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Chemical Structure of Bituminous Coal
Peter H. Given

Dept. of Fuel Techmology, Pgnnsylvania State University, University Park, Pa.

Introduction

The purpose of this paper is to survey present knowledge of the structure of coals
in such a’ way as to provide a useful background to consideration of the production of
chemical by-products. In addition some deductions will be drawn from structural
knowledge about the probable contribution made by different coal components and by
different parts of the structure to the volatile matter evolved on carbonization.

Since the survey has only this limited objective, no attempt will be made to treat
the subjectlefhaustively; and since detailed, fully documented, reviews have appear-
ed recently ’", a full bibliography is not provided.

Examination of a sample of coal with the naked eye or under the microscope
reveals that the material is apparently heterogeneous. There are bands of different
reflectance running through the coal, and even minute areas scanned microscopically
show a variation of optical properties; moreover, there are regions showing various
types of fossilized plant remains. These components have been classified in various
ways, and there is no universally agreed system; moreover, the subject is complex
since a large number of alleged components have been distinguished. The term "alleged"
is used in recognition of the fact that the significance of a component can only be
established to the satisfaction of coal scientists at large if it has been separated
physically and shown to differ appreciably in chemical and physical properties and
in carbonization behavior from material associated with it in the whole coal. The
real significance of many componments has not yet been established in this way.

For present purposes it will be sufficient to postulate that bituminous coals
are composed of three major "maceral" groups, which, in the common European terminol-
ogy are known as vitrinite, exinite and inertinite. The term "inertinite" refers to
components inert in carbonization; "inert" does not imply that the materials undergo
no chemical reaction, only that they do not soften or swell on heating and contribute
little to the volatile matter. Vitrinite is quantitatively the most important
maceral, accounting for probably 60~80% of most worked coals, and it is the material
primarily responsible for the characteristic coking behavior of higher ramk bituminous
coals., Coals relatively rich in the other components are known, but they are rare
in the U.S.A.; nevertheless, even in minor amount, they can make significant con-
tributions to the properties of the whole coal.

In what follows, the structure of vitrinites will be considered first. Se far
as possible the conclusions stated will be based on work with pure macerals, but
some evidence relative to vitrains (bright bands of coal'seams, normally containing
80-957 vitrinite) will be used where it seems improbable that the character of broad
qualitative conclusions could be altered by the presence of small amounts of petrograph-
ic impurity. After the consideration of vitrinites, available evidence on structural
differences between them and other macerals will be reviewed; at this point some
comments will be made on the sub-components of the main maceral groups.

The Structure of Vitrinites
It has long been believed that vitrainous coals are predominantly aromatic in

structure. The partly aromatic nature of coals is established qualit Civei{ b{
the presence of certain bands in their infra-red spectra. However, fulles




and most convincing evidence on this point comes from the study of the scattering of
x-rays by coals. The interpretation of the scattering data is a difficult and
complex business, and no complgtely adequate treatment has yet been devised. The
method most recently published™ makes use of a curve~fitting procedure, in which

the scattering curve calculated for various hypothetical models is compared with

the curve observed experimentally. Of the models tested, the one that gave the best
fit required the supposition that in bituminmous vitrinites a majority of the carbon
was organized into aromatic nuclei containing on the average 2-3 fused rings. For
reasons that need not be discussed here the published work does not permit any accurate
estimate of the fraction of carbon atoms in such systems nor any information about
the other carbon atoms. The indications from the x-ray work, and the study of infra-
red spectra, are that the aromaticity is between about 60 and 857, increasing with
rank, though lesser figures are possible. Further work may alter this estimate but
is unlikely to change much the sizes of the nuclei quoted above.

In view of its obvious importance, much ingenuity has been expended in trying
to devise methods of calculating the aromaticity from such physical properties as
density and refractive index by "physical constitution analysis", For what they are
worth, the results are in accord with the figures just given.

Non-aromatic carbon must be presumed aliphatic, and indeed the infrayred spectra
of vitrinites demonstate that aliphatic material is present. J, K. Brown was able
to estimate the ratio of aromatic to aliphatic hydrogen in a series of vitraims
from the spectra, and his values have recently been confirmeg with a small revision
towards higher values) by nuclear magnetic resonance studies™ . It appears that
vitrains of carbon content between 80 and 90% have the ratio Har/Ha rising from
about 0.20 to 0.50, that is between 80 and 50% of the hydrogen is a%tached to
aliphatic carbon atoms. The proportion of hydrogen in methyl groups cannot be
measured by infra-red methods, but the relative intensity of the methyl vibration at
1375, cm. " indicates that these groups are rare compared with CH,. Nm.r. data confirm
this~, and indicate a fair proportion of tertiary — CH. The spectra show that in the
lower rank coals, the aromatic nuclei are highly substituted.

