engineering was the Scotsman William Murdoch, who
carried out experiments in Redruth, Cornwall, in 1792 on the degasification of
hard coal. He lit his house with gas which he brought daily from the factory in
containers. (This portable gas was one of the major products of the company
Engelhorn & Comp., founded in 1848 by Friedrich Engelhorn, later to be one of
the co-founders of BASF.)

The German philosopher and chemist, Johann Becher, is considered to be the
discoverer of coal tar. In 1691, together with the Englishman Henry Serle, he
obtained the English patent no.214 for the production of pitch and tar from coal.

The German privy councilor Winzler, known in England as Windsor, was par-
ticularly successful in marketing the idea of using coal gas for lighting and
founded a number of gas companies. In London in 1813, Westminster Bridge was
lit by gas from the London & Westminster Chartered Light & Coke Co. , established
by Windsor; in 1819 he introduced gas lighting to Paris. Lighting with coal gas
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began in Germany in 1824 in Hanover, and 1826 in Berlin, when gas works were
set up by the London Imperial Continental Association. The first gas works in the
USA was already operating in Baltimore in 1802; gas lighting was introduced into
New York in 1824.

The first distillation of gas-works tar from coal carbonization was carried out at
Leith in Scotland in 1822.The tar oil was used in timber impregnation, while the
distillation residue, namely pitch, was employed in coal briquetting.

The key factor in the development of the tar industry was the accelerated
growth of the railroad system. Tracks were laid on wooden sleepers, which were
impregnated with coal tar oil to preserve them from rapid decay. The first railway
lines started operation in England between Stockton and Darlington in 1825, and
in Germany between Nuremberg and Fiirth in 1835.

In spite of the demand for impregnation oil, by the mid-19th century, owing to
the rapid growth in the production of gas for lighting and the tremendous devel-
opment of the iron and steel industry, there was a considerable over-supply of
coal tar. Although some of the tar could be used in the production of roofing tar
felts and in carbon black manufacture, these applications were not sufficient to
absorb all the tar being produced.

The first estimates of annual tar production from gas works in Europe date
from 1884. Great Britain led the way with a production of 450,000t, followed by
Germany (85,000t), France (75,000 t), Belgium (50,000t) and the Netherlands
(15,000 t). .

The parent compound of the aromatics is benzene; it was first discovered by
Michael Faraday in 1825 in the condensed part of a lighting gas derived from
whale oil and obtained some years later by Eilhard Mitscherlich by decarboxyla-
tion of benzoic acid (as calcium benzoate). The occurrence of benzene in coal tar
was first described by August Wilhelm v.Hofmann in 1845. John Leigh had
already demonstrated to the British Natural Research Conference in 1842, that
benzene is present in coal tar; this claim was not immediately published, however.
Even before the discovery of benzene, Ferdinand Runge had found aniline and
phenol in coal tar in 1834.

The composition of the aromatic mixture, coal tar, was still largely unknown up
to the middle of the 19th century. As tar production grew, so analytical investiga-
tions increased; August Wilhelm v.Hofmann, a disciple of Justus v.Liebig, was
particularly active in this field.

In 1845, Hofmann went to London as Principal of the newly-founded Royal
College of Chemistry, to continue his investigations at the original source of coal
tar. Hofmann gathered a number of young chemists around him, who concen-
trated on investigating the reactions of tar components. London thus became the
Mecca of aromatic chemistry.

One of the principal objectives of Hofmann’s work was to synthesize quinine, at
that time the only known agent effective against malaria. William Henry Perkin,
one of Hofmann’s youngest students, devoted a great deal of imagination to the
synthesis of quinine. In 1856, Perkin tried to synthesize quinine by oxidation of
N-allyltoluidine, but instead obtained only a red-brown precipitate. As a model
reaction Perkin chose to investigate the treatment of aniline sulfate with potassium
dichromate.
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CH=CH,

H
@NH—CHQ—CH =CH, cuaom
HC :N

N-Allyltoluidine Quinine

On working-up the reaction mixture he produced a violet dyestuff; Perkin had
synthesized the first tar-derived dyestuff, mauveine. Within barely 18 months,
together with his father and brother, he set up a factory in Greenford Green to
manufacture aniline dyes, the first time that coal-tar dyestuffs had been produced
on an industrial scale. By 1860, there were already five companies in England
engaged in the production of synthetic dyes. Apart from Perkin, Read & Holliday
should be mentioned among the founders of English companies; they established
the first subsidiary in the USA in 1861. Synthetic dyestuffs found a ready market,
since to satisfy growing demand from the textile industry, 75,000 t of natural dyes
were imported annually into Great Britain alone.

Production of coal-tar dyes developed dramatically on the European contlnent
too, following Perkin’s discovery. In Lyons in 1859, Francois Emanuel Verguin
produced the red-violet fuchsin (Basic Violet 14) by oxidation of technical aniline,
a mixture of aniline and toluidines. This dyestuff provided the basis for the pro-
duction of coal-tar dyestuffs in France; it is still important today. At the World
Exhibition in London in 1862, the coal-tar dyestuffs industry celebrated great tri-
umphs. The thirteen prize winners were almost exclusively English and French
dye manufacturers.

H,C Na CH,
o CH,
H,N NZ NH ® o
ci® c= =NH,ClI
CH, NH,
ine (Main cc ) Fuchsin

Following the pattern of England and France, new manufacturing facilities
were set up in Germany for production of synthetic dyes. The first were estab-
lished by existing natural-dye traders such as Rudolf Knosp and Gustav Siegle in
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Stuttgart; these companies later became part of the Badische Anilin- und Soda-
fabrik (BASF). In 1860, the dyestuff merchant Friedrich Bayer set up a fuchsin
factory in Elberfeld. In 1863, Meister, Lucius and Briining also began the produc-
tion of fuchsin in Hochst (Hoechst).

In the same year, Paul Wilhelm Kalle founded a dyeworks in Biebrich (Wies-
baden). In 1865, the Badische Anilin- und Sodafabrik was established in Mann-
heim; its founder company, Sonntag, Engelhorn & Clemm had already begun pro-
duction of coal-tar dyes in 1861. In 1865, Carl Alexander Martius, a disciple of
Hofmann, returned from England to Germany and became a co-founder of the
Aktiengesellschaft fiir Anilinfarben (Agfa). In 1870, the dyestuffs company Leopold
Cassella & Companie was founded in Mainkur (Frankfurt).

The growing demand from the dyestuffs industry for aromatics was met by the
rapidly developing tar industry. In Germany, the companies Riitgerswerke,
founded initially for timber impregnation by Julius Riitgers in 1849, and the
Gesellschaft fiir Teerverwertung (GfT), founded by August Thyssen, are worth men-
tioning. The basis of tar refining was fractional distillation, first used by Charles
Blachford Mansfield in 1847 for the production of benzene from coal tar on a
large scale.

Lively competition developed among the European dyestuff producers. The
race to produce alizarin was particularly dramatic. In 1867, Adolphe Wurtz and
August Kekulé had discovered that the sulfonic acid group in aromatics could be
replaced by a hydroxyl group by alkali fusion. Perkin used this process to manu-
facture alizarin from anthraquinone, which up to this time was produced from
madder. When he applied for a patent on his process, he learned that Carl Graebe
and Carl Liebermann had already submitted an application for this product on
25th June 1859, just one day earlier than himself. However, Perkin did not give
up, but developed a new process, which subsequently led to an exchange of
licenses. In 1873, he produced 435 t of alizarin, while German alizarin production
had already reached 1,000 t.

(") OH
°”
I
o
Alizarin

Just as madder extracts were used for red coloring, so indigo had been used
since olden times as a blue coloring agent, especially in India. The source of
indigo was woad, which was cultivated in Germany, mainly in Thuringia. In the
16th and 17th centuries, there were large woad plantations found in the area
around Gotha, Erfurt and Weimar, which were largely abandoned when imports
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of indigo from India took over. Production of natural indigo was around 8,200 tpa
in 1885, with over half this dyestuff being produced in Bengal by biochemical
decomposition from Indigofera tinctoria.

Synthesis of indigo was a particular challenge for dyestuff chemists in the sec-
ond half on the 19th century. Adolf von Baeyer first successfully synthesized
indigo in 1869, starting from o-nitrocinnamic acid.

NO, H o
@CH:CH—COOH (@i\{) %\I@
N
\ /
O H
o-Nitrocinnamic acid Indigo

Since Baeyer’s work was more directed to the elucidation of the structure of
indigo, the synthesis he had discovered could not be applied economically on a
large scale. Karl Heumann, at the Federal Polytechnic in Zurich, discovered a
method of synthesis which was based on phenylglycine, which can be produced
from aniline and chloroacetic acid. The yield from this process, however, was still
unsatisfactory. Heumann’s second proposal used phenylglycine-o-carboxylic acid,
obtained by first oxidizing naphthalene to phthalic anhydride.

0

i NH—CH,—COOH
o ©

\ COOH

Naphthalene Phthalic anhydride Phenylglycine-o-carboxylic acid

The oxidation of naphthalene was carried out with chromic acid and chromates,
regenerated by electrochemical reoxidation. This method was first used by the
Farbwerke Hoechst. In 1891, it was accidentally discovered at BASF that naphtha-
lene could be oxidized by concentrated sulfuric acid in the presence of mercury.
In 1897, BASF introduced the first synthetic indigo to the market, followed shortly
thereafter by Farbwerke Hoechst. Synthetic indigo rapidly replaced the natural
product in the market in spite of harsh competition of the producers of natural
indigo, especially of the Provence/France.

As a result of intensive research in the dyestuff sector by the turn of the century,
around 15,000 dyes had already been patented in Germany. The largest portion
were azo-dyes, obtained by coupling diazotized amines with suitable organic com-
pounds.
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Peter Griess, a student of August Wilhelm v. Hofmann, living in England, dis-
covered diazotization in 1857. In 1861, the first azo-dye, aniline yellow (Solvent
Yellow 1) appeared on the market in England; a further milestone in the develop-
ment of azo-dyes was Congo red, a substantive dye discovered by Paul Béttiger in
1884.

SO;Na SO;Na

Aniline yellow Congo red

Production of dyestuffs initially followed empirical methods, but academic
research, especially that of August Wilhelm v.Hofmann, Adolf v.Baeyer, Carl
Graebe, Carl Liebermann, Emil Fischer and Heinrich Caro established the scien-
tific bases which gave a powerful impetus to the German dyestuffs industry.
Already by 1880, the German share in world dyestuffs production had reached
one-half and in 1900 it exceeded 80%.

Concurrent with the rather haphazard discovery of the first coal-tar dyes,
important scientific knowledge was being accumulated, which significantly
advanced the understanding of the chemical reactions involved in the production
of dyestuffs. After Friedrich August Kekulé, a Professor at Bonn University, had
postulated the tetravalent bonding of carbon in 1857, he proposed, in 1865, the
ring formula for benzene, which provided the basis for understanding the essen-
tials of aromatic chemistry.

On the basis of this progress in fundamental research in organic chemistry, the
German dyestuff industry also enjoyed great success in the new field of syntheti-
cally-produced pharmaceuticals. Products discovered at the beginning of this
development, and worthy of mention, are the antipyretics antipyrine (1-phenyl-
2,3-dimethylpyrazolin-5-one, 1883) and phenacetin (p-ethoxyacetanilide, 1888), as
well as aspirin (acetylsalicylic acid, 1899).

o o]
Il

NH—C—CH, O0—C—CH,
O O @
— CHsO COOH

CH,

Antipyrine Phenacetin Aspirin
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Initially, coal-derived raw materials were the almost exclusive source of aromat-
ics. However, beginning in the 1930’s, the growth of the automobile industry
brought petroleum to the fore in ever-increasing quantities as a source of raw
materials for monocyclic aromatics.

Alongside pyrolytic processes for the production of aromatics, this new devel-
opment was accompanied by the introduction of catalysis; even today, catalytic
and purely thermal processes still complement each other in the production of
aromatics.



2 The nature of the aromatic character

2.1 Molecular considerations

Since the middle of the last century, chemists have devoted considerable effort try-
ing to explain the chemical bond. The knowledge hitherto accumulated has also
been enormously beneficial in expanding the understanding of the nature of aro-
matic compounds.

Originally the classification ‘aromatic’ included all substances with an aromatic
odor which were obtained from balsams, resins and other renewable raw materials
before the beginning of industrial aromatic chemistry.

After Michael Faraday discovered benzene in the lighting gas from whale oil in
1825, Eilhard Mitscherlich established in 1834 that the summation formula for
benzene, which he had produced by decarboxylation of benzoic acid, is C¢Hs.

In 1865, August Kekulé postulated the ring formula for benzene in a publica-
tion entitled ‘Investigations into aromatic compounds’, which he summarized in
the sentence: ‘These facts clearly lead to the conclusion that in all aromatic sub-
stances one and the same atomic group or, if one prefers, a common core can be
found, which consists of six carbon atoms’.

Kekulé extended the static bond concept by the oscillation hypothesis, accord-
ing to which the two benzene formulae constantly interchange with each other.

0=0

In 1866, Emil Erlenmeyer explained aromaticity on the basis of specific reactiv-
ity; he also suggested the structural formula for naphthalene, which was con-
firmed by Carl Graebe in 1868.

Investigations by Arthur Lapworth and Christopher K. Ingold into the mecha-
nisms of electrophilic aromatic substitution provided an additional fundamental
extension of the understanding of aromatics. Since olefins and conjugated poly-
enes principally undergo electrophilic addition reactions with polar reagents, it
was surprising to discover that conjugated cyclic polyenes are electrophilically
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substituted with the same reagents. It was reasonable to accommodate this special
behavior of cyclic polyenes by a single concept; they were thus designated aro-
matic compounds. Their special chemical behavior was considered to be a charac-
teristic of the presence of aromatic properties.

It was later recognized that the characteristic chemical behavior of certain pla-
nar cyclic polyenes is the result of increased thermodynamic stability caused by
the delocalized m-electron system. Thus, a thermodynamic criterion for distin-
guishing between aromatic and non-aromatic compounds was created.

The gain in stability of benzene through delocalization of the m-electrons (reso-
nance) can be seen in the hydrogenation energy diagram (Figure 2.1).

O Triene + 3 H,

Resonance
energy
152 kJd/mol +3H,

D Ry ———

208 (meas.) 360 (calc.) 232 (meas.) 240 (calc.) 120 (meas.)
A A A

Cyclohexane

Figure 2.1: Energy diagram for the hydrogenation of benzene

Hydrogenation of cyclohexene is an exothermic reaction in which 120 kJ/mol
are released; hydrogenation of 1,3-cyclohexadiene produces 232 kJ/mol in
exothermal reaction, that is 8 kJ/mol less than would be expected based on the
cyclohexene. The diene is thus more stable than two corresponding localized
,C C bonds; the resonance energy of 1,3-cyclohexadiene is therefore 8 kJ/mol.

The heat of hydrogenation of benzene is only 208 kJ/mol and is thus consider-
ably below the theoretical heat of hydrogenation of the hypothetical cyclohexa-
triene, which should be 360 kJ/mol. A cyclohexatriene with the known resonance
energy of cyclohexadiene must produce a value of 360—3x 8, i.e. 336 kJ/mol,
which is also clearly in excess of the heat of hydrogenation of benzene of
208 kJ/mol. Consequently, benzene is fundamentally more stable than a normal,
although hypothetical, 1,3,5-cyclohexatriene. Similar considerations apply for
naphthalene, anthracene and other polynuclear aromatics.

Table 2.1 summarizes the resonance energies of some aromatic hydrocarbons
and heterocyclics.
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Table 2.1: Resonance energies of aromatic hydrocarbons

(kJ/mol)

Compound Resonance energy
Benzene 152
Biphenyl 296
Naphthalene 257
Azulene 139
Anthracene 353
Phenanthrene 388
Naphthacene 544
Chrysene 563
[18]Annulene 500
Pyridine 95
Pyrrole 89
Furan 66
Thiophene 120

In 1931, Erich Hiickel deduced from quantum-mechanical calculations, that the
resonance energy gain typical of aromatic compounds is possible when a mono-
cyclic compound has (4n+2) n-electrons (n=0, 1, 2, 3) which can be delocalized
across the entire ring. The delocalization reaches a maximum for compounds of a
planar configuration (Hiickel’s rule).

The energy states of the m-orbitals can be determined graphically for simple
cyclic n-systems using the scheme developed by Arthur A.Frost and Boris Musu-
lin. The polygon is drawn standing on a vertex in a circle, the radius of which, by
definition, corresponds to double of the resonance energy B. One molecular
orbital is allocated to each corner of the polygon. The vertical distance from the

Ep .
Benzene @ @ __________
+ , *
4
Ep
Cyclopropeny! @ - _t_ - ..___ -
cation @
4
Ep
Cyclopenta-  f/ \\ (/) _\\ |\ __ _ _______
dienyl anion .'H,. .ﬂ,
E +
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horizontal drawn through the center of the circle represents the m-energy of the
orbital. Each electron, which can be allocated to a molecular orbital below the
horizontal, causes a gain in stabilization energy.

In benzene, the maximum possible stabilization ‘is achieved (and a total
ni-energy of 8 B), since all the binding orbitals are occupied with a total of 6 n-elec-
trons. It can also be deduced from Hiickel’s rule, that the cyclopropenyl cation
and the cyclopentadienyl anion exhibit aromatic character; this is also true for
azulene, which has been found in coal tar.

Azulene

After World War 11, Michael J.S. Dewar, in particular, developed Hiickel’s rule
further by explaining the o-tropolone structure in 1945.

OH

a-Tropolone

More advanced developments of Hiickel’s theory, such as the Pariser, Parr,
Pople Self-Consistent Field Theory, which takes into account the interaction of
the electrons, have led to a deeper understanding of the aromatic concept and are
widely applied to determine physical properties of aromatics, particularly when
describing dyestuffs.

Nevertheless, the debate on aromaticity is still continuing. In recent times, it has
been suggested that the term ‘aromatic’ should no longer be used, and its place
taken by, for example, the terms ‘regenerative’ (tendency to retain type) or
‘meneid’ (of constant form).

Whereas aromatic systems are defined by a positive resonance energy, anti-aro-
matic systems are characterized by a negative resonance energy. As a rule, anti-
aromatic compounds are unstable and contain 4n 7-electrons in a cyclic planar,
completely conjugated arrangement. Cyclobutadiene belongs to this category and
is stable only in a solid matrix at very low temperatures (20 K).
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Figure 2.2: Energy diagram for the anti-aromatic compound cyclobutadiene (formulated as a bi-
radical and diene)

A further criterion for determining the aromatic character of organic com-
pounds is provided by nuclear resonance spectroscopy. If an aromatic or anti-aro-
matic molecule is put into a strong magnetic field, the m-electrons form a cyclic
electrical loop under the influence of the magnetic field. In (4n+ 2) 7-electron sys-
tems, a diamagnetic ring current is induced, which weakens the magnetic field
inside, above and below the electrical loop, and strengthens it on the periphery of
the molecule. An example of these compounds, defined as diatropes, is [18]annu-
lene, with 18 m-electrons; the resonance positions of the outer protons lie at the
low field end of the spectrum at 9.28 ppm, whereas the inner protons experience a
high field shielding to —2.99 ppm.

In anti-aromatic systems, on the other hand, a paramagnetic ring current is pro-
duced, in which the magnetic field strengthens the outer magnetic field inside,
above and below the loop, and weakens it on the periphery. [16]Annulene, an
example of an antiaromatic substance, therefore displays absorption signals at
5.33 ppm for the outer protons, and 9.44 ppm for the inner protons.

[16]Annulene [18]Annulene

In spite of frequent discussions on the validity of the concept of aromaticity, the
term ‘aromatic compound’ is still widely used. For the wide range of industrially
produced aromatics, the definition of aromaticity based on Hiickel’s rule and the
associated reaction mechanisms is perfectly adequate.

(In order to simplify presentation, in accordance with other authors, this mono-
graph ‘loosely’ uses the ring method of portraying naphthalene and higher con-
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densed aromatics, for each ring of the m-electron system, without the criterion of
Hiickel’s rule being fulfilled for all the rings.)

In industrial hydrocarbon technology, the term ‘aromaticity’ is also used to
characterize mixtures of aromatic hydrocarbons. In this case, aromaticity is
defined as the relationship of the number of aromatic carbon atoms to the total
number of carbon atoms in the ‘average’ molecule. This statistical quantity is
mainly determined with the aid of NMR spectroscopy (see Chapter 3.2.1).

2.2 Mechanistic considerations

In the early days of industrial aromatic chemistry, reaction mechanisms were com-
pletely unknown. Their elucidation, especially in the 1930’s and 1940’s together
with considerable improvements in analytical techniques for identifying interme-
diates and by-products, was enormously important for the industrial aromatic
chemistry. It is hardly possible to design and equip modern processes without in-
depth knowledge of the reaction mechanisms.

One of the most important reactions in the production of industrial aromatics is
electrophilic aromatic substitution; another prominent type of reaction is nucleo-
philic substitution, which is favored for aromatics with electron-withdrawing
groups. Free radical reactions, which occur especially in thermal pyrolysis pro-
cesses and in side-chain oxidation and chlorination reactions, are even more
important, in quantitative terms, than electrophilic and nucleophilic substitution
reactions. Typical examples are thermal cracking of naphtha and gas-oil fractions,
the oxidation of naphthalene to phthalic anhydride, and the side-chain chlorina-
tion of toluene. Rearrangement reactions are less significant.

2.2.1 Electrophilic aromatic substitution

Because of their high negative charge density, aromatics are generally attacked by
electrophiles. Although electrophilic mono-substitution of benzene yields only a
single product, with substituted aromatics the electrophile can often be introduced
at one of several positions. As a rule secondary substitution is influenced by the
existing substituents and occurs in the o- and p- or m-position; attack on the exist-
ing substituent position (ipso-reaction) is virtually unknown in industrial aromatic
chemistry.

Figure 2.3 shows a reaction-energy diagram for electrophilic aromatic substitu-
tion, occurring in four stages (see page 14).

In the first stage, the aromatic molecule is attacked by the electrophile and a
mi-complex is formed, which retains the aromatic state. The n-complex is converted
in a second reaction stage into the o-complex. The high stability, which the aro-
matic electron sextet gives to the hydrocarbons, is lost in this process. The o-com-
plex is a reactive intermediate, which can be isolated through substitution with
suitable electron donors.

The third stage in the reaction is the formation of the second m-complex by sep-
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aration of a proton; complete detachment of the proton to yield the end product
occurs in the fourth stage, by the action of a proton acceptor (base).

The relative rate of the four reaction stages depends on the electrophilic agent
and the aromatic substrate. Formation of the first n-complex, as for example in
the nitration of benzene, can be rate-determining. One example of a reaction in
which the formation of the o-complex determines the rate, is the reaction of ben-
zene with bromine in acetic acid. Reaction of the o-complex to the second n-com-
plex generally does not govern the reaction rate.

Epm AP

®
@ + E +B E
+ H—B®

Reaction coordinate

Figure 2.3: Reaction-energy diagram of electrophilic aromatic substitution

Alkylation is the paramount electrophilic substitution reaction in industrial aro-
matic chemistry, for example, in the production of ethylbenzene, cumene, diiso-
propylbenzenes and diisopropylnaphthalenes. A carbonium ion generally acts as
the electrophilic agent and is produced by reaction of a Lewis acid with an olefin.
The most stable of the possible carbonium ions normally predominates in the
reaction; nevertheless, attention must also be paid to the formation of isomers.

[
R—CH—CH,

R—CH=CH, + H®

/ N\

®
R—CH,—CH,

Care should be taken in Friedel Crafts alkylation since the alkylaromatic pro-
duced displays increased reactivity in comparison with the original unsubstituted
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aromatic, because of the activating effect of the alkyl group, so that the formation
of by-products is unavoidable. This formation of by-products is frequently count-
ered by working at low conversion rates or by subsequent transalkylation.

Friedel-Crafts acylation is related to Friedel-Crafts alkylation, with an acylium
cation acting as the electrophile. However, in industrial aromatic chemistry,
because of the high consumption of catalyst, this reaction is of much less impor-
tance than Friedel-Crafts alkylation. Nonetheless, it has been used, for example,
in the manufacture of anthraquinone from phthalic anhydride and benzene.

89
[o] O--+AICl,

AIC|3

O =

COOH
H so,,]
. Hz

Nitration is another technically important example of electrophilic aromatic
substitution. The nitronium ion NO,® acts as the electrophilic agent and is pro-
duced from sulfuric acid and nitric acid.

2 H,80, + HNO, =—= NO® + H,0® + 2HsO®

Table 2.2 summarizes the relative nitration rates for benzene derivatives; elec-
tron-attracting moieties, such as nitro groups, have a strongly deactivating effect.
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Table 2.2: Relative reaction rates in nitration of ben-
zene derivatives

Ce¢Hs— relative rate
OH 1000

CH; 25
CH,COOCH,CH; 3.8

H 1

CH,(Cl 0.71
CH,CN 0.35

Cl 0.033
NO, 6-10-8

Historically, sulfonation has been one of the most important electrophilic aro-
matic substitutions, particularly in the production of 1- and 2-naphthol, as well as
alizarin. Unlike the previously mentioned electrophilic reactions, it is frequently
reversible. SO, which occurs in low concentration in sulfuric acid, acts as the elec-
trophilic agent.

Sulfonation is carried out on an industrial scale in particular on benzene, tolu-
ene, cumene, naphthalene and anthracene.

Sulfonation of naphthalene with concentrated sulfuric acid under kinetically
controlled reaction conditions (at low temperature) produces predominantly
naphthalene-1-sulfonic acid. Increasing the temperature to over 160 °C greatly
augments the proportion of naphthalene-2-sulfonic acid.

SOH

Azo-coupling, in which the diazonium cation functions as an electrophile, is
also of great industrial significance, particularly in the production of dyes. Be-
cause of the weak electrophilic character of the diazonium cation, only reactive
aromatic systems such as phenols and amines are normally attacked. Azo-coup-
ling is performed in weakly acidic solutions, to ensure high concentrations of the
diazonium cation.
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Halogen groups can also be introduced by electrophilic aromatic substitution. A
Lewis acid is then needed to polarize the halogen molecule.

30 59
FeCl3 = =
Cl, —» IS_:_I—QI--FeCI3

Electrophilic halogenation is applied on a large scale, for example, in the pro-
duction of chlorobenzenes.

2.2.1.1 Orientation rules

The entry of additional substituents into aromatic molecules, which have already
been substituted, is affected by the existing substituents. Thus electron donors
such as methoxy-, amino- or alkyl groups lead mainly to increased o-/p-substitu-
tion. In this substitution mode, which is governed by the stability of the n-com-
plex, particular attention should be given to steric and rearrangement effects,
which can cause marked variations within the orientation rule. .

Figure 2.4 (see overleaf) shows the directing effect of functional groups on the
nitration of benzene derivatives.

2.2.2 Nucleophilic aromatic substitution

If an aromatic molecule is substituted with strong electron acceptors, such as nitro
groups, a nucleophilic attack is possible on the aromatic system. Substitution
generally follows an addition-elimination mechanism. In the first stage, the nu-
cleophile is added to the aromatic system with the formation of a relatively stable
intermediate. The negative charge is thus delocalized over the entire conjugated
m-electron system. With suitable substitution these intermediate stages are stabi-
lized and can be isolated; they are known as Meisenheimer complexes after Jacob
Meisenheimer, who discovered them in 1902.

NO,

Meisenheimer
complex
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Directing influence of substituents on the nitration of aromatics

Figure 2.4
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In the second stage, the substituent is separated, together with its electron pair.

The reaction is a combination of two equilibrium reactions. It therefore occurs
more easily, the more nucleophilic the attacking group and the more stable the
leaving nucleofuge. Halogens in the form of halide ions, diazonium ions as nitro-
gen, sulfonic acid groups as sulfite anions (for example in NaOH fusion of sulfo-
nates to produce phenols) and hydrogen, if the energy-rich departing hydride ion
is oxidized, are all suitable leaving groups.

In addition to nucleophilic substitution of aromatics by the addition-elimination
mechanism, nucleophilic substitution is also possible through the effect of a strong
base (B!®) via an elimination-addition mechanism. Arynes occur as intermediates
in such a process.

This type of reaction occurs, for example, in the production of m-cresol from
o- or p-chlorotoluene. The highly reactive aryne can be attacked in two positions,
producing a mixture of isomers.

R

R
cl
@[ +Bl9———>©l+H—B+CIe
H
R R R
H B
O — OO
B H

Proof of the occurrence of an ‘aryne’ intermediate can be found, for example,
by intercepting the dehydrobenzene with a diene component, such as anthracene;
this produces triptycene.

Triptycene



20 The nature of the aromatic character

Analogous in overall formula, but following a radical mechanism, is the Sand-
meyer reaction, in which replacement of diazonium groups by CN®, CI°, Br® or
N3® occurs in the presence of Cu® salts.

®
Ar—N=NICcI® + cuCl ——» Ar- + N, + CuCl,

Ar- + CuCl, ————>» Ar—Cl + CuCl

2.2.3 Radical reactions

2.2.3.1 Pyrolysis processes

Radical reactions are of paramount importance in industrial aromatic chemistry,
especially in the production of aromatics from coal and suitable petroleum frac-
tions, as well as in the pyrolysis of aromatic mixtures to produce coke. The reac-
tion temperature of such processes is generally well above 500 °C, so that a wide
spectrum of products results from pyrolysis.

The thermal dealkylation of toluene (or methylnaphthalenes) also follows a rad-
ical reaction mechanism.

Kinetic studies have shown that thermal hydro-dealkylation is a first-order reac-
tion with respect to the aromatics, and a half-order reaction in relation to hydro-
gen.

Here, cr is the toluene concentration, cy, the hydrogen concentration, and k the
reaction rate constant. The activation energy of the reaction is 220 kJ/mol. Figure
2.5 shows the reaction diagram for the dealkylation of toluene.

CH, CH,-

O = O~
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CH
3 H__CH,
@ " -
H__CH,
- @ "o
CH,- + H, —— CH, + H-
H- + H- —’4_._. H2

Figure 2.5: Reaction diagram for the dealkylation of toluene

A further important process which follows a radical mechanism is the catalytic
dehydrogenation of ethylbenzene for the production of styrene (see chapter 5.1.3).

2.2.3.2 Oxidation reactions

The most prominent oxidation reactions in industrial aromatic chemistry are those
performed in the gas phase, particularly on V,0s catalysts, along with liquid-phase
oxidation in acetic acid/Mn-/Co-salts system; both types are radical reactions.

In gas-phase oxidation processes at temperatures above 300 °C, as used for the
production of phthalic anhydride, maleic anhydride and naphthalic anhydride,
careful selection of a suitable catalyst ensures that the smallest possible amount of
by-product arises.

The kinetics of naphthalene oxidation can be represented by the following
equation, with constant oxygen partial pressure:

dpy kn - PN
dt T+C-ky- PN

Here, Py represents the naphthalene partial pressure, ky the rate constant, and
C a proportionality constant.

With low naphthalene partial pressure, oxidation follows first-order reaction
kinetics, while with relatively high partial pressures, as used in industrial applica-
tions, the reaction becomes zero-order.
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At lower temperatures in the liquid phase, industrial cumene oxidation pro-
duces cumene hydroperoxide. In this case, the oxygen bi-radical does not attack
the aromatic ring, but rather the activated CH group. The following equation rep-
resents the kinetics of the auto-catalytic reaction:

SRn _ _ %0, 2K kp. % ¢
dt dt Kt ROOH RH

In this equation, k; is the rate constant in the initiating stage, k, the constant of
the chain reaction, k; the constant of the radical termination, RH cumene, and
ROOH the hydroperoxide.

Liquid-phase oxidation is carried out predominantly in the acetic acid/
Co?®/Br® system; chromium oxidation is also used. In the predominant reaction
of p-xylene to terephthalic acid, which takes place in two stages via methylbenz-
aldehyde, the following rate equation is valid for the first stage of the process:

= k,-cCDZ@ . °ar@' chI.

The equation below applies to the rate of transformation of p-methylbenzoic
acid to terephthalic acid:

05
r,=k, - cCoz® . <:O2

Here, r; and r, represent the relevant reaction rates, k; and k, the rate constants
and c the concentration of various reactants.

These rate equations corroborate the conclusion that radical reactions take part
in the production of terephthalic acid.

Radical reactions also play a dominant role in the side-chain chlorination of
alkylated aromatics, such as toluene.

2.2.4 Rearrangement reactions

The most important rearrangements in industrial aromatic chemistry are those of
alkylaromatics (transalkylations), which occur under the influence of Lewis acids.
They are particularly significant in the production of benzene from xylenes, and in
optimizing the production of alkylaromatics.
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Rearrangement reactions occurring in the production of phenol from cumene
via cumene hydroperoxide are described in Chapter 5.3.1.

The benzilic acid and benzidine rearrangements are of less industrial impor-
tance. The benzilic acid rearrangement is used in the production of fluorene-9-
hydroxy-9-carboxylic acid from phenanthrenequinone.

HO COOK

Benzidine rearrangement of hydrazobenzene is used to obtain 4,4'-diphenyldi-
amines from nitrobenzenes. This reaction occurs intra-molecularly, by way of a
p-quinonoid intermediate.