Many workers have studied phenolic hydroxyl in coals, by a variety of methods
(see refs, 1, 2 for a review). It is established that between 40 and 807 of the
oxygen in bituminous vitrinites is present at this type of functional group.. Most
of the balance of the oxygen is in some form of strongly conjugated carbonyl .

Several groups of workers have investigated the dehydrogenation of hydroaromatic
structures in coals, and it is now certain that much of the aliphatic hydrogen is
attacBefOto such structures rather than to alkyl groups or other forms of alicyclic
rings”’ The proportion of hydrogen removeable by two different dehydrogenation
reactions falls from about 30-40% at a-carbon content of 82-847 to 12-257% at 89-90% C.
These figures correspond to minimum fractions of carbon in hydroaromatic rings in
the region of 30 and 12% respectively. These data, together with n.m.r. and infra-
red spectroscopic results, indicate that in the average composition of the aliphatic
part of coals, CH , n is considerably less than 2, at least for the lower rank
materials. This Implies, though does not prove, that very little hydrogen or carbon
can be present in alkyl groups or non-hydroaromatic alicyclic rings (it should be re-
called that there is no evidence of the presence of olefinic or acetylenic groups
in coals, which could also lead to a low value of n).

The,molecular weights of coals are not known; determinations with solvent
extracts” give values between about 500 and 3000. Therefore each molecule must
contain a number of aromatic nuclei, linked tOgeEhT5 by non-aromatic groups. Attempts
to make a synthesis of all the above information™’ show that it is difficult or
impossible to suggest any type of molecular structure that does not employ the hydro-
aromatic carbon as a means of linking the aromatic nuclei. The most obvious expression
of this principle is the 1,2~ and 1,4-cyclohexadiene ring present in the 9,10-dihydro-
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phenanthrene and -anthracene molecules respectively, where two benzene rings are
linked by two methylene groups wh}ch complete a third, non-aromatic, ring. Other
possibilitieflhave been discussed”. The "depolymerization" experiments of Heredy
and Neuworth™~ also strongly suggest that the aromatic nuclei are linked together
by methylene bridges, though here there is no necessary implication that these
constitute hydroaromatic rings. )

We have therefore arrived at the following picture of the structure of bituminous
vitrinites. Each molecule contains a number of aromatic nuclei containing from 1 to
5 or 6 fused rings, the majority containing 1,2 or 3 rings. Each aromatic nucleus
contains few replaceable hydrogen atoms. The substituents are partly phenolic hydroxyl
and carbonyl oxygen, and partly aliphatic carbon atoms that are disposed imn such
@ way as to constitute hydroaromatic rings and to serve as linkages connecting the
aromatic nuclei together. 1In addition there is a minor proportion of short alkyl
chains and perhaps non-hydroaromatic alicyclic rings (the latter includes the
cyclopentadiene ring system as found in indene and fluoreme). Such molecules would
be very markedly non-planar. As an illustration of what is meant by this description,
Fig. 1 shows a segment of a hypothetical coal molecule.

It should be noted that on this view each coal molecule is a true statistical
sample of the bulk material, in the sense that each contains all the known structural
features in approximately the same proportions. The older view of coal structure
as a kind of strawberry jam, containing lumps of graphitic material embedded in a
continuous medium, the bitumen, therefore becomes meaningless. Furthermore, in the
model proposed thealiphatic and aromatic parts are so intimately integrated in the
molecular units that one cannot label one part as tar-forming and another as coke-

forming.