— - + 2 H® @ ®
NH—NH —_— NH,—NH, —_—

Presently, the reaction is restricted virtually exclusively to the production of sub-
stituted benzidines.

Before the introduction of p-xylene oxidation on a large scale, the production of
terephthalic acid by the Henkel rearrangement from benzoic acid and phthalic
acid (see Chapter 7.3.1), at 400 to 420 °C and 10 bar, was of considerable indus-
trial importance, especially in Japan.

2.3 Nomenclature

The more important benzene derivatives are given trivial names: benzene, toluene,
o-xylene, m-xylene, p-xylene; the residue groups are characterized by the final syl-
lable -yl.
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CH, CH, CH,
CH,

Benzene

CH,

CH,

p-Xylene

Toluene o-Xylene m-Xylene
|
@ 6
Phenyl Benzyl

Condensation of several six-membered rings leads to polycyclic aromatic com-
pounds; in these, the C atoms are indicated by numbers, the bonds by letters.

8 1 8 9 1 10 " 12 1
i
7 (X 2 7 2 9 2
QO ®
LN\ 6 3 8 3
5 4 5 10 4 7 6 5 a

Naphthalene

Phenanthrene

Pyrene

Anthracene

Naphthacene

Chrysene Triphenylene

Coronene
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In naming substituted aromatics, the same procedure is used as for aliphatic
compounds; the substituents are placed in alphabetical order, in the smallest pos-
sible numbered positions.

CH,4
1
Cl
2
@ 3
8 4

Q

The naphthalene derivative depicted above is therefore called 2-chloro-1-
methyl-5-phenylnaphthalene, (and not 6-chloro-5-methyl-1-phenylnaphthalene).

Polynuclear aromatics are considered to be composed from simple aromatics. A
condensed benzene ring is indicated by benzo-, an added naphthalene ring by

©
&5

Benzo[a]pyrene Benzo[e]pyrene

5
000 o

Naphtho[8,1,2—bcd perylene Dibenzo[c,g]phenanthrene
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In practice, the most common compounds containing heteroatoms are also
given trivial names.
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3 Base materials for aromatic chemicals

The chemical industry meets its demand for carbon-containing feedstocks for the
production of organic compounds from fossil raw materials - coal, oil and natural
gas - as well as from renewable raw materials.

In the selection of a raw material, availability and chemical nature are deciding
factors. Olefinic and aliphatic chemicals such as ethylene, propylene and metha-
nol are therefore produced from crude oil fractions and suitable natural gas,
whereas polynuclear aromatics such as naphthalene, anthracene and pyrene are
recovered almost exclusively from coal-derived raw materials. Mononuclear aro-
matics such as benzene, toluene and xylene occupy a medial position, being
obtainable from both crude oil and coal feedstocks. Renewable raw materials are,
owing to their chemical structure, particularly suitable for the production of com-
pounds containing oxygen.

The worldwide demand of the chemical industry for carbon containing feed-
stocks is around 245 Mt oil equivalent (1985). The main source (Figure 3.1) is
crude oil (135 Mt), followed by natural gas (65 Mt), coal (25 Mt) and renewable
raw materials (20 Mt).

Crude oil — 135 Mt —

Renewable raw
materials — 20 Mt —

Coal — 25 Mt — / Natural gas — 65 Mt —

World total requirement — 245 Mt —

Figure 3.1: Origin of raw materials in the organic chemical industry

3.1 Origin of fossil raw materials and their composition

The origin of the fossil raw materials crude oil, coal and natural gas is rooted in
photosynthesis, in which plants convert carbon dioxide and water into carbo-
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hydrates, i.e., organic material, using the energy of sunlight. Present-day knowl-
edge confirms that coal and crude oil are of organic origin, but, in earlier times, a
non-organic genesis of fossil raw materials was considered possible. Crude oil
could thus have been formed from CO and H,, analogously to Fischer-Tropsch
synthesis, while carbides were considered as intermediates in the genesis of coal.

The formation of crude oil began 500 to 600 million years ago, while the origin
of coal dates back 300 million years. The origins of coal can be traced to land
plants, whereas the organisms from which oil was formed were marine in nature;
these are phytoplankton, zooplankton, higher plants and bacteria. These starting
materials are relatively rich in hydrogen, whereas terrestrial material, especially
wood is characterized by a low content of hydrogen and displays, to some extent,
a basic aromatic character.

The formation of organic material in the sea takes place almost exclusively in
the upper layer, known as the euophotic zone, penetrated by sunlight to a depth of
around 200m. Almost all the synthesized organic substances are again oxidized
bacterially to CO, in this zone, and are thus returned into the carbon cycle (1st
cycle). Only a small proportion, generally 0.1% (at most 4%), of the organic sub-
stance escapes oxidation and sinks to the sea-bed with the sediment (clay-muds)
brought from dry land. In the absence of oxygen, and in the presence of anaerobic
bacteria, a sediment containing a sludge of decaying organisms builds up (2nd
cycle). The sediment consists of around 45% cellulose, 45% proteins and 5 to 10%
fats. ,

This composition indicates that a large proportion of petroleum-forming micro-
organisms belongs to the phytoplankton class; the presence of chlorophyll corro-
borates this assumption.

In the course of time, the deposition of further strata over the layer containing
organic residues compacted and condensed the organic sediment. The upper lay-
ers gradually became solid, so that the parent rock of crude oil was eventually
formed. The carbohydrates, proteins and fats of the organic sludge were trans-
formed into a finely-divided heavy oil-type asphalt substance, i.e. kerogen, as a
result of increased pressure and temperatures between 160 and 180 °C. As the
depth of deposition increased, gas was the main product from the crude oil parent
rock in the so-called metagenesis phase, at depths from 3000 to 4000 m, whereas in
the catagenesis phase at depths of 2000 to 3000 m a wide range of long-chained
hydrocarbons was formed in addition to gas.

A small proportion of the hydrocarbons, with carbon structures characteristic of
biologically-derived molecules, stems directly from dead organisms in virtually
unchanged form, without passing through the kerogen phase. These geochemical
markers include, e.g., cholesterol and cholestane, together with the isoprene com-
pounds such as phytane.

CH;,-—(I:H—(CHz)J—(':H—(CH2)3-—(IZH—(CH2)3~—(I:H—CH2—CH:,
CH, CH, CH, CH,

Cyy—Phytane
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H,C CH, H,C CH,4
CH CH
2 CH, 2 CH,
CH, CH,
HO
Cholesterol Cholestane

All organic substances are unstable under geological conditions and become
modified by the pressure and temperature conditions as the sediment rock sub-
sides. Because of this, both the insoluble kerogen in the parent rocks and the ali-
phatic hydrocarbon mixtures released during catagenesis and metagenesis
undergo changes. The metastable kerogen becomes richer in carbon and poorer in
hydrogen during this ‘maturing process’, with the formation of more basic aro-
matic structures. The hydrocarbon mixtures become depleted of complex mole-
cules and therefore of geochemical markers, so that the average molecular weight
is steadily reduced until finally only methane remains. In the n-alkanes, the tend-
ency towards odd-numbered molecules disappears; as Figure 3.2 shows, these pre-
dominate in the original aquatic sediments.

The presence of the various geochemical markers can be used in crude-oil
exploration to assess the maturity of the oil.

Relative distribution
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n-Alkanes

Figure 3.2: Distribution of n-alkanes in aquatic sediments

The hydrocarbons which are formed pass up through the parent rock into
higher layers, until diffusion is blocked by impermeable strata and the crude-oil
storing rock strata are formed. This crude-oil formation process explains why
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crude oil deposits are found predominantly in areas which were formerly marine
sedimentary basins, or in undisturbed continental coastal regions, viz. the shelf
areas.

In contrast to crude-oil formation, modification of the hydrocarbon skeleton is
not the most important reaction in the formation of coal. Coal is formed by con-
version of land-based plants into peat, lignite, hard coal, anthracite and graphite.

The main components of terrestrial plants consist of cellulose and other poly-
meric carbohydrates. In wood, the cellulose is wrapped up by aromatic lignin.

If land plants are covered with rock layers and thereby cut off from the air, an-
aerobic decomposition of their organic substances, such as cellulose, lignin and
other biopolymers, commences. Transformation into coal begins, i.e. the conver-
sion of plant residues via an increasing aromatization into elementary carbon. The
cellulose is then largely ‘fermented’ by the effects of bacteria and fungi; carbon
dioxide and methane are released. Lignin is transformed into humic acid. In the
first stage of transformation into coal, fibrous peat is produced. During the con-
version of peat into lignite, the humic acids lose part of their water content. The
transformation to hard coal brings about further changes in the humic acids, with
carboxyl groups in particular being lost. The final stages of coal formation are the
geochemical processes, which take place over long periods of time at temperatures
up to 200 °C. The process of coal formation is depicted in the H/C and O/C dia-
gram in Figure 3.3.
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Figure 3.3: The process of coal transformation

The difference in aromaticity between coal and crude oil is, therefore, predomi-
nantly a result of the base materials: marine organic matter (like fats and amino
acids), as a consequence of the base structures present, are rich in hydrogen and
form crude oil containing materials of predominantly aliphatic structure; terres-
trial plants, characterized by a higher carbon content and greater aromaticity, lead
to coals with a high proportion of aromatics.
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3.2 Coal

3.2.1 Deposits, composition and uses of coal

Hard coal, representing over 50% of the fossil raw materials, is the carbonaceous
material with by far the greatest availability. Confirmed world resources of hard
coal are around 6,900 billion t; of these, some 550 billion t can be recovered by
current mining techniques. Brown coal deposits total some 6,500 billion t, of
which 430 billion t are recoverable. In comparison with coal reserves, economi-
cally recoverable oil reserves are only 95 billion t, and natural gas deposits 90,000
billion m? (around 72 billion t).

Eastern Europe Others

Western Europe

USA

USSR South Africa
Western Europe Australia &q
Others USA
South Africa
Australia
China
" Eastern Europe
China USSR
Geological reserves Economically recoverable
6,900 billion t 550 billion t

Figure 3.4: World coal reserves (1985)

The geographical location of coal deposits (Figure 3.4) is generally more bal-
anced than the distribution of oil reserves, which are predominantly concentrated
in the Middle East.

773

Total coal production
1975: 2,430 billion t
1986: 3,365 billion t

1986

Figure 3.5: Coal production 1975/1986



32 Base materials for aromatic chemicals

Current world coal supplies are around 3.3 billion tpa (Figure 3.5). The largest
coal producers are China (840 Mt), the Soviet Union (589 Mt) and the USA
(742 Mt). Coal production in Western Europe is around 230 Mt. Whereas coal
production in Western Europe has stagnated and even fallen in recent years, an
increase in coal supply is noticable particularly in the developing countries.

An understanding of the chemical structure of the different types of coal is of
fundamental importance for the recovery of aromatics. Coal chemists have been
occupied with the vexing task of elucidating the structure of coal for over 80 years.
The statistical distribution of the carbon atoms of the aliphatic and aromatic parts
of the macromolecules of which coal is composed presented a particular chal-
lenge. However with the development of NMR spectroscopy, especially *C-NMR-
spectroscopy since the mid-1970’s, assessment of the distribution and the direct
determination of the aromaticity, defined as the ratio of aromatic carbon to total
carbon in a molecule, is now possible. New methods of determining molecular
weight have shown that coals are composed of macromolecules with molecular
weights up to 100,000. The predominantly aromatic and hydroaromatic structures
of the macromolecules are linked together by methylene bridges or longer ali-
phatic chains. The degree of aromatization of coals is higher as the geological age
of the coal increases.

A typical model for hard coal was proposed by William R. Ladner (Figure 3.6).

Figure 3.6: Ladner’s model of the structure of coal
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It largely corresponds to the aromatic structures of compounds which, among
others, can be extracted from coal (Figure 3.7).
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Figure 3.7: Aromatic extracts from coal

In brown coal, the proportion of aromatic structures is considerably lower than
in hard coal. Anthracite exhibits a particularly high degree of aromatization,
because of its great geological age.

Apart from the aromatic model of the structure of coal discussed thusfar, the
polyadamantane structures attracted particular interest in the mid-1970’s. Figure
3.8 shows the structure of adamantane and a hypothetical polyadamantane model
of the composition CgsHso.

Adamantane Polyadamantane

Figure 3.8: Structure of adamantane and a polyadamantane
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With the aid of 3C-NMR-spectroscopy, which enables a direct insight into the
carbon skeleton, the proposed adamantane structure model of coal could be
largely dismissed. Figure 3.9 shows the solid-state 3*C-NMR-spectra of coals with
varying degrees of coalification. The resonance intensities in the aliphatic region
at around 40 to 50 ppm decline markedly as coalification increases; anthracite is
formed practically exclusively from sp?-hybridized carbon, whereas the sub-
bituminous coal still has a large proportion of aliphatics.

Sub-bituminous

High volatile
bituminous

Medium
volatile bituminous

-— Increasing coalification
aliphatic content

—«— Decreasing

Anthracite

T TR SRR E |

ppm 200 100 0
Aromatic Aliphatic
region region

Figure 3.9: Solid-state *C-NMR-spectra of different coals

Next to combustion, which is mainly for the generation of electricity, the most
important use for coal consists in carbonization to make metallurgical coke for the
production of pig-iron. Worldwide, some 500 Mt are carbonized per year; concur-
rently, the two important aromatic chemical raw materials, i.e. coal tar (ca. 16 Mt)
and benzole (ca.5 Mt) are formed as by-products. Complementary processes for
upgrading coal are coal hydrogenation and coal gasification. Coal hydrogenation,
which was developed to industrial maturity in Germany in the 1930’s, is aimed at
producing oil from coal, i.e., the production of a synthetic crude oil (syncrude)
from which fuels, heating oils and chemicals can be recovered. At current crude
oil price levels, coal hydrogenation is not economic. However, since crude oil
reserves are sufficient only for a limited time, developmental work is continued on
optimizing coal hydrogenation processes. Coal gasification to produce synthesis
gas is in a better position, with low coal costs, to compete with crude oil and natu-
ral gas. Thus, gas has been produced from coal for many years in countries which
have no indigenous crude oil or natural gas reserves, but which have access to
inexpensive coal. This applies particularly to India, South Africa, Finland and
Zambia.
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3.2.2 Thermal coal conversion - tar and benzole recovery

The pyrolytic conversion of coal into coke, gas and aromatic liquid products is the
oldest and, in quantitative terms, most important coal-refining process. In the
absence of air, carbonization processes are considered to occur in stages; up to
150 °C, carbon dioxide, water and volatile C, to C4 hydrocarbons are evolved. At
pyrolysis temperatures above 180 °C the volatile components also contain aromat-
ics. At temperatures in excess of 350 °C, rapid degasification occurs, which contin-
ues to around 550 °C, leading to semi-coke. The rate of degasification approxi-
mately follows a reaction of the 1st order, which can be explained by the rupture
of the bonds of the macromolecules in the coal. In the secondary degasification of
the semi-coke (600 to 800 °C) hydrogen and methane are the main products.
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Figure 3.10: Hard coal degasification process

Figure 3.10 shows the degasification process for hard coal belonging to the mid-
dle coal rank (medium volatile bituminous (A), high volatile bituminous (B)) at a
heating rate of 2 K/min.

Feed coal
7,000 t/d

Blast furnace gas
00 m3/h

Underfiring

oke oven gas
7,000 m3/h

Coke oven gas

110,000 m3/h Coke 5,100 t/d

Tar 250 t/d

Benzole 80 t/d
NH, 17 vd

Figure 3.11: Flow chart of a medium sized cokery
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Large-scale carbonization of hard coal is performed at temperatures between
1,000 and 1,200 °C. The production of blast-furnace coke takes 14 to 20 hours.
Each ton of coal yields 750 kg of coke, 370 m® coke-oven gas, 35 kg of crude tar,
11 kg benzole, 2.4 kg ammonia and 150 kg water. Figure 3.11 shows the quantita-
tive flow chart for a coke plant with a daily coal throughput of 7,000 t. The blast-
furnace gas is supplied by the blast furnaces which are linked for energy supply
(underfiring) to the coke ovens.

In recent times, large-chamber ovens 450 to 550 mm wide, 7 to 8 m high and 16
to 18 m long have been used for the production of coke. A large number of oven
chambers are set up side by side to form a battery. Very large modern cokeries
have a total capacity of 3 to 4 Mtpa of coke. Figure 3.12 shows the pushing side of
the Zollverein coking plant (Krupp-Koppers construction) operated by Ruhrkohle,
which produced around 2.3 Mt of metallurgical coke in 1986.

Figure 3.12: Ruhrkohle’s Zollverein coking plant, Essen/West Germany

The 750 to 850 °C hot gaseous products which are released during carboniza-
tion are taken to the gas-collection main by ascension pipes. The crude gas is
quenched to around 80 to 100 °C by ammonia liquor, removing 60 to 70% of the
crude tar. The aqueous phenoliec condensate which arises at the same time under-
goes extractive dephenolation. The phenols can be processed together with the
phenolic products of the distillation of tar (see Chapter 3.2.3). Cooling the crude
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gas in the gas pre-cooler to around 25 °C brings about the separation of the
remaining 30 to 40% of tar. After passing through the electrostatic precipitator,
ammonia, hydrogen sulfide and benzole are washed out of the cooled gas (Figure
3.13). The crude benzole is extracted from the coke-oven gas counter-currently in
towers, with benzole-absorbing oil, a tar-oil fraction boiling between 220 to
300 °C. The benzole is separated from the saturated wash oil in a refining plant
(see Chapter 4.2).

Coke oven gas

Benzole

Coal

r]2 Cooling

water

Off gas
Water

Gas
—]

Coke

Sulfuric acid

Crude tar Sodium Mother
Phenate liquor

Effluent Ammonium
sulfate

1 Coke oven; 2 Gas separator; 3 Pre-cooler; 4 NHs-spray saturator; 5 Final cooler;
6 Cooler; 7 H,S scrubber; 8 Gas purification; 9 Benzole cold scrubber; 10 Benzole col-
umn; 11 Underground condensate tank; 12 Tar separator; 13 Phenol extraction; 14 Ben-
zole regeneration; 15 NH; separator; 16 Ammonium sulfate slurry container; 17 Filter;
18 H,S separator; 19 H,S combustion; 20 SO, oxidation; 21 Absorption column; 22 Dilu-
tion vessel

Figure 3.13: Flow diagram for the purification of coke oven gas

3.2.3 Tar refining

Some 16 Mtpa of tar is obtained worldwide as a by-product of coke production.
The major tar-producing countries are the USSR, Japan, the USA, China, West
Germany, Poland and France. With the development of the iron and steel indus-
try, tar production is also growing in the South-East Asian countries, particularly
Korea (Figure 3.14).
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Figure 3.14: Tar production 1975/1986

Coal tar is a complex mixture consisting almost exclusively of aromatic com-
pounds. The main components of coal tar are naphthalene, phenanthrene, fluor-
anthene, pyrene, acenaphthene, anthracene, the heterocyclics carbazole, quinoline
and isoquinoline, phenol and benzofuran-derivatives, as well as sulfur compounds
such as thianaphthene. Olefinic compounds are also present in coal tar (Table 3.1).
The total number of constituents is estimated at 10,000.

Table 3.1: Constituents of coal tar

Compound B.pt. in °C at M.pt. Average
1013 mbar °C content %

Hydrocarbons:

Naphthalene 217.95 80.29 10.0
Phenanthrene 338.4 100.5 4.5
Fluoranthene 383.5 111.0 3.0
Pyrene 393.5 150.0 2.0
Acenaphthylene 270.0 93.0 2.5
Fluorene 298.0 115.0 1.8
Chrysene 441.0 256.0 1.0
Anthracene 339.9 218.0 13
Indene 182.8 - 18 1.0
2-Methylnaphthalene 2411 34.6 1.5
1-Methylnaphthalene 2444 - 30.5 0.7
Biphenyl 2559 71.0 0.4

Acenaphthene 277.2 953 0.2
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Table 3.1 (continued)
Compound B.pt. in °C at M.pt. Average
1013 mbar °C content
Heterocyclics:
Carbazole 354.75 245.0 0.9
Dibenzofuran 287.0 83.0 1.3
Acridine 2439 111.0 0.1
Quinoline 2731 - 15.0 0.3
Dibenzothiophene 3314 97.0 0.4
Thianaphthene 219.9 313 0.3
Isoquinoline 243.25 26.5 0.1
Quinaldine 246.6 - 20 0.1
Phenanthridine 349.5 107.0 0.1
7,8-Benzoquinoline 340.2 52.0 0.2
2,3-Benzodiphenylene oxide 394.5 208.0 0.2
Indole 254.7 52.5 0.2
Pyridine 115.26 - 418 0.03
2-Methylpyridine 129.41 - 66.7 0.02
Phenolics:
Phenol 181.87 40.89 0.5
m-Cresol 202.23 12.22 0.4
0-Cresol 191.00 30.99 0.2
p-Cresol 201.94 34.69 0.2
3,5-Dimethylphenol 221.96 63.27 0.1
2,4-Dimethylphenol 21093 24.54 0.1

The number of possible structures (Table 3.2) of polycyclic aromatic hydrocar-
bons increases with the total number of six-membered rings. For a molecule like
pyrene, which is formed from four rings, six other ring arrangements are possible
(Figure 3.15), leading to the compounds naphthacene, benz[alanthracene, chry-
sene, benzo[c]phenanthrene, triphenylene, pyrene and benzo[a]phenalenyl.

Table 3.2: Number of equiannular polycyclic aromatic hydrocarbons in relation to the ring num-

ber n
n kata-condensed peri-condensed Total
PAH PAH

1 1 0 1
2 1 0 1
3 2 1 3
4 5 2 7
5 12 10 22
6 37 45 82
7 123 210 333
8 446 1002 1448
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Figure 3.15: Condensed aromatics consisting of four hexagons

Because of its origins, coal tar also contains high molecular weight toluene-
insoluble components, which are collectively known as “Toluene Insolubles’ (TT)
together with soot-like components of a size of 100-1000 nm. These particles are
referred to as ‘Quinoline Insolubles’ (QI), because of their insolubility in quino-
line. A proportion of the mineral- and volatile inorganic co-compounds of coal,
e.g. zinc, are found in tar, predominantly in the ash. Table 3.3 shows the typical
composition of a tar from the Ruhr region.

Table 3.3: Typical composition of a coke oven tar from the Ruhr region

(West Germany)

Density g/cm’ 1.175
Water % 2.5
Toluene Insolubles % 5.50
Quinoline Insolubles % 2.0
Carbonization residue

(by Muck) % 14.6
Carbon (waf)* % 91.39

Hydrogen (waf) % 5.25
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Table 3.3 (continued)

Nitrogen (waf) % 0.86
Oxygen (waf) % 1.75
Sulfur % 0.75
Chlorine % 0.03
Ash % 0.15
Zinc % 0.04
Naphthalene % 10.0
Distillation range
(DIN 1995):
up to 180 °C Water % 2.5
Light oil % 0.9
180-230 °C % 7.5
230-270 °C % 9.8
270-300 °C % 43
300 °C- to pitch % 201
Pitch** % 54.5
Distillation loss % 0.5

* waf = water and ash free
** softening point (K&S) 67 °C

Coal tar refining is nowadays predominantly carried out in central distillation
plants. There are, at present, more than 100 tar refineries in operation in the world,
with capacities up to 750,000 tpa. Coal tar refining at the beginning of this century
provided the pattern for the subsequent refining of crude oil and has contributed
to the development of the pipe still (Borrmann system). Coal tar processing differs
from crude oil distillation however, in that the coal tar refining process is predomi-
nantly directed to the recovery of technically pure aromatic base chemicals, while
crude oil refining is geared exclusively to the recovery of distillate fractions.

Crude tar leaves the coke oven with a water content of 2 to 10%; it is stored in
tanks to further remove some water before the distillation process. The electro-
static coalescence of water droplets and subsequent removal of water, which is
common practice in crude oil refining, is not possible in tar distillation, because of
the different density ratios. Since crude tar usually contains chloride, neutraliza-
tion with soda or sodium hydroxide is required to avoid damage by corrosion.
Various schemes are in operation for the distillation of crude tar. Irrespective of
the scheme, the first stage of the distillation process is dewatering. The sensible
heat of the distillates is used to pre-heat the crude tar. Of the numerous processes
for tar distillation, vacuum rectification with bottom pump-around has shown par-
ticular merit. In this process (Figure 3.16) the dewatered tar is fed into a main col-
umn with around 60 trays after heating up in a gas- or oil-fired pipe still, then dis-
tilled into 4 to 5 fractions, together with the pitch residue. Further concentration of
the tar constituents, such as naphthalene and anthracene then takes place in side
columns.



42 Base materials for aromatic chemicals

w to vacuum pump
Crude tar E:}

Ny

Water  Light oil Pitch Anthracene Wash oil Naphthalene
oil
Fluorene Methyl naphthalene Carbolic
oil oil oil

1 Dewatering column; 2 Main column; 3 Anthracene-oil side column; 4 Wash-oil side col-

umn; 5 Naphthalene-oil side column; 6-8 Tubular furnaces

Figure 3.16: Flow diagram for the distillation of coal tar with bottom pump-around

The advantage of this process consists in the short residence time of the pitch at
high temperature which can be advantageous for certain applications, such as the

production of binders for carbon electrodes.
The boiling ranges of typical tar fractions are given in Figure 3.17.
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Figure 3.17: Boiling ranges of tar distillation fractions
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In addition to pitch, which at 50 to 55% forms the largest proportion of coal tar,
proportions of the various distillates are typically 0.5 to 1% light oil, 2 to 3% car-
bolic oil, 10 to 12% naphthalene oil, 2 to 3% methyl naphthalene oil, 7 to 8% wash
oil, 2 to 3% fluorene oil and 20 to 30% anthracene oil.

The crude tar is not completely inert during distillation, and some aromatics
such as acenapthylene, anthracene and indene are partially converted into the
corresponding hydroaromatics by hydrogen transfer from the pitch.

cENeee
e OO

Products recovered from light oil and carbolic oil include phenols and pyridines
(see Chapters 5.3.3 and 14.2.1), from naphthalene oil, naphthalene (see Chapter
9.2.1), from wash oil, acenaphthene (see Chapter 10.3) and from anthracene oil,
anthracene, phenanthrene and carbazole (see Chapters 11.1, 12.1, 14.5.5). The
pitch residue is further processed to yield industrial carbon products (see Chap-
ter13).

cEhoRs

3.2.4 Aromatics stemming from coal gasification

Coal is gasified on an industrial scale to produce hydrogen, synthesis gas (CO/H,)
and gas for heating. Current coal-gasification plants are predominantly operated
to generate hydrogen for the production of ammonia for fertilizers. In addition, in
South Africa, the South African Oil & Gas Corporation (SASOL) uses coal gasifica-
tion to produce fuels via synthesis gas by the Fischer-Tropsch method in the
SASOLT, 11 and III plants. The process converts carbon monoxide and hydrogen
into hydrocarbons at temperatures from 200 to 350 °C and at 10 to 25 bar on iron
or cobalt catalysts.

The Fischer-Tropsch synthesis leads almost exclusively to aliphatic hydrocar-
bons and oxygen compounds; the proportion of aromatics depends on the type of
reactor system used. The aromatics content of the gasoline and diesel oil produced
by the fixed-bed process in the SASOL I plant is negligible, while the aromatics
content of gasoline produced by the fluidized-bed method by SASOLII and III is
around 7%, and the level in diesel oil 10%. The increase in aromatics with the
fluidized-bed reactor is a result of the reaction temperature, which is approxi-
mately 100 °C higher. Since the concentration is rather low, it is not economical to
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recover aromatics from mixtures of hydrocarbons produced by the Fischer-
Tropsch method; however, synthesis gas and its product, methanol, can be trans-
formed into aromatics by the Mobil process (see Chapter 3.4).

There are currently three industrially-proven methods for coal gasification,
namely fixed-bed gasification (e.g. Lurgi), fluidized bed reactors (e.g. Fritz Wink-
ler (BASF)) and entrained bed processes (e.g. Texaco, Koppers-Totzek). Other
processes are being developed, e.g. coal gasification in an iron bath.

Table 3.4 shows the operating conditions for the three technically proven gasifi-
cation processes.

Table 3.4: Operating conditions for coal gasification processes

Reactor type Fixed bed Fluidized bed Entrained bed
reactor reactor reactor

Physical form Bulk material Fluidized bed Flowing

Coal size (mm) 10 to 30 1to 10 less than 0.1

Steam/O, ratio 9:1 to 5:1 2.5:1to 1:1 0.5:1 to 0.02:1

(kg/Nm?)

Movement of fuel Counter current Turbulant co-current ~ Co-current

Fuel contact time 60 to 90 min 15 to 60 min less than 1 sec

Fuel specification should not cake highly reactive; ash melting point
or disintegrate should not disintegrate less than 1450 °C

Max. gas exit 370 to 600 800 to 950 1400 to 1600

temperature (°C)

Pressure (bar) 20 to 30 1.03 1to 30

Composition of
crude gas (vol%)

CO+H, 62 84 85
CH, 12 2 0.1
Organic by-products Tar, oil, phenols, none none

gasoline, effluent

Aromatic hydrocarbons occur as by-products only in fixed-bed processes, since
the coal does not undergo a carbonization stage in fluidized or entrained bed gasi-
fication processes. As a result of the high reaction temperatures, all volatile hydro-
carbons are rapidly converted to gas.

The tar produced by fixed-bed gasification with counter-current feed of the two
reactants, coal and air/steam, is basically dependent on the geological age of the
coal, i.e, its content of volatiles, which ranges from 20 kg to 90 kg per t of coal.
The level of crude phenol varies correspondingly between 3 and 10 kg per t of
coal. ,

As a result of the relatively low temperatures in the fixed-bed gasification pro-
cess, which is generally carried out using the Lurgi method, the tar produced has a
composition comparable to low-temperature carbonization tar, i.e., the aromatic-
ity is appreciably lower than that of high-temperature coal tar. Table 3.5 shows a
comparison of the composition of fixed-bed gasification tar, produced by the
Lurgi process, and a typical high-temperature coal tar.
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Table 3.5: Constituents of high-temperature tar and tar arising from coal

gasification
Compound Coal tar Gasification tar
(Lurgi)
*) %)
Naphthalene 10.0 2.5
1-Methylnaphthalene 0.7 0.7
2-Methylnaphthalene 1.5 1.0
Dimethylnaphthalene <01 1.8
Biphenyl 0.4 0.1
Acenaphthene 0.2 0.9
Fluorene 1.8 11
Phenanthrene 4.5 1.6
Anthracene 1.3 0.7
Carbazole 0.9 0.3
Fluoranthene 3.0 0.4
Pyrene 2.0 0.3
n-Alkanes <0.1 33

The following fractions are recovered from tars produced by Lurgi fixed-bed
gasification at the SASOL plant: light naphtha (5%), heavy naphtha (7%), middle
creosote oil (25%), heavy creosote oil (20%), pitch distillate (13%) and pitch (30%).

Figure 3.18 shows the flow diagram for refining SASOL tar.
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1 Dewatering column; 2 Distillation column; 3 Pitch flash column; 4 Tubular furnaces

Figure 3.18: Diagram of the SASOL tar distillation

The naphtha streams are further processed to produce gasoline by low-pressure
hydrogenation (50 bar/370 °C). The middle and heavy creosote oils are also
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hydrogenated under pressure, but under more severe conditions, i.e., higher pres-
sure and higher temperatures (180 bar/400 °C), to produce diesel fuel. The crude
phenol can be refined by methods used to recover phenols from coal tar. The
pitch is not suitable as a binder for anodes, due to its ash content and low aromati-
city, but it can be used as a road binder.

3.2.5 Production of aromatics by coal liquefaction

3.2.5.1 Historic development

In simple terms, the carbon/hydrogen ratio of coal is reduced in coal liquefaction
by hydrogenation to the extent that coal is transformed into a ‘synthetic crude oil’
(syncrude), while largely retaining its aromatic character.

There are two types of processes available for coal liquefaction, namely direct
conversion of coal with hydrogen, invented by Friedrich Bergius in 1913, and coal
extraction with hydrogenating solvents, first tested in a pilot plant by Alfred Pott
and Hans Broche in 1935.The products from both processes can be further
hydrogenated in a second stage to obtain fuels.

Hydrogenation of coal has been developed particularly in Germany and Great
Britain, to reduce the dependence on imported crude oil. In both countries, large-
scale coal hydrogenation plants were operated up to the end of World War II
(although in the UK only creosote was hydrogenated during the War) having a
total capacity of around 4.5 Mtpa of fuels. Table 3.6 gives details of the German
and British hydrogenation plants and their operating conditions.