Structure of Exinite and Inertinite Materials

The exinite or leiptinite suite includes a group of components not derived, like
vitrinite and fusinite, from woody tissue. The most abundant member of the group,
about which most is known, is sporinite, the remains of plant spores (indeed, the name
exinite is often used to mean only this type of material). Sporinite contains con-
siderably more hydrogen, andless oxygen, than the associated vitrinite. It is less
soluble in organic solvents, more resistf&t to oxidation, and has a lower aromaticity
(see the excellent review by J. K. Brown  and references therein). A group of
spore exinites from British coal seams was found to contain more hydroaromatic hydrogen
(corresponding to a minimum fraction of hydroaromatic carbon equal to about 0.4) than
the associated vitrinites; less phenolic hydroxyl was foTBd, both as a fraction of
the weight of coal and as a fraction of the total oxygen ~. The aromatic nuclel are
about the same size as those in vitrinites, but themean interlayer spacing is large
suggesting that fsequent occurrence of naphthenic structures keeps the planes apart™ .
It was concluded that sporinites probably contain the same type of molecular structure
as vitrinites, but that the molecules are larger, less polar and more hydroaromatic,

Exinites have a highly characteristic behavior on heating. Of whatever rank,
they soften at around 400° and acquire a fluidity much too high to be measured with a
Giessler plastometer. ven 607 exinite concentrates have fluidities greater than
20,000 divs per minute . They swell enormously to a thin fragile bubble structure,
which is so weak that a dilatometer piston sinks and resolidification cannot be observ-
ed this way. The loss in weight in the volatile matter test is much greater for
exinites than for vitrinites and is in many cases 70-80%.

Little is known of the other members of the leiptinite suite. Resinite, the
remains of- plant resins and waxes, is widely distributed in samll amount, and also
appears to be hydrogen-rich and very fluid when beated. The other components, cutinite
(from cuticles), alginite (found only in boghead coals) and sclerotinite (from fungal
sclerotia) are probably of little importance for present purposes.

The inertinite group contains two major components, fusinite and micrinite.




Fusinite closely resembles charcoal; its carbon content is always over 91%,,4t does
not show fluidity or swelling, it contyibutes little to the volatile matter ~, and
chemically it is relatively unreactive ~. Micrinites have appreciably higher carbon
and lower hydrogen contents than the associated vitrinites, though the difference is
not so extreme as it is with fusinites. The aromatic nuclei are larger than in
vitrinites. Both micrinites and fusinites are virtually opaque to infra-red radiation,
and so no spectra have been reported. Both macerals undergo substitutim with

N bromosuccinimide, a reagent specific for placing bromine on aliphatic carbon in the
o-position to a double tond (e.g. the methyl groups in prggy}gne or toluene); this
suggests that at least some aliphatic material is present ™~ (see Table I). Both
also contain some phenolic hydroxyl. Micrinites do not swell or become fluid on
heating. -

For convenient reference some properties of sets of macerals each separated from
one seam are collected in Table I. TIwo German and four British coals are included;
no corresponding data have yet been published for Americam coals so far as the author
is aware. Data will be found in the Table that suppqrt'the statements made above about
differences in elemental composition, hydroxyl contents, etc. It will be noticed
that the exinites associated with British and German vitrinites of closely similar
rank differ considerably in yield of volatile matter.

Unfortunately reflectance data are not available for the samples quoted, and
so some refractive indices are included as an indication of optical properties.

Chemical Changes on Heating

Little direct experimental evidence is available on this subject, but available
information can be usefully supplemented by the results of experiments on models and
by predictions from the type of structure believed to be present.

The phenolic hydroxyl content ?g bituminous vitrains drops sharply to low values
when the coal is heated to 450-50Q°"°. Preliminary experiments on two vitrains, using
Peover's method with benzoquinone™, suggest that the hydroaromatic ngrogen content
also drops sharply in a similar or somewhat lower temperature range . The infra-red
spectra of vitrains heated to 400° shows little chagge, except that the aliphatic
C-H and phenolic OH absorption are slightly weaker™ . By 460° aliphatic CH is much
weaker, and OH slightly so; the Ha /H_. ratios of two vitrains of carbon contents
82 and 89% had reached 2.4 (valueS fotr the unheated coals were about 0.25 and 0.6
respectively, and for the higher ramk coal heated to 400°, 0.8). By 550° both OH
and aliphatic C-H are very weak, but the aromatic C-H bending frequenciesat 700-900
cm. ~ are still well-defined. Above this temperature the coals become opaque, owing
no doubt to incipient graphitization. No significant changes in x-ray scattering
are observed until a vitrain has been heated tg.500°, at which temperature the growth
of the aromatic nuclei begins to be noticeable™ . Between 500 and 1000° there is
further continuous growth, the average layer diameter of ome sample, for example, in-
creasing from,7A® to 14A°. It will be recalled that the free radical content of
vitrain chars® passes through a sharp maximum at-500-550°, the maximum rate of
volatile evolution occurs at about 450°, and electrical conggctivity increases
sharply (by many orders of magnitude) in the range 600-650°"".