Table 3.6: German and British coal hydrogenation works

Starting  Works Raw materials Pressure (bar) Capacity (tpa)
date site Liquid phase Gas phase  1943/1944
1927 Leuna Brown coal, tar 200 200 650,000
1933 Billingham Hard coal (75 %), 300 300 150,000
tar oil (25 %)

1936 Bohlen Brown coal tar 300 300 250,000
1936 Magdeburg Brown coal tar 300 300 220,000
1936 Scholven Hard coal 300 300 280,000
1937 Welheim Pitch 700 700 130,000
1939 Gelsenberg Hard coal 700 300 400,000
1939 Zeitz Brown coal tar 300 300 280,000
1940 Liitzkendorf Tar, oil 500 500 50,000
1940 Politz Hard coal, oil 700 300 700,000
1941 Wesseling Brown coal 700 300 250,000
1942 Briix Brown coal tar 300 300 600,000
1943 Blechhammer Hard coal, tar 700 300 420,000

Figure 3.19 shows the flow diagram for a coal-hydrogenation plant using an
advanced version of the Bergius process (/G-hydrogenation process).
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Figure 3.19: Flow diagram of Bergius’ coal hydrogenation (/G-process)

In the Pott-Broche process, tetralin was used as a solvent for coal extraction in a
mixture with cresols (80/20). This method was used to produce 30,000 tpa of coal
extract in a plant operated by Ruhrél in Welheim (Bottrop), Germany between
1938 and 1944. Extraction was carried out under a pressure of around 100 bar at a
temperature of 415 to 435 °C. The coal extract was used as a low-sulfur fuel, for
the production of electrode coke, or refined by hydrogenation to yield benzole,
middle oil and heavy oil. The solvent had to be regenerated, i.e. hydrogenated,
before each extraction.

After World War II, some of the German hydrogenation plants were converted
to hydrogenate petroleum-derived oil residues, and were in use until the early
1960’s. These plants were the forerunners of the hydrocrackers.

Coal liquefaction received a further innovative impetus, particularly in the
USA, West Germany, Great Britain and Japan, with the beginning of the first
world ‘oil crisis’ in 1973.

3.2.5.2 Mechanisms of coal liquefaction

Whereas gasification causes a drastic decomposition of coal into low-molecular
weight compounds (mainly CO, CH, and H,), the basic aromatic skeleton of coal
is retained in coal liquefaction by hydrogenation, so that the coal oil is suitable not
only for the production of heating oils and fuels, but also for the production of
aromatics. Brown coals (lignites) and, among hard coals, high-volatile bituminous
coals are particularly suitable for hydrogenation. Low ash content, a content of
volatiles between 25 and 40% and a high level of vitrinite of 60 to 80% are prereq-
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uisites for a coal with good hydrogenation properties. Table 3.7 shows the compo-
sition of a bituminous coal from the Ruhr district, and for two hydrogenation
coals from the USA.

Table 3.7: Composition of hydrogenation coals (in %)

Ruhr coal Indiana V' Illinois No. 6

Volatile components

(waf) 379 39.7 428
Ash 4.6 10.6 10.2
Carbon 82.8 77.3 77.4
Hydrogen 52 5.3 5.2
Sulfur 1.0 3.7 3.2
Nitrogen 0.5 1.6 1.7
Oxygen 10.5 111 124

Coal liquefaction basically follows the stages described below, regardless of the
type of process:

1. Mixing finely-crushed coal with a suitable solvent,

2. Hydrocracking the hot reaction mixture under pressure with molecular or trans-
ferable hydrogen (from donor solvents) using catalysts

3. Depressurising the reaction product and separating the residue from the distil-
lable portion and

4. Further processing the coal-oil distillate.

In the first stage of coal liquefaction, finely-crushed coal (particle size
<0.1 mm) is slurried with a solvent, to render the coal flowable and pumpable.
The choice of solvent is particularly important, since it must be suitable to stabilize
the coal fragments and to dissolve the smaller disintegrated molecular moieties.
Due to their similarity in chemical nature, coal-derived oils are particularly effi-
cient. Anthracene oil from coal-tar processing was therefore preferred as a solvent,
when coal hydrogenation was being developed.

During the heating of the coal-oil mixture, decomposition of the coal occurs, as
evidenced by an increase in the proportion of quinoline-insoluble material.

Table 3.8: Solvent power of aromatics and hydroaromatics

for coal
Compound Standard
extraction yield

Acenaphthene 85.2
Anthracene 324

Carbazole 87.3
Dibenzofuran 65.9
9,10-Dihydroanthracene 76.9

Biphenyl 13.0
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Table 3.8 (continued)

Compound Standard
extraction yield
Fluoranthene 80.1
Fluorene 66.0
2,3-Dihydroindole 96.0
1-Methylnaphthalene 48.1
2-Methylnaphthalene 50.4
Naphthalene 14.0
Phenanthrene 54.8
Pyrene 83.0
1,2,3,4-Tetrahydroquinoline 94.7
Tetralin 85.5

Table 3.8, which shows the solvent power of polynuclear aromatics and hydro-
aromatics for coal, illustrates that hydroaromatics, which also occur in anthracene
oil, display particularly high solvent powers.

Figure 3.20 shows a comparison of the solubility of coal in aromatic, hydroaro-
matic and aliphatic solvents at 400 °C.
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Figure 3.20: Solubility of coal at 400 °C in Cyo-hydrocarbons

To achieve high solubility, it is necessary to saturate the coal fragments with
hydrogen, for which only the hydroaromatic tetralin is suitable, in contrast to
naphthalene and dodecane. As an example, the possible reaction of 1-phenan-
threne-2-pyrene-ethane, a coal fragment model, with tetralin is shown overleaf.

Hydrogen donors labelled with deuterium, such as tetralin-d;, and naphthalene-d,
have also been used to study the reaction mechanism of the hydrogen transfer.
Tetralin-dj, is rapidly substituted in the 1-position by hydrogen from coal. At a
reaction temperature of 400 °C the -deuterium content of the 1-position remains,
after a reaction time of 15 min, relatively constant at 66%. The 2-position, how-
ever, participates much less in the exchange reaction. On the other hand, the deu-
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terium atoms of the aromatic ring, are hardly involved in the hydrogen exchange.
Naphthalene-d; reacts likewise predominantly at the 1-position. In interpreting the
experiments with deuterium labelled solvents one has to have in mind, however,
that smaller coal fragments are also in a position to participate in hydrogen
exchange reactions (hydrogen shuttle).

The oil yield from coal liquefaction by reaction with hydrogen or with a
hydrogenating solvent is particularly dependent on the level of hydrogen con-
sumption (Figure 3.21).
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Figure 3.21: Distribution of coal-hydrogenation products versus hydrogen consumption

The reaction conditions used in the first phase (sump phase) are generally tem-
peratures of 400 to 500 °C and pressures ranging from 100 to 700 bar. Molybde-
num and tungsten oxides are commonly used as catalysts, together with iron com-
pounds. In the IG-hydrogenation process, Bayer-mass (‘red mud’), a by-product
of bauxite processing, was used as an iron catalyst. Coals which contain mineral
compounds with the necessary catalytic activity can be hydrogenated without the
addition of catalysts.

The first large-scale coal-hydrogenation plants, which started operation in Bil-
lingham, England in 1933 and in Scholven, Germany in 1936, were designed to
operate at a pressure of 250 or 300 bar. At these relatively low pressures, 0.06% of
tin oxalate (based on dry coal) was used as catalyst. Later coal-hydrogenation
operations used higher pressures (700 bar), resulting in higher coal conversions
and enabling the use of Bayer-mass and weakly-acidic iron sulfates as catalysts.
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The reaction mixture formed during hydrogenation is generally taken to a hot
separator to separate gases, vapor, and liquid-solid mixtures. The hydrogenation
residue can be refined by filtration, centrifugation or distillation. The coal-oil
products are further processed to gasoline and diesel oil by methods commonly
used in the petroleum industry.

Tables 3.9 and 3.10 summarize typical characteristics of a sump-phase gasoline
and a sump-phase middle oil.

Table 3.9: Composition and characteristic Table 3.10: Characteristics of a sump-phase

data for a sump-phase gasoline middle oil

Phenols in crude gasoline % 18.0 Density at 20 °C (g/ml) 0.970

Dephenolated gasoline Aniline point °C -16
density at 15 °C (g/ml) 0.795 Cetane no. 6
boiling range up to 100 °C % 23.0 Pour point °C -44
final boiling point °C 185 Initial boiling point °C 195
paraffins % 325 Boiling range
naphthenes % 35.0 to 250 °C % 50
aromatics % 22.5 Final boiling point °C 348
olefins % 10.0 Hydrogen content % 9.5
octane rating RON 80 Phenol content % 16

The hydrogenation plants operated before 1945 had to cope with a number of
fundamental difficulties. Since coal swells when mixed with the solvent, heat
transfer deteriorated during pre-heating before hydrogenation. Furthermore, coke
deposits formed on the heater walls, which also hampered heat transfer. In the
hydrogenation reactors, the prevention of coke build-up through overheating was
a major task. There was also a risk of coking in the hot separator. The plants there-
fore had a maximum operating time of only some 200 days. In the /G-hydrogena-
tion process, the residue was refined by centrifugation and subsequent carboniza-
tion of the slurry. If the asphaltene content of the centrifuge overflow was too
high, its tendency to carbonize was increased when it was fed back into the pre-
heater and the reactor.

3.2.5.3 Further developments in coal hydrogenation since 1970

Renewed efforts to improve coal liquefaction by hydrogenation and extraction,
particularly in the early 1970’s, were aimed at overcoming these difficulties and
obtaining the highest possible oil yields at relatively low pressures and reasonable
hydrogen consumption.

The SRC (solvent refined coal) process of Pittsburgh & Midway Coal Mining
(Gulf Oil) is an advanced version of the Pott-Broche extraction process. The pur-
pose of the SRC method is to desulfurize coal to yield a solid, low-sulfur fuel.

In the SRC process, the crushed coal is mixed with process-derived oil to pro-
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duce a 35% suspension. (Figure 3.22). The suspension is fed into the pressure reac-
tor after heating and addition of hydrogen (70 bar, 425 °C).

The process operates without catalysts, since the catalytic activity of the finely
divided pyrites in the coal feedstock is sufficient. Hydrogen consumption is
around 2%. The undissolved residue is separated by pressure filtration. A pilot
plant was started up at Fort Louis in Tacoma/Wash., USA in 1974, with a
throughput of 50 t/d of coal. By increasing the severity of cracking, this method
can also be used to produce heavy heating oil (SRC-II process).
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Process gas

Light oil

Coal
Middle oil

Ash and residue Cooling  SRC
water

1 Coal-slurry production; 2 Tubular furnace; 3 Hydrogenation reactor; 4 Gas separator;

5 Pressure filter; 6 Solvent recovery; 7 Tubular furnace; 8 Vacuum distillation; 9 Gas puri-
fication; 10 Gas separation

Figure 3.22: Process scheme of coal hydrogenation using the SRC process
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Figure 3.23: Process scheme of coal hydrogenation using the Exxon-Donor-Solvent process
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Similar to the SRC version is the Exxon-Donor-Solvent-Coal-Liquefaction pro-
cess (EDS) developed by Exxon. Rehydrogenation of the hydrogen-donating sol-
vent is achieved in a special process stage through a fixed-bed catalyst (Figure
3.23).

A large-scale pilot plant with a throughput of 250 t/d of coal was operated at
the Exxon refinery in Baytown, Texas from June 1980 to August 1982.

Further developments of the /G-hydrogenation process include the Ruhrkohle/
VEBA Oel-hydrogenation process, and Hydrocarbon Research’s H-Coal process.
In the latter method, crushed and dried coal is mixed with a process-derived oil,
the mixture saturated with hydrogen and hydro-cracked after preheating at 455 °C
and 180 to 210 bar. Cobalt and molybdenum oxides are used as catalysts on an
aluminum oxide carrier. The H-Coal process is a variant of the H-Oil process, in
which heavy hydrocarbons, e.g. crude oil residues, tar or shale oil, are cracked in a
catalytic fluidized bed. The catalyst is added in the form of extruded pellets. A
particular advantage of the H-Coal process is the thorough mixing of the coal sus-
pension with the catalyst, together with the uniform reactor temperature. Hydro-
gen consumption is over 4% (based on waf coal). Figure 3.24 shows a flow chart
for the H-Coal process and Table 3.11 gives the process conditions and character-
istic properties of the reaction products.
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Process gas
H,S, NH;
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Heavy oil

I \r Residue with
solids

1 Coal-slurry production; 2 Tubular furnace; 3 Hydrogenation reactor; 4 Hot separator;

5 Cold separator; 6 Flash chamber; 7 Atmospheric distillation; 8 Vacuum distillation;
9 Gas purification; 10 Gas separation

Figure 3.24: Process scheme of coal hydrogenation using the H-Coal process
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Table 3.11: Process conditions and product yields for coal hydrogenation
using the H-Coal process

Operating conditions

Pressure bar 190
Temperature °C 460
Coal throughput kgh-11-1 0.490
Coal feedstock
Volatiles % wf 37.8
Ash % wf 11.8
Sulfur % wf 3.63
Products
C1 to C3 % 8.3
C4t0 204 °C % 223
204 to 343 °C % 114
343 to 524 °C % 11.7
Residue > 524 °C % 15.6
unconverted coal, af % 10.6
Ash % 11.7
H,0, NH;, CO, % 9.8
H,S % 2.8

The Ruhrkohle/ VEBA Oel coal-liquefaction plant came into operation in Bot-
trop, West Germany in 1981.Today, it is the largest pilot plant in the world for
direct coal liquefaction, with a coal throughput of 200 t/d yielding 18 t/d of
liquefied gas, 29 t/d of light oil and 69 t/d middle oil.

Finely-crushed coal and an iron catalyst (2% based on waf coal) are mixed
together with process oil and, after addition of hydrogen, heated in a tubular fur-
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Catalyst - > Middle oil
; |
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Heavy oil

Residue
1 Mixing vessel; 2 Pre-heater; 3 Hydrogenation reactors; 4 Hot separator; 5 Cold separa-

tor; 6 Flash vessel; 7 Atmospheric distillation; 8 Vacuum distillation; 9 Gas purification
(scrubber) '

Figure 3.25: Flow diagram of the Ruhrkohle/ VEBA Oel coal-liquefaction plant in Bottrop
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nace (Figure 3.25). The hydrocracking reaction is carried out in a large-chamber
hydrogenation reactor or in three reactor trains at a pressure of 300 bar and a tem-
perature of 485 °C. The reaction product is separated into an overhead and bot-
tom product in the hot separator. The bottom product, which contains the high-
boiling and all the solid materials (i.e. unconverted coal, ash and catalyst) is
distilled in a vacuum column. The vacuum overhead product is recycled to the
process, while the residue, containing ash and unreacted coal, is gasified to pro-
duce hydrogen. The overhead product from the hot separator is further cooled. In
the cold separator, additional separation into gas and liquid hydrocarbons takes
place. The gas is fed back into the liquid-phase hydrogenation after being purified
by oil scrubbing. The condensate from the cold separator is split by atmospheric
distillation into light oil (<185 °C), middle oil (185 to 325 °C) and a higher-boiling
bottom product. The bottom product from the atmospheric column is likewise
returned to the process as mixing oil. The coal oil distillates, light and middle oil,
correspond to the overall oil production in the liquid-phase hydrogenation. They
can be further refined to gasoline, diesel oil and home heating oil. The thermal
efficiency of this coal-oil production is in excess of 80%. The oil yield, based on
water and ash-free coal feedstock, is over 50%. Further improvements to the pro-
cess are being developed.

3.2.5.4 Hydropyrolysis

Hydropyrolysis occupies a position midway between coal pyrolysis and coal
liquefaction. This process, which is currently being developed to complement coal
liquefaction, operates at pressures up to 100 bar and temperatures up to 900 °C;
the residence time of the coal in the pyrolysis zone is around 4 to 5 sec.

Hydropyrolysis is characterized by the fact that the yield of coke, which can
reach 80% in purely pyrolytic processes, is significantly reduced and more gaseous
hydrocarbons and around 20% of tar are produced. The aromaticity of the tar gen-
erated by hydropyrolysis at 530 °C is 0.80, rising to 0.95 at a reaction temperature
of 950 °C.

The hydropyrolysis of coal is related to the hydropyrolysis of naphtha; the latter
was operated in a pilot plant belonging to Naphtha Chimie/ Pierrefitte-Auby to
produce ethylene, in 1975.

3.3 Crude oil
3.3.1 Reserves and characteristics of crude oil

By far the largest petroleum reserves are found in the Middle East, particularly in
Saudi Arabia. The proportion of the industrial nations in the list of world oil
reserves is relatively small. The USA owns 6%, the USSR 10%. The share held by
West European states is extremely small; Great Britain, the leading West Euro-
pean oil producer, owns just over 2% of world oil reserves.

Figure 3.26 and Figure 3.27 depict reserves and production rates of the major
world petroleum producers.
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As a result of intensive exploration, proven crude oil reserves have tripled in the
last 30 years (Figure 3.28) so that the expected life span calculated as the quotient
of reserves and consumption today is around 35 years.
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Figure 3.28: Development of crude oil reserves and their expected life span

The carbon content of crude oil generally ranges from 85% to 90%, hydrogen
content from 10 to 14%; vanadium is particularly common as a trace element
(Table 3.12).

Table 3.12:

Basic compositi

on of crude oil

Carbon
Hydrogen
Sulfur
Nitrogen
Oxygen
Vanadium
Nickel

85-90 %

10-14 %

0.2-3.0 % (max. 7 %)
0.1-0.5 % (max. 2 %)
0-1.5%

ca. 30 ppm

ca. 10 ppm

Crude oils are classified as paraffin-based, mixed-based, naphthene-based and
the rather rare aromatic oils, depending on their paraffin, naphthene and aromatic
hydrocarbon content (Figure 3.29).
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Figure 3.29: Crude oil classification diagram

The density of crude oil rangesfrom the extremes of 0.75 to 1.0 g/ml, but is gen-
erally between 0.8 and 0.9 g/ml. The API-gravity introduced by the American

Petroleum Institute, is determined by the following formula:

API° = 141.5 — 1315

sp. gravity 15.5/15.5°C

Table 3.13 summarizes characteristic properties of various crude oils.

Table 3.13: Characteristic properties of various crude oils

Origin of crude Middle N. Africa Venezuela North Sea Alaska
East Libya Tia Juana Forties Prudhoe
Kuwait M. Field Bay
Total crude
Density at 15 °C (g/ml) 0.869 0.824 0.897 0.835 0.893
API gravity (° API) 313 376 26.5 38.0 27.0
Sulfur (wt%) 2.5 0.14 1.55 0.29 0.82
Viscosity at 38 °C (mm?/s) 9.6 9.0 25 4.2 18.0
Pour point (°C) —4 +24 -35 0 -10
Vanadium content (mg/kg) 27 <0.5 170 10 25
Distillation analysis, yields:
C, and lighter (vol%) 2.52 2.3 0.70 4.00 0
Naphtha fraction,
Cs—150 °C (vol%) 16.65 173 13.70 18.75 11.8
Middle distillate,
150—370 °C (vol%) 35.15 374 32.65 39.80 384
Residue >370 °C (vol%) 45.75 43.0 52.95 36.00 49.8
Sulfur content (wt%) 4.16 0.15 2.35 0.65 1.55
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Table 3.13 (continued)

Origin of crude Middle N. Africa Venezuela North Sea Alaska
East Libya Tia Juana Forties Prudhoe
Kuwait M.’ Field Bay
Vacuum distillate,
370—525 °C (vol%) 19.85 229 2310 2040
(49.8)
Vacuum residue, 2590 211 2985 15.60

> 525 °C (vol%)

Whereas coal and the tar which arises during carbonization are composed pre-
dominantly of aromatic constituents, petroleum contains mainly aliphatic hydro-
carbons. The proportion of aromatics is generally small.

Table 3.14 shows the contents of benzene, toluene and Cg aromatics of some
crude oils.

Table 3.14: Aromatics content of crude oils (in wt%)

Libya Louisiana West Venezuela Nigeria Iran
Gulf Texas
Benzene 0.07 0.15 0.18 0.15 0.11 0.19
Toluene 0.37 0.45 0.51 0.60 0.92 0.56
Cg aromatics 0.56 0.50 1.10 1.10 147 1.05
Total
aromatics 1.00 1.10 1.79 1.85 2.50 1.80

Since the concentration of aromatics in crude oils is low, production of aromat-
ics from crude oil generally necessitates additional aromatization of naphthenic
and aliphatic hydrocarbons by dehydrogenation and cyclization. Before the devel-
opment of modern crude oil refining technologies, crude oils rich in aromatics,
mainly from Southeast Asia, were commonly resorted to, especially for the pro-
duction of toluene.

The rare crudes with a high proportion of aromatics, particularly in the form of
polycyclic aromatics, are found principally in California, Texas, Burma, Mexico,
and in the Urals. In some cases, the aromatics content of these crudes is over 35%.

In general, the greater the geological age of the crude oil, the higher is its aro-
matics content (Figure 3.30). Crude oils from the Tertiary, Silurian and Cambrian
periods have especially high levels of aromatics, while Permian, Carbonaceous
and Devonian oils are distinguished by very low levels of aromatics.

Crude oil is split by refining into a large number of fractions to recover market-
able products. Only a small proportion was, a number of years ago, used in pyro-
lysis processes as a feedstock for olefins and aromatics production without previ-
ous refining (e.g. Kureha/ Union Carbide process, see Chapter 3.3.2.5.2).
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Figure 3.30: Aromatics content of mineral oil in relation to its geological age

3.3.2 Crude oil refining

3.3.2.1 Distillation

There are approximately 730 petroleum refineries operating worldwide, around
190 of which are in the USA alone. Distillation capacity at the end of 1986 was
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Figure 3.31: Scheme of crude oil distillation with atmospheric section and vacuum section
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3.6 billion tons; a medium-sized refinery has a throughput of 6 to 7 Mtpa of crude
oil.

When the crude has been delivered by ship or pipeline, the crude oil is stored in
large tanks, capable of holding up to 100,000 m>. The first stage in refining is
dewatering and desalination, normally by electrostatic methods. This is followed
by atmospheric distillation, frequently complemented by vacuum distillation (Fig-
ure 3.31). Atmospheric distillation is carried out with the injection of steam; gases,
naphtha fractions, kerosene and light gas oil are recovered. The topped residue is
reheated in a tubular furnace and split by flash distillation in the vacuum column
into vacuum gas oils and the vacuum residue. Since hydrocarbons have a tend-
ency to carbonize, the flash temperature is generally below 400 °C.

The most important properties of the main distillate streams for light and heavy
Arabian crude oil are summarized in Table 3.15.

Table 3.15: Characteristic data for two Arabian crudes

Arabian heavy Arabian Light
Crude oil
Density (g/ml) 0.886 0.851
Sulfur, wt% 2.84 1.70
Pour point, °C —-34 —-34
Viscosity, mm?/s
at21°C 35.8 8.2
at 38 °C 18.9 54
Light naphtha
Boiling range, °C 20-100 20-100
Yield, vol% 79 10.5
Density (g/ml) 0.669 0.677
Sulfur, wt% 0.0028 0.055
Paraffins, vol% 89.6 874
Naphthenes, vol% 9.5 10.7
Aromatics, vol% 0.9 1.9
RON (Research Octane 59.7 54.7
Number)
Heavy naphtha
Boiling range, °C 100-150 100-150
Yield, vol% 6.8 94
Density (g/ml) 0.737 0.744
Sulfur, wt% 0.018 0.057
Paraffins, vol% 70.3 66.3
Naphthenes, vol% 214 20.0
Aromatics, vol% 8.3 13.7
Kerosene
Boiling range, °C 150-235 150-235
Yield, vol% 12.5 18.4
Density (g/ml) 0.787 0.788
Sulfur, wt% 0.19 0.092
Paraffins, vol% 58.0 589

Naphthenes, vol% 23.7 20.5
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Table 3.15 (continued)

Arabian heavy Arabian light
Kerosene
Aromatics, vol% 18.3 20.6
Crystallisation point, °C -53 -55
Viscosity, mm?/s
at 34 °C 474 5.09
at 38 °C 112 1.13
Light gasoil
Boiling range, °C 235-343 235-343
Yield, vol% 16.4 211
Density (g/ml) 0.846 0.838
Sulfur, wt% 1.38 0.81
Viscosity, mm?/s
at 38 °C 3.65 3.34
at99 °C 1.40 132
Heavy gasoil
Boiling range, °C 343-565 343-565
Yield, vol% 26.3 30.6
Density (g/ml) 0.923 0.905
Viscosity, mm?/s
at 38 °C 62.5 49.0
at99 °C 7.05 6.65
Residual oil (I)
Boiling range, °C >343 >343
Yield, vol% 531 38.0
Density (g/ml) 0.984 0.924
Sulfur, wt% 435 2.04
Conradson Carbon, wt% 13.2 45
Viscosity, mm?/s
at 38 °C 5,400 146
at99 °C 106 12,4
Residual oil (II)
Boiling range, °C > 565 > 565
Yield, vol% 26.8 7.4
Density (g/ml) 1.004 0.990
Sulfur, wt% 5.60 3.0
Pour point, °C 49 27
Conradson Carbon, wt% 24.4 19.0
Viscosity, mm?/s
at 99 °C 13,400 393
Metal content, ppm
Vanadium 171 12
Nickel 53 7
Iron 28 36

As the recovery of gasoline and light fuel oil by simple distillation of crude oil
does not produce sufficient quantities to meet market demand, conversion pro-
cesses have been developed since the beginning of this century to achieve higher
yields. In thermal- and catalytic-cracking processes, high-molecular weight units



Base materials for aromatic chemicals 63

are split into low-molecular weight hydrocarbons, with simultaneous dispropor-
tionation into hydrogen-rich and hydrogen-poor products. The resulting product
range depends on temperature conditions, reaction time and the catalyst used. The
aromatics content of cracker products can be varied by altering the reaction condi-
tions.

A major factor in petroleum refining is the production of high-octane gasoline.
Since aromatics show particularly high octane ratings, aromatization is an espe-
cially important facet of gasoline production.

3.3.2.2 Catalytic cracking

Catalytic cracking is the most important process for converting heavy hydrocar-
bons into high-value gasoline and light fuel oil components. The reaction is car-
ried out using a catalyst to produce hydrocarbons with high octane ratings, i.e.
olefins, isoparaffins and aromatics. In the USA, with a production of 200 Mtpa,
over 50% of all gasoline is produced in catalytic cracking plants (cat-crackers); in
Europe, cat crackers are less common.

Amorphous aluminum silicates, with an aluminum oxide content between 10
and 15%, have been used as catalysts. In the last 15 years, zeolite catalysts have
gained importance in catalytic cracking. Zeolite catalysts make conversion rates of
around 85% possible, whereas conversion rates using amorphous SiO, catalysts
are only 70 to 75%; furthermore, the aromatics content of the gasoline is higher.
Because of their acidity the suitability of zeolites as effective cracker catalysts was
recognized early, but the first attempts to use them were abortive, since the crystal-
linity of the zeolites was lost during regeneration due to the high partial steam
pressures. It was then found that, as a result of ion-exchange of the alkali metal
with rare earths, e.g. lanthanum, the crystallinity of the zeolites was retained. The
catalyst used in catalytic cracking acts as a Lewis acid. This leads to the formation
of carbonium ions as intermediates, which are converted into branched paraffins,
which have a high octane quality.

Although catalytic cracking was originally carried out in fixed beds, nowadays
practically all processes use a fluidized bed. Finely-crushed catalyst (2 to 200 pm
diameter) is suspended in the ascending hydrocarbon gas stream (riser). The feed-
stock, e.g., a vacuum distillate or heavy gas oil from atmospheric distillation, is fed
with steam to the base of the catalyst riser, where it is contacted by a hot stream of
the regenerated catalyst. The resultant hydrocarbon vapor rises with the catalyst at
a rate of 10 to 20 m/s to the top of the reactor, where separation of the catalyst
and cracked products occurs. The cracker products leave the reactor via cyclones,
which retain the catalyst powder. The catalyst sinks to the base of the reactor and
is stripped with steam, to remove any adsorbed hydrocarbons, before it passes via
an inclined pipe into the regenerator. In the regenerator, the coke which has
formed on the catalyst surface is burned off, and the catalyst returned to the base
of the riser, to be brought again into contact with fresh feedstock material. Figure
3.32 shows a diagram of an Exxon Fluid Cat-Cracker unit (FCC).
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Figure 3.32: Flow diagram of Fluid Catalytic Cracking

Reaction temperatures in catalytic cracking range generally between 480 and
530 °C; regeneration of the catalyst occurs at temperatures between 550 and
700 °C. The heat required for regeneration is produced by burning the coke depos-
its on the catalyst. The cracked gases leaving the reactor are separated in a frac-
tionation column into a cycle stock, heavy and light gas oil, together with an over-

head product.

This overhead product is condensed by a compressor and separated into light
gases and gasoline.

Table 3.16: Raw materials and composition of products of catalytic cracking

FCC feedstock (380-580 °C) Brega Arabian Arabian
light heavy
Naphthenes wt% 4.2 30.5 29.7
Paraffines wt% 18.6 14.7 13.6
Aromatics wt% 315 49.6 539
Polars wt% 7.7 5.2 2.8
Conradson Carbon wt% 0.51 0.96 1.53
Heavy metals Ni (ppm) 0.16 0.17 0.39
V (ppm) 0.11 0.17 0.07
Fe (ppm) 0.61 1.21 1.05
Conversion (%) 70 62 52
Product composition
Ci+C, wt% 2.7 24 3.6
C3+ C4 unsaturated wt% 59 54 49
Cs+ C,4 saturated wt% 4.4 33 241
Cs unsaturated wt% 5.7 5.8 4.6
Cs saturated wt% 6.4 44 2.4
Ce to 221 °C wt% 38.7 35.7 284
Naphtha composition
FIA aromatics vol% 25.8 26.2 24.6
saturated compounds vol% 419 271 6.0
olefins vol% 323 46.7 69.3
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Table 3.16 shows the characteristic properties of some cat-cracker feedstocks
and their products, together with the product distribution. Where the level of aro-
matics is high, conversion is lowest, and the olefins content of the gasoline
increases noticeably; the octane number of the gasoline produced is around 92.

Figure 3.33 shows the different behavior of hydrocarbons during catalytic
cracking (480 °C, Al,0;/SiO,-catalyst) and illustrates how the yield of gasoline,
with a final boiling point of 220 °C, is dependent on the severity of cracking. In
model tests, the ratio of the surface area of the catalyst to the weight of feedstock
serves as an indicator of the cracking severity. Commercially and synthetically
produced gas oil fractions with an average boiling range of 370 °C were chosen as
model mixes.

Polycyclic naphthenes
Monocyclic aromatics

Monocyclic naphthenes

iso paraffins

Naphtha yield

normal paraffins

Dicyclic aromatics

Cracking severity

Figure 3.33: Naphtha yield from catalytic cracking of various hydrocarbon mixtures

The highest yield is obtained from polycyclic naphthenes, alkylsubstituted mono-
cyclic aromatics and monocyclic naphthenes. Isoparaffins and normal paraffins
give medium yields, whereas the gasoline yield from naphthalene derivatives is
relatively low by comparison.

The tendency toward coke build-up during catalytic cracking of various gas oil
fractions with an average boiling point of 370 °C has also been investigated. Coke
formation increases considerably as the degree of aromaticity grows (Figure 3.34).
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Gasoline yield can be increased by pretreating the vacuum distillates which are
the usual feedstock for cat crackers. The objective of pretreatment is the hydrogen-
ation of polycyclic aromatics, which make virtually no contribution to the gasoline
yield in catalytic cracking but are rapidly convertred into coke. Hydrogenation
transforms aromatics into hydroaromatics, which can then be broken up into
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Figure 3.35: Effect of hydrogenation on product yield in catalytic cracking
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smaller alkyl aromatics and reappear in the gasoline as high-value octane boost-
ers. Coke formation can also be greatly reduced by hydrogenation. Figure 3.35
shows the influence of hydrogenation on the yield of gasoline and on coke forma-
tion in cat cracking.

The gas oil fractions obtained from the fractionation of the cat-cracker reaction
product are rich in aromatics. They are therefore suitable as a basis for the recov-
ery of polycyclic aromatics, e.g. naphthalene. Because of the high C/H ratio, they
can also be used for the production of high-value carbon in the form of premium
coke and as feedstock for the manufacture of carbon black (see Chapter13).

Table 3.17 gives the composition of aromatics in a cycle stock oil (boiling range
340 to 470 °C).

Table 3.17: Distribution of aromatics in a cycle stock oil (%)

Hydrocarbon groups:

Benzene and benzene-homologous 5.3
Naphthalene and naphthalene-homologous 13.2
Phenanthrene and anthracene 41.7
Pyrenes 189
Chrysene, benzanthracene and benzophenanthrene 12.6
Five-ring aromatics 83
Total 100.0

The aromatics content of the cat-cracker gasoline, which increases the octane
rating, can also be influenced by the choice of catalyst. Table 3.18 shows the com-
position of a gasoline recovered by cat-cracking gas oil on a silica/alumina cata-
lyst and a zeolite. With the zeolite, the formation of aromatics increases at the
expense of olefin formation.

Table 3.18: Composition of a gasoline fraction from catalytic cracking on aluminum oxide and
zeolite catalysts

Feedstock Calif. Calif. Gachsaran
straight-run gas oil  coker-gas oil gas oil
Catalyst Zeolite  ALOs/  Zeolite ALOy/  Zeolite  ALOs/
SiO, SiO, SiO,
Paraffins (%) 21.0 8.7 21.8 12.0 319 21.2
Naphthenes (%) 19.3 10.4 13.4 9.5 14.3 15.7
Olefins (%) 14.6 437 19.0 428 16.3 30.2

Aromatics (%) 45.0 373 45.9 35.8 374 331
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3.3.2.3 Catalytic reforming

Catalytic reforming, developed by Vladimir Haensel in 1949 at Universal Oil
Products (UOP), is the second most important process for converting hydrocar-
bons in petroleum refining, after catalytic cracking. Following the introduction of
catalytic reforming in 1950 as an improvement to the traditional thermal reform-
ing, only catalysts based on platinum and a nonferrous metal oxide were used at
first. However, since 1967, bimetallic catalysts have been mainly employed, con-
sisting of a second noble metal component, usually iridium or rhenium in addition
to platinum. Bimetallic catalysts enable to operate the reformer with increased sta-
bility with regard to yield and reaction time.