Dryden and his co-workers have studiel the primary products of the evolution
of volatile matter from vitrains by two methods: (a) study of the chloroform-~soluble
material extractable from coals heated very rapidly to temperatures mear 400°;
(b) distillation or pyrolysis of coals spread in thin layers on a heated plate in a
high vacuum, a condenser being placed just above the plate. They find the extract
and distillate to have closely similar infra-red spectra, and to resemble the original
coal spectroscopically much more closely than a tar. These materials appear to
play an important part in producing fluidity and resolidification to a coke when a
coking coal is carbonized. They conclude that the materials mostly exist as such in
the raw coal and are only to a small extent products of decomposition. However,
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they are thermally unstable, and in carbonization at a more normal rate of heating
they would undoubtedly decompose im situ to a considerable extent.

The temperature of maximum rate of inafile’evolution is about the same for
exinites and micrinites as for vitrinites ™’ Ladam and Alpern carbonized a
vitrinite concentrate and an exinite concentrate from the same coal seam at 600°
and made a detailed analysis of the volatile products by vapor-phase chromatography.
They found the products from the exinite concentrate to contain much more aliphatic
material, more benzene homologues, more side-chain-substituted aromatics and less
phenols. This result is in accord with the differences in structure believed to
exist between the starting materials, and implies that the process of thermal de-
composition does not, at least in their conditioms, blur the effects of differences
in structure.

It is well-known that the C-0 bond in phenols is considerably weaker than the
C-C, and that the C-H bond in the aliphatic parts of hydroaromatics is weaker than
aromatic C-H. It is therefore reasonable to suppose that when molecules of the type
attributed to vitrinites are heated, the primary changes will be homolytic dis-
sociation of OH groups and loss of hydrogen from naphthenic rings, the latter result-
ing in thermal aromatization. It is likely that in an assembly of large complex
molecules of the type described, where the changes of configuration required by
aromatization may be difficult, that some of the hydroaromatic bridges will split
rather than dehydrogenate; this may be the means whereby the aromatic material found
in tar is broken off the main structure. These various changes will produce in the
first instance OH radicals and H atoms, and leave free radical centres in the main
structure, which would initiate further rearrangement and decomposition.

It is well known that little molecular hydrogen is evolved from coals until
temperatures near 600° are reached. The hydrogen released by thermal dehydrogenation
at lower temperatures must be consumed in saturating free readical centres in the
volatile matter and the residue.

These ideas receive some confirmation from a series of experiments og.the
pyrolysis of model substances reported by van Krevelen and his co-workers ~. These
authors synthesized a number of polymers containing various substituted and unsub-
stituted aromatic nuclei linked and cross-linked by methylene bridges. They found
that, on pyrolysis, unsubstituted hydrocarbon polymers showed a maximum rate of de-
composition at about 500°, and split extensively at the bridge units, leaving little

solid (coke) residue. On the other hand polymers containing naphthenic rings, or still

more if they contained phenolic hydroxyl substituents, showed a maximum rate of de-
composition at considerably lower temperatures and left a much greater amount of coke
residue. They concluded that when substituents are present there is, competing with
the normal depolymerization reaction, a direct condensation proceeding as a result

of dissociation of the substituents, and the latter tends to produce molecular en-
largement. In support of this suggestion of competing reactions they adduce the
fact that when substituents are present the coke yield increases greatly with de-
creasing rate of heating. ’

There 'g one other factor that should be mentioned. The late D. H. Bangham
pointed out that volatile matter evolved inside a particle of coal may well have
to diffuse in a mobile adsorbed film in fine pores to the outside; while so adsorbed it
is exposed to surface forces that could promote secondary reactions and also could act

as a lubricant in promoting fluidity. Since porosity varies with rank, passing through

a minimum at a carbon content about 89%, the magnitude of these effects will also
vary with rank.

There is no experimental evidence bearing on the chemistry of the pyrolysis of
the inert macerals. From the mature of this structure one would deduce that some
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stripping of peripheral groups would occur, permitting condensation with neighboring
molecules, but little alteration of the basic skeletal structure, The behavior of
inert maceralSas seen with the hot stage microscope is beautifully demonstrated in
the color film prepared by W. Spackman and his collaborators. Exinitic material can
be seem to liquafy and flow round grains of inertinite, the morphology of the latter
remaining almost unchanged.