The purpose of reforming, by which in the USA alone some 70 Mt annually of
gasoline are produced, is to convert paraffinic hydrocarbons into aromatics or
branched alkanes, in order to increase the octane rating. Since the compression
ratios of Otto-engines rose between 1915 and the mid-1960’s from 4 to 7-9 in
Europe, and to 9-10 in the USA, the octane rating of gasoline had also to be
steadily increased during the same period; catalytic reforming therefore gained
considerable importance, especially in Europe and Japan.

Table 3.19 gives the mixed octane rating (RON) of typical gasoline hydrocar-
bons.

Table 3.19: Octane numbers of hydrocarbons

Hydrocarbon Octane No. Hydrocarbon Octane No.
Paraffins
Isobutane 122 n-Heptane 0
n-Pentane 62 2-Methylhexane 41
Isopentane 99 3-Methylhexane 56
n-Hexane 19 2,2-Dimethylpentane 89
2-Methylpentane 83 2,3-Dimethylpentane 87
3-Methylpentane 86 2,4-Dimethylpentane 77
2,3-Dimethylbutane 96 2,2,3-Trimethylbutane 113
2,2,4-Trimethylpentane 100
(Isooctane)
Naphthenes
Methylcyclopentane 107 1,2-Dimethylcyclohexane 85
cis-1,3-Dimethyl- cis-1,3-Dimethyl-
cyclopentane 98 cyclohexane 67
trans-1,3-Dimethyl- 1,1,3-Trimethylcyclo-
cyclopentane 91 hexane 85
Cyclohexane 110 cis-1,3,5-Trimethyl-
Methylcyclohexane 104 cyclohexane 60
Ethylcyclohexane 43 Isopropylcyclohexane 62
Aromatics
Benzene 99 Ethylbenzene 124
Toluene 124 Isopropylbenzene 132
o-Xylene 120 1-Methyl-2-ethylbenzene 125
m-Xylene 145 ) 1-Methyl-3-ethylbenzene 162
p-Xylene 146 1-Methyl-4-ethylbenzene 155

1,2,4-Trimethylbenzene 171
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Table 3.19 (continued)

Hydrocarbon Octane No. Hydrocarbon Octane No.
Olefins
1-Pentene 91 trans-3-Octene 73
1-Octene 29 4-Methyl-1-pentene 96

The processes occurring during reforming are:

1. Dehydrogenation of cycloalkanes to aromatics,

2. Isomerization of n-alkanes to branched alkanes,

3. Ring extension and dehydrogenation of alkylcyclopentanes to benzene deriva-
tives,

4. Dehydrogenation and cyclization of alkanes to aromatics,

5. Hydrocracking of alkanes and cycloalkanes, together with hydrogenation of the
cracker products to hydrocarbons with low molecular weight.

Figure 3.36 shows the equilibrium diagram for the n-hexane/benzene/hydrogen

system at pressures of 17.5 and 35 bar with different hydrogen/hydrocarbon
ratios.

Mol %
100

17,5 bar

Benzene content

0 T T T T T T T T T
450 480 510 540 570 600 °C

Temperature

Figure 3.36: Equilibrium diagram for the n-hexane/benzene/ hydrogen system

Thermodynamic data for C¢ hydrocarbon reactions under catalytic reforming
conditions are summarized in Table 3.20.
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Table 3.20: Thermodynamic data for C¢ hydrocarbon reactions

Reaction k (at 500 °C) AHg/kJ mol~!
cyclohexane — benzene+3 H, 6x10° 221
methylcyclopentane — cyclohexane 0.086 —16.0
n-hexane — benzene +4 H, 0.78 x 10° 266

n-hexane — 2-methylpentane 11 - 59
n-hexane — 3-methylpentane 0.76 — 46
n-hexane — 1-hexene + H, 0.037 130

When converting paraffins and naphthenes by catalytic reforming into aromat-
ics, hydrogen is released in relatively pure form. Reforming is therefore an impor-
tant source of hydrogen for the refinery and the associated petrochemical plants.

The formation of aromatics is facilitated by a low hydrogen pressure and high
temperature. Nevertheless, care should be taken since the hydrocarbons carbonize
rapidly on the catalyst as the temperature rises.

Apart from the various types of catalyst, the reforming processes differ in the
method of regenerating the catalyst.

Until the early 1970’s, two methods were widely used, namely semi-regenerative
and cyclical regenerative processes. The UOP semi-regenerative process (UOP
platform process) is particularly common; the Exxon Powerforming process and
the Atlantic Richfield/ Engelhard Magnaforming process operate in a similar way.

Recycle hydrogen Off gas

Fuel gas

6 Excess
hydrogen

Desulfurized L:>—

gasoline

Reformed
gasoline

1 Reactor I; 2 Reactor II, 3 Reactor III; 4 and 5 Tubular furnaces; 6 Gas separator;
7 Stabilizer; 8 Gas purification

Figure 3.37: Flow diagram for three-stage reforming
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The feedstock for the platformer is desulfurized straight run gasoline, which
must have particularly low concentrations of metal impurities (e.g. Pb, As, Cu
etc.). The desulfurized gasoline is heated with recirculated hydrogen and fed into
the first reactor, where mainly the dehydrogenation of the naphthenes takes place.
Before entering the second reactor, intermediate heating occurs in the tubular fur-
nace; in the second reactor, slow isomerization of the Cs-naphthenes to cyclo-
hexane homologs and their dehydrogenation takes place. In the third reactor, mild
hydrocracking occurs, leading to a slight increase in temperature.

Reactor pressure is around 15 to 25 bar, reaction temperature around 510 to
540 °C; reforming is carried out with a molar hydrogen excess of 5-6:1. Pt/Re cat-
alysts are used with a platinum content of ca.0.5%; flow through the reactor bed
occurs radially.

The catalyst is regenerated every 4 to 8 months by burning off the carbon.

Figure 3.37 shows the flow diagram for the semi-regenerative, three stage pro-
cess.

Table 3.21 shows the composition of the feedstock gasoline and the reformate
gasoline.

Table 3.21: Typical data for catalytic reforming feed-
stock and products

Characteristics of raw material

Density g/cm? 0.767
Octane no. (unleaded) 55.4
Paraffins vol% 381
Naphthenes vol% 42.6
Aromatics vol% 193
ASTM distillation °C
Initial boiling point 99
10 % 115
50 % 134
90 % 157
Final boiling point 177
Product octane no. (unleaded) 95.8
Yields
Hydrogen m*/m? 184
C;-C, fraction, wt% 5.66
Benzene vol% 23
Toluene vol% 11.8
C;s fraction vol% 21.2
Cg* aromatic fraction vol% 49.0
Total gasoline production 86.9

The octane rating can be increased from 35-60 to over 100 (unleaded).

In cyclical regeneration, a fourth reactor is used, which is switched into service
during catalyst regeneration (swing reactor).

As a result of the necessary increase in severity of reforming when reforming
gasoline fractions from conversion plants (FC-cracker, hydrocracker, coker), a
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reforming system was developed in the mid 1970’s with continuous catalyst regen-
eration. In the UOP process, the three reactors are stacked in a tower; the catalyst
bed moves from top to bottom through all three reactors in plug flow.
Continuous reforming is characterized by high hydrogen yield and a high aro-
matic content in the gasoline; the octane number can be as high as 105.
Figure 3.38 shows a part of the continuous reformer of Wintershall (BASF),
Lingen/West Germany with a capacity of ca.650,000 tpa.

Figure 3.38: Catalytic reformer (UOP) of Wintershall, Lingen/West Germany
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3.3.2.4 Hydrocracking

Hydrocracking processes date back to the work of Friedrich Bergius in 1910,
which was originally aimed at converting heavy crude oil residues into distillates
and later led to the development of coal hydrogenation. Whereas cat-cracking is
aimed at splitting long-chain high-boiling hydrocarbons and catalytic reforming is
used to convert hydrocarbons to produce high proportions of gasoline with a high
aromatics content, hydrocracking is applied to break down high-molecular weight
aliphatic and aromatic hydrocarbons. Modern hydrocracking processes operate
with bi-functional catalysts, which on the one hand accelerate cracking and on the
other, hydrogenation. Current hydrocracking plant capacity worldwide is over 60
Mtpa.

Special hydrocracking variants can be used as required:

1. to produce base oils for high-viscosity lubricants,

2. to convert vacuum gas oils into feedstocks for steam crackers to produce olefins,

3. to produce isobutenes for alkylation plants,

4. to produce liquid gas,

5. for selective cracking of n-alkanes using small-pored zeolites such as erionite
and mordenite,

6. for hydro-dewaxing.

Ideally, in the hydrocracking of long alkanes, practically no small fragments,
such as methane and ethane, are formed; the molar distribution of the cracking
products is therefore symmetrical. Figure 3.39 shows the molar distribution of
cracking products from ‘ideal hydrocracking’ of dodecane on a platinum/zeolite
catalyst, together with the effect of increased temperature on the formation of
smaller fragments.

100
Catalyst
Pt/Ca-Y-ZEOLITE
O T =3500C; conversion = 100 %
A T =3250C; conversion = 100 %
O T =2850C; conversion = 56 %

Mol per 100 mol cracked dodecane

T T T T T
0 2 4 6 8 10

C-number of cracking products

Figure 3.39: Molar distribution of cracking products from ideal hydrocracking of dodecane
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In practical hydrocracking, a catalytic cracking reaction occurs in addition to
the ideal hydrocracking, so that small fragments of the long-chain hydrocarbons
are formed.

The aromatics pass through a series of intermediate stages and are finally con-
verted into paraffins (Figure 3.40). Partial hydrogenation of the aromatics occurs
relatively rapidly, whereas further hydrogenation to fully-hydrogenated cyclo-
hexane-type compounds is comparatively slow.
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Figure 3.40: Relative reaction rates for hydrocracking of aromatics
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Figure 3.41: Flow diagram for a two-stage hydrocracker
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In two-stage hydrocracking, the first stage comprises the removal of sulfur and
nitrogen compounds by hydrogenation to produce hydrogen sulfide and ammo-
nia. This is effected over nitrogen- and sulfur-resistant catalysts based on cobalt/
molybdenum oxides on alumina carriers. After the separation of the hydrogen sul-
fide and ammonia, the actual high-pressure cracking reaction is performed in the
second reactor, e.g. on a highly-active bi-functional zeolite catalyst. The level of
cracking conversion is between 40 and 70%. The reactor can, in principle, be oper-
ated in two modes, namely as a fixed-bed or fluidized-bed. Most hydrocrackers
operate with fixed-bed catalysts (e.g. the UOP and Chevron Isomax process). Fig-
ure 3.41 shows the flow diagram for a two-stage hydrocracker.

The Hydrocarbon Research process, the H-Oil process, operates with a fluidized
catalyst bed (Figure 3.42).

Gas

Light naphth

Wash oil  Wash oil

(spent)

T !

)

Heavy naphtha

Gas oil

Heavy gas oil

Vacuum
residue

=

Residue

1 and 2 Reactors with fluidized catalyst bed; 3 Tubular furnace; 4 Hot separator; 5 Cold
separator with gas scrubber; 6 Flash vessel; 7 Tubular furnace; 8 Fractionation column with
side columns

Figure 3.42: Flow diagram for the H-Oil hydrocracker

Table 3.22 shows the yields obtained by hydrocracking a Texan vacuum residue
by the H-Oil process. The aromatics content of the gasoline is relatively low in
comparison with that of cat-cracker gasoline and the octane rating of the gasoline
is correspondingly moderate. The octane number can be raised by adding octane
boosters, or by further reforming.

The hydrocracker is distinguished from the cat cracker by increased process
flexiblity. Yields of gasoline, kerosene and middle distillates can be varied within
wide ranges from processing vacuum gas oil and other heavy distillate feedstocks.
A disadvantage is the high investment and operating costs; to date, only a small
number of hydrocrackers have been built in Europe.
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Table 3.22: Yields and product specifications from hydrocracking a Texan vacuum residue using
the H-Oil process

Crude material: Vacuum residue (West Texas)
Relative density 15/15 °C 0.981
Sulfur, wt% 2.95

Desulfurization Cracking
mild severe
Hydrogen consumption, m*/m? 110 143 223
Yields
H,S and NHj;, wt% 2.6 2.3 2.5
C;-G; fraction, wt% 1.0 37 4.8
C, fraction, vol% 0.7 22 29
C; fraction, vol%
(Final boiling point 82 °C) 14 31 44
Boiling range
82-177 °C, vol% 4.0 9.3 12.7
Boiling range
177-343 °C, vol% 9.7 223 28.5
Heavy gasoil, vol% 309 34.0 35.2
Residue, vol% 57.0 320 20.0
Product specifications
C; fraction
(Final boiling point 82 °C)
Relative density 15/15 °C 0.682 0.682 0.685
Research octane no. 73 .. Ut
Boiling range 82-177 °C
Relative density 15/15 °C 0.751 0.755 0.759
Composition of hydrocarbons:
Paraffins, vol% 52 .. 45
Olefins, vol% 10 .. 10
Naphthenes, vol% 28 .. 35
Aromatics, vol% ) 10 .. 10
Boiling range 177-343 °C
Relative density 15/15 °C 0.850 0.860 0.865
Sulfur, wt% 0.1 0.2 0.2
Heavy gasoil
Relative density 15/15 °C 0.916 0.922 0.928
Sulfur, wt% 0.3 0.7 0.7
Residue
Relative density 15/15 °C 0.960 1.014 1.060
Sulfur, wt% 1.1 2.0 21

3.3.2.5 Thermal cracking of hydrocarbons

Thermal cracking to cleave hydrocarbons may be divided into high-temperature
processes, operating at temperatures above 750 °C, and processes operating in the
medium-temperature range, at around 450 to 550 °C. Olefin production predomi-
nates in high-temperature processes, with simultaneous formation of aromatics.
Thermal cracking in the middle-temperature range is used to produce gasoline.
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Again, partial aromatization of hydrocarbons occurs, but to a lesser extent than in
high-temperature pyrolysis.

Table 3.23 shows the free bonding enthalpies of various hydrocarbon classes,
which are causal for the high energy consumption of thermal cracking processes.

Table 3.23:" Free bond enthalpies of various hydrocarbon types

(kJ/mol)
Cc-C aliphatic 297
C-C aliphatic to aromatic nucleus 335
Cc-C aromatic 401
C-H aliphatic 389
C—-H aromatic 426
C=C olefinic 513
C=C triple bond 686

3.3.2.5.1 Steam cracking to produce olefins

The most important petrochemical process is steam cracking of hydrocarbons to
produce ethylene, propylene, C, olefins and higher unsaturated compounds.
Ethylene is the most important basic organic chemical in terms of quantity; pro-
duction worldwide was 40 Mt in 1985. '

When hydrocarbon chains are heated to temperatures of around 800 °C, C-C
and C-H bonds are split, producing unstable radicals. These radicals can react fur-
ther to produce saturated or unsaturated molecules. Furthermore, diolefins which
arise can cyclize with other olefins to yield aromatics so that aromatics are also
formed by high-temperature pyrolysis. Apart from the bond-fission reaction,
therefore, other reactions occur in steam cracking which lead to larger molecules.
Polymerization of olefins can give high-molecular weight compounds, which are
deposited on the heater wall and can eventually be converted into coke by loss of
hydrogen. Undesirable polymerization and coke formation are facilitated by high
concentrations of hydrocarbons, whereas the required cracking reaction is favored
by low hydrocarbon concentration levels. For this reason, the hydrocarbons used
as feedstock in steam cracking are diluted with steam. Table 3.24 shows typical
feedstocks, together with the final product spectrum.