A Chemical Description of Carbonization

A synthesis of the information given above permits a fairly detailed description
of the main chemical phenomena of carbonization. The first major change is a soften-
ing of the "volatile solids", in Dryden's terminology, which, it is suggested, represent
the lower molecular weight, hydrogen-rich, fraction of the coal. This softening is
accompanied by the initiation of the decomposition of this fraction, and perhaps also
of the involatile residue, the primary step being dissociation of hydrogen from hydro-
aromatics, shortly followed by dissociation of OH. These chemical changes cause two
principal secondary reactions, one leaving a more aromatic hydrogen-poor material and
the other a breaking off of volatile partly aromatic fragments as a result of the de-
stabilization of the main structure owing to radical formation in it. A limited amount
of cross-linking may also occur, giving a more stable and less volatile residue.
These various changes, initiated by dissociation of H and OH, are more or less complete
by about 500-550°. By this stage, much of the oxygen has been stripped off and the
aromatic nuclei have not grown much in size but the molecules are more highly cross-
linked. Some of the free radical centres produced by decomposition remain as such,
"trapped" in the carbon matrix. '

At 600-650° enough energy is available to break a few aromatic carbon-carbon
bonds, so that the carbon skeleton can rearrange and condense to larger polycyclic
nuclei of lower H/C ratio, and hydrogen gas is released. These changes also permit
the pairing of the odd electrons in the free radical centres. The dramatic change
in electrical conductivity no doubt results partly from the growth of the aromatic
lamellae, partly from the elimination of insulating material between the lamellae,
and partly from a greater degree of order in their stacking.

These changes no doubt continue at a diminished rate at higher temperatures still,
and some of the oxygen, nitrogen and sulfur is stripped out.

This description probably has some application to sp0f§nites also, But it has
been suggested that there may be an additional factor here ~. The greater interlayer
spacing in exinites and the less polar nature of the molecules will cause the inter-
molecular forces of adhesion to be weaker than they are in vitrinites. This may be
an important cause of the greater fluidity of exinites and the facility with which
volatile matter escapes. Moreover, it will change the balance between van Krevelen's
competing reactions, that is, the direct breakdown and the condensation to larger units
resulting from dissociation of H and OH. In any case the ratio of hydroaromatic
hydrogen to hydroxyl is much greater in exinites than vitrinites.

Discussion and Conclusions

The relevance of the above information and speculation to the production of
chemical by-products from coal will be discussed with reference to hydrogenation,
carbonization, and other methods.

(a) Hydrogenation

It is possible by use of a carbon catalyst, an elevated temperature,and a
high partial pressure of hydrogen, to cause hydrogenolysis of alkyl groups in alkyl
aromatics without saturating the ring; for example:

R.CH, + H, - R.H + CH4.

3 2
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Ideally, this is in effect what one would wish to do in the hydrogenation of coal;

the hydroaromatic parts of the structure would be eliminated as methane and ethane

and the individual aromatic nuclei would be released as a mixture of relatively simple
phenols, hydrocarbons and perhaps quinones or quinols. However, if the 1,2-cyclo-
hexadiene type of linking unit, as in 9,10-dihydrophenanthrene, were common, stable
single linkages between aromatic nuclei would remain in the product. Thus for
example dihydrophenanthrene itself would give diphenyl and ethane, whereas the
isomeric dihydroanthracene would give benzene and methane.

There are of course practical difficulties in contacting solid coal with a
solid catalyst. For this reason, and because of the complexity of coal structure,
such selectivity of hydrogenolysis is improbable. It is more likely that partial
or complete saturation of the aromatic nuclei will precede any extensive hydrogenoly-
sis of the linking units. Once saturation occurs, we are left with an extended
naphthenic structure in which there is nothing to distinguish between the linking
and aromatic parts of the origimal structure(except perhaps some oxygen substituents
and heterocyclic atoms).

Perhaps, then, from a chemical point of view the best hope of breaking down
coal structuré to useful products by hydrogenation is to proceed in two steps, first
a catalytic addition of hydrogen to the aromatic parts, and them a cracking, perhaps
with a conventional cracking catalyst in a high-boiling oil.

The above remarks should apply equally to exinitic material. Im carbonization
one needs, in order to make a good coke, an optimum fluidity and not a maximum. In
view of the difficulties of reactions involving two solid phases, in hydrogenatiorn
the maximum fluidity is clearly desirable, and so the greater the exinite content of
the raw material the better. Indeed it would be desirable, if economically feasible,
to use a blend of a coal with a black durainor other exinite concentrate.