Table 3.24: Composition of pyrolysis products from steam cracking various feedstock materials

(%)

Feed Ethane Propane n-Butane i-Butane Light Full Raffinate Kerosene Light Heavy Heavy

material naphtha range  after gas gas vacuum
naphtha aromatics oil oil gas oil

extraction

Pyrolysis

products

Hydrogen 37 1.31 0.9 1.25 0.98 0.86 09 0.65 0.6 0.51 043

Methane 2.8 25.2 209 22.6 17.4 15.3 16.5 122 10.6 8.82 1.1

Acetylene 0.26 0.65 0.55 0.6 095 0.75 0.85 0.35 04 0.21 0.16

Ethylene 50.5 389 373 107 323 29.8 28.4 25.0 24.0 21.36 17.5
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Table 3.24 (continued)

Feed Ethane Propane n-Butane i-Butane Light Full Raffinate Kerosene Light Heavy Heavy
material naphtha range after gas gas vacuum
naphtha aromatics oil oil gas oil
éxtraction
Ethane 40.0 37 45 0.6 3.95 3.75 39 37 341 4.54 2.8
Methylacety-  0.03 0.6 0.8 3.0 1.25 1.15 11 0.75 1.05 0.19 0.45
lene
Propylene 0.8 115 16.4 212 15.0 143 14.5 14.5 14.7 1325 134
Propane 0.16 7.0 0.15 0.3 033 0.27 0.3 04 0.45 0.86 0.35
Butadiene-1,3  0.85 355 385 215 475 49 4.8 4.4 4.8 6.15 5.46
Butene 0.2 095 1.8 17.5 4.55 4.15 5.7 42 44 5.54 6.29
Butane 0.23 0.1 5.0 8.0 0.1 0.22 0.25 0.1 0.1 0.05 0.11
C; fraction 022 1.6 1.6 20 385 235 35 2.0 33 2.18 5.5
Ce-Cg non- 2.02 2.05 3.8 1.55 15 251 4.7
aromatics
Benzene 0.2 22 2.0 3.06 5.6 6.0 6.1 6.2 5.7 5.43 295
Toluene 0.05 04 0.9 1.4 1.65 4.6 235 29 3.0 327 2.7
Cs fraction 0.35 0.4 0.72 1.65 1.8 12 12 0.74 13
Styrene 0.65 0.85 0.95 0.7 0.7 0.50 0.4
C, fraction
(Final boiling
point 200 °C) 1.0 13 325 0.65 31 09 31 23 3.08 3.0
Pyrolysis tar 1.34 1.7 1.99 33 395 34 16.1 18.1 20.81 248
Total 100 100 100 100 100 100 100 100 100 100 100

In the USA, and to some extent in Great Britain and Norway, ethane is the
dominant feedstock for steam cracking. It is recovered from wet natural gas and
gives high yields of ethylene, hydrogen and methane. From naphtha, the preferred
feedstock in Europe and Japan, additional principal products are propylene, C,4
hydrocarbons and pyrolysis naphtha as well as highly aromatic pyrolysis tar.

In industrial steam cracking (Figure 3.43), naphtha passes through coiled tubes,
first through the convection zone of the furnace where it is vaporized by the heat
from hot flue gases. At the same time, approximately half a ton of steam is added
for each ton of naphtha. The mixture, preheated to around 600 °C, then passes
into the cracking tubes, which are arranged vertically in the furnace. These pyroly-
sis tubes (diameter ca.60 to 100 mm) of a single-train furnace with an ethylene
production capacity of around 40,000 tpa are between 60 and 80 m long. The heat
flux in short contact time cracking furnaces is around 300,000 kJ/m? h.

The hydrocarbons are cleaved at a pyrolysis temperature from 800 to 900 °C in
0.1 to 0.5 sec. The cracked gases, which leave the furnace at a temperature of
around 850 °C, must be cooled very rapidly (‘quenched’) to stop the reaction and
to avoid undesirable secondary reactions; this is carried out in quenchers. The
heat from the gases is recovered to produce high-pressure steam, which is used to
drive the cracker-gas compressors, having been superheated to around 500 °C. The
gases are further cooled by oil spraying and freed from high-boiling components
by washing oil in a main column. The high-boiling compounds are removed from
the column as pyrolysis tar. Water and gasoline are taken off in a quench column
(water quench).

The cracked gases are compressed to 30 to 40 bar, freed from carbon dioxide
and hydrogen sulfide and dried. Low temperature distillation at temperatures of
—30 to 140 °C effects separation into ethylene, ethane, propylene, propane, mix-
tures of C4- and Cs-hydrocarbons and light pyrolysis gasoline. This refining pro-
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Process steam High pressure steam Acid gases
H
N +h 3
Boiler »— ‘——EV\N\'———"—r 8 Methane
feed water {2
Pyrolysis tar | Water
Methane H, Ethylene H, Propy- C,-frac- Cg-frac- Pyrolysis gasoline

lene tion tion

Residue

1 Cracking furnace; 2 Quenching cooler; 3 Steam generator; 4 Primary fractionation;
5 Quench column; 6 Gas purification; 7 Drier; 8 Low-temperature cooler; 9 Hydrogen/
methane separation; 10 Demethanization column; 11 Deethanization column; 12 Acetylene
hydrogenation; 13 Ethylene column; 14 Depropanization column; 15 Methylacetylene
hydrogenation; 16 Propylene column; 17 Debutanization column; 18 Depentanization col-
umn; 19 Residue column

Figure 3.43: Flow diagram for steam cracking of naphtha

cess yields ethylene and propylene purities in excess of 99.9%. Hydrogen and
methane are split at even lower temperatures (Joule-Thomson effect).

The upper cracking temperature is limited by the construction material of the
cracker tubes. At final exit temperatures of 850 °C, temperatures in excess of
1,000 °C occur at the outer tube wall, at which steels tend to take up carbon from
the reaction medium and thus become brittle. For this reason, centrifugally cast
iron pipes containing over 25% chromium and 20 to 35% nickel have been intro-
duced; these have a long service life, even at temperatures above 1,000 °C.

Figure 3.44 shows the series of cracking furnaces at the Shell Nederland Chemie
ethylene plant at Moerdijk/Netherlands, which has a production capacity of
500,000 tpa of ethylene.
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Figure 3.44: Cracking furnace at Shell Nederland Chemie ethylene plant, Moerdijk/Netherlands

The two most important sources of aromatics from steam cracking are pyrolysis
gasoline and pyrolysis tar. The composition of typical pyrolysis gasoline from
cracking is shown in Table 3.25.

Table 3.25: Characteristics of pyrolysis gasoline from different levels of cracking

Characteristics Pyrolysis gasoline from
mild cracking severe cracking
Density at 20 °C (g/ml) 0.790 0.835
Initial boiling point °C 40 44
50 vol% at °C 95 96
Final boiling point °C 200 182
Distillate to 70 °C, vol% 35 16
Distillate to 100 °C, vol% 65 55
Bromine number g/100 g 60 63
Diene content wt% 12 15
RON, unleaded 97 103.5
Composition
Non-aromatics wt% 41.0 27.4
Benzene wt% 22.0 33.8
Toluene wt% 17.5 19.4
o-Xylene wt% 23 11
m-, p-Xylene and ethylbenzene 6.0 6.6

Styrene 32 5.3
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Benzene, toluene and xylene can be recovered from pyrolysis gasoline as
required. After hydrogenation, principally to saturate diolefins, pyrolysis gasoline
is used as a motor fuel and is noted for its high octane rating.

The composition of pyrolysis tar exhibits some similarity to high temperature-
coal tar, although its aromaticity is lower (Table 3.26).

Table 3.26: Composition of pyrolysis tar
from naphtha steam cracking

Indene 1.4%
Naphthalene 12.8%
2-Methylnaphthalene 4.8%
1-Methylnaphthalene 4.0%
Biphenyl 2.2%
Dimethylnaphthalenes 2.6%
Fluorene 0.9%
Phenanthrene/Anthracene 13%
Fluoranthene 0.1%
Pyrene 0.2%
C/H ratio 11

Some of the constituents of pyrolysis tar, such as the unsaturated Cy compounds
and naphthalene, can be used as chemical raw materials. Because of its high-C/H
ratio, pyrolysis tar is also suitable for use as a raw material in the production of
carbon black and as a feedstock for coking to premium coke (see Chapter 13.1.2).

3.3.2.5.2 Production of olefins from crude oil

In West Germany and Japan especially, processes have been developed to pro-
duce ethylene by cracking crude oil, to counter the dependence of ethylene pro-
duction on the availability and price fluctuations of naphtha. Owing to the tem-
peratures, which are needed in such processes, ethylene formation is accompanied
by an aromatization, so that aromatics can also be obtained from these processes.

> Olefinic gas

Water
Light oil

| Naphthalene oil

Steam b_—q
Petroleum coke

1 Fluidized-bed reactor; 2 Quencher; 3 -Fractionation column

Figure 3.45: Flow diagram for crude oil cracking according to the BASF process
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In Germany in the early 1960’s, BASF and Hoechst carried out trials to crack
crude oil, although these processes were rapidly replaced by steam cracking. The
BASF method provides for crude-oil cracking in a fluidized bed of coke granules
at 700 to 750 °C. In addition to a gas containing olefins, light oil, a naphthalene
fraction and petroleum coke are recovered (Figure 3.45).

The light oil consists principally of benzene, toluene and xylenes; in terms of its
composition, it resembles coke-oven benzole. The naphthalene fraction, recovered
as a 4% yield of the crude oil, contains 42% naphthalene along with mainly
methylnaphthalenes.

Table 3.27: Quantities produced by the BASF fluidized-bed
cracker process using 1,000 kg of crude oil and 400 kg (280 Nm?)

of oxygen

Product kg/t crude oil
Ethylene 230
Propylene 125
C, fraction 60
Light oil (45 % benzene) 140
Naphthalene oil (42 % naphthalene) 40
Hydrogen 8
Methane 120
Ethane 45
Propane 7
Acetylene 1
Carbon dioxide 395
Carbon monoxide 100
Coke 45
Water 64
Loss 20

The Kureha/ Union Carbide process operates at a higher temperature than the
BASF method (Figure 3.46). It uses steam as a heat carrier, at a temperature of
2,000 °C. Preheated crude oil is fed into the superheated steam in an adiabatic
reactor, from which 30% ethylene is recovered. Reaction time is only 15 to
20 msec. This process also produces an aromatics-rich oil of relatively high naph-
thalene content which boils above the pyrolysis gasoline. The aromatic pyrolysis
tar concurrently produced can be used to manufacture medium-modulus carbon
fibers.
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Figure 3.46: Kureha/ Union Carbide process for crude oil cracking

3.3.2.5.3 Other thermal-cracking processes

In crude oil refining, the visbreaker process, the delayed coking process (see
Chapter 13.1.2) and thermal cracking are used in the middle-temperature range to
convert heavy petroleum residues into lighter gasoline fractions and middle distil-
lates. The aromaticity of the fractions recovered, however, is relatively low.

Process gas

Cracker oil

Water
Steam

Bitumen (>

C> Blown bitumen
1 Tubular furnace; 2 Blowing tower; 3 Hot bitumen receiver

Figure 3.47: Flow diagram for the production of blown bitumen
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The production of blown bitumen from straight-run bitumen also involves ther-
mal cracking and aromatization; although the temperature for blowing bitumen
with air is only 280 to 300 °C, the use of air leads to an increase in aromaticity,
from around 0.35 to 0.45 after blowing, by dehydrogenation of naphthenes. Blown
bitumen is not used for the recovery of aromatics, however, because of its rela-
tively low aromaticity. Figure 3.47 (see page 83) shows the flow diagram for a con-
tinuous blowing plant.

The feedstock for the visbreaker process is generally an atmospheric residue or
a vacuum residue from crude oil distillation. The residue is heated to 450 to 480 °C
in a tubular furnace, which leads to thermal cracking reactions. The reaction is
carried out under a pressure of 5 to 50 bar. In order to terminate the cracking reac-
tion, the cracking products leaving the furnace are quenched with cold gas oil. The
reaction product is then broken down into the required distillates and a heavy
fuel-oil residue in the fractionation column. The alkylaromatics which are formed
during aromatization, characterized by a high solvent power, bring about a reduc-
tion in the viscosity of the cracked bitumen in comparison with the original raw
material. The flow diagram of a visbreaker and typical yields from a feedstock of a
Louisiana residue are shown in Figure 3.48 and Table 3.28.

Gas and
gasoline

Quench oil 4

1
Feed %———@_ Steam

Gas oil

:> Heavy fuel oil
1 Cracking tubular furnace; 2 Fractionation column; 3 Side column; 4 Gas oil quenching

Figure 3.48: Flow diagram for a visbreaker

Table 3.28: Characteristic properties of feedstock and products from visbreaking a South Loui-
siana residue

Raw material: Louisiana crude oil residue

Relative density 15/15 °C 0.987

Conradson carbon wt% 10.6

Viscosity at 98.9 °C, mm?/s 107

Sulfur wt% 0.61
Operating conditions:

Cracking temperature, °C 480

Pressure, bar 7
Yield:

C;-C; fraction, wt% 0.6

C, fraction, vol% 1.0
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Table 3.28 (continued)

Gasoline (Final boiling point 220 °C), vol% 6.2
Gas oil (220-340 °C), vol% 6.3
Residue, vol% 88.4
Product specifications:

Gasoline Gas oil Residue
Relative density, 15/15 °C 0.748 0.851 0.990
Sulfur, wt% 0.26 0.33 0.58
Conradson carbon, wt% 0.0 0.01 15.0
RON (unleaded) 66.8 .. ..
Viscosity at 98.9 °C, mm?/s .. 34

Wide variations in pressure, temperature and residence time, as well as in feed-
stock material, are possible with visbreaking by thermal cracking.

The classic thermal cracking of heavy gas oil fractions occurs at higher tempera-
tures. It is operated at 500 °C and 50 bar. Figure 3.49 shows the flow diagram of
the thermal-cracking process, originally designed by Petroleum Carbon Dubbs
(UOP) for cracking wax distillates.

Feed I:> Gas
5 L—r":
1> Cracker naphtha

6

Cracker middle
distillate

1

o

|

Cracker residue

1 Light-oil tubular furnace; 2 Heavy-oil tubular furnace; 3 Reaction chamber; 4 Flash
chamber; 5 Distillation column; 6 Side column

Figure 3.49: Flow diagram for the Dubbs process

The cracker tar which is generated by this process is suitable as feedstock for
production of premium coke in the delayed coker; the gasoline quality is some-
what better than that of coker naphtha.
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3.4 Production of aromatic hydrocarbons with zeolites
3.4.1 Aromatics from alcohols

Methanol is the principal feedstock for the production of aromatic gasolines with
zeolite catalysts.

Zeolites are crystalline alumino-silicates, which contain a three-dimensional net-
work of SiO4- and AlOg-tetrahedral voids of a specific size. These voids have dif-
ferent diameters, depending on the structure. Figure 3.50 shows zeolite structures
with voids of varying diameters.

A-Zeolite

Figure 3.50: Zeolite structures with various diameters

A distinction is made between wide, medium and narrow-pored zeolites. In
wide-pored Y-zeolites, the structures leading to the large voids are formed by 12
SiO4 or AlO, tetrahedra. These apertures have a diameter of 7.4 A: the largest
voids have a diameter of around 13 A.

In the narrow-pored A-zeolites, 8 tetrahedra produce an aperture of 4.1 A.
Between these ranges lie the pentasil zeolites, with a slightly elliptical pore section.
These pores are formed from 10 tetrahedra; the pore size is approx.5.6 A.

Zeolites are inorganic ion-exchangers; their catalytic activity is basically a result
of acid groups on the intracrystalline surface. The zeolites per se can be used as
catalysts, but also serve as carriers for active components. The composition of a
typical molecular-sieve zeolite is shown in Table 3.29.
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Table 3.29: Composition of a mordenite-
zeolite catalyst (wf, as %)

SiO, 74-81
ALOs 10-13
Fe203 0.5-1.0
TiO, 0.6
CaO 0.6
MgO 0.6
Na,0 5-8.5
K;O 0.6

The specific surface of the zeolite catalysts varies between 800 and 1,000 m?/g.

Against the background to reduce the dependence of motor fuel on crude oil,
Mobil Oil developed the Methanol to Gasoline (MTG) process to convert metha-
nol to gasoline. Since methanol can be produced not only from crude oil but also
from natural gas and coal by currently available technology, the MTG process is
not dependent on crude oil as a raw material.

Figure 3.51 shows the flow diagram for the two-stage Mobil Oil fixed-bed pro-
cess.

1 Dimethyl ether reactor; 2 Conversion reactors; 3 Stand-by reactor; 4 Start-up and regen-
eration gas furnace; 5 Regeneration gas cooler; 6 Water separator

Figure 3.51: Flow diagram for the Mobil Oil fixed-bed process to convert methanol into gasoline

The reaction is carried out at a pressure of 20 bar and a temperature of 380 °C.
The process produces 44% of hydrocarbons along with 56% of water. In terms of
its composition and characteristics, such as octane rating, boiling range and other
specifications, the gasoline corresponds to currently-used motor gasolines.
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Figure 3.52 depicts the dependence of methanol conversion and product com-
position on contact time; as contact time increases, (reciprocal of the catalyst
load), the yield of gasoline and aromatics increases. (In English terminology, the
catalyst load is defined as (LHSV) ‘liquid hourly space velocity’).
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