On the other hand the inert components are two graphitic to be at all readily
hydrogenated and broken down, and inasmuch as they will tend to decrease fluidity
are undesirable contaminants of the raw material for hydrogenation.

(b) carbonization

Carbonization of coal is carried out in the U;SIA. almost entirely for the
purpose of making coke, and it is doubtful how far the process can be modified merely
to improve the yield or quality of by-products. However, since the purpose of this
paper is to discuss the basic chemistry involved, this factor is ignored in what
follows. .

It seems likely that both the total yield of chemicals from coal carboniza-
tion and the content of useful materials will increase with the exinite content
of the charge, even though in commercial operatiom the volatile matter is exposed
to much secondary change. Since the yield of volatile matter from exinites is so
much (50-100%) greater thar that from vitrinites, the relatively small amount (10-
25%) commonly found in whole coals charged to coke ovens can make a very signifi-
cant contribution to the volatile matter collected. Moreover the differences in
behavior between different coals of apparantly similar rank may be due in part to
differences in their content of sporinite and resinite. The inert macerals will
decrease the yield, not merely because they are relatively inert diluents but also
because they are likely to be efficient free radical traps in the early stages of
the release of volatile matter.

Coking blends commonly contain the basic coal to provide the bulk of the coke
matrix, a comnonent designed to increase fluidity to the desired extent, and an
inert diluent to increase the coke hardness.  Clearly there are likely to be a
range of three-component mixtures that will give the desired result. It is at
least a theoretical possibility that one could select a mixture within the range
such that inertinite is used as little as possible as an inert diluent and exinite-
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containing material is used both to contribute fluidity and to increase the yield
of by-products. .

If still further departures from present practice can be considered, one
might carbonize, perhaps in a fluidized bed, in the presence of additives. Addi-
tives could be gaseous and include steam and a little air, or be a solid and con-
sist of a catalyst designed to assist the breakdown of volatile matter to simpler
material immediately on release from the coal particles. In any case if one
wishes to interfere with the carbonization mechanism in this or in any other way,
one must obviously do it in the dissociation stage (380-480°) or earlier.

(c) Other Methods

At one time it was thought that coal might be like a polymer in containing
a variety of monomer units linked together by a relatively weak bond, as in
cellulose. This view can no longer be maintained; in so far as it is just to
consideT coal a type of polymer, the linking units are not weak but very stromg.
The hopes of finding a simple economically feasible means of breaking the structure
down into useful chemicals as main rather than by-products are therefore small.
The depolymerization oflcoal with the boron trifluoride/phenol complex, described
by Heredy and Neuworth,” is a very interesting contribution to this problem and
will no doubt be developed further.

The classical organic chemist's answer to the problem of breaking down a
mixed aliphatic-aromatic structure is selective oxidation of the aliphatic parts.
It has so far proved impossible to oxidize coal selectively in this semse, but in
any case a range of aromatic acids will be the principal products; these may have
practical applications, but necessarily only in a strictly limited field. The
fluorination procedure described by Farendon and Pritchard?’ is another reaction
that might give chemical products useful in a limited field,

Provided the bulk of the products could be sold at chemical rather than fuel
prices, it might be possible to use exinite concentrates as raw materials for
chemical processing, and they possess certain advantages. This is a possibility
that should be explored further. The cannel and boghead coals are described as
being largely exinite, but in view of their different origin it seems doubtful
whether they are very similar to the exinite material associated with bituminous
coals, However, they might be useful starting materials.
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THE COMPOSITION OF HIGH TEMPERATURE COKE OVEN TARS

Donald McNeil

The Coal Tar Research Association
Gomersal, Nr, Leeds
England

Introduction

Until 1882 crude gas works tar was the only type produced in Great Britain
since, up to that time, coking plants were not equipped for the recovery of
by-products, The by=-product coke oven was first developed in France and
introduced at about the same time in Germany, Belgium and England, Its use,
coupled with the oil washing process for benzole recovery which was introduced by
Carves in 1884, was extensively adopted in Continental Europe but it took twenty
years for the advantages of by~product coke ovens to be appreciated in England,
Since then, however, coke oven tar production has increased year by year reaching
a peak in 1957 of 1,250,000 tons, For those interested in statistics the
following table shows the production of coke oven tar in the United Kingdom in
the years 1950 ~ 1960,

Table 1
Production of Coke Oven Tar in the U,K, 1950 -~ 1960
Year Tonnage Produced % of all Tar Produced
1950 931,127 35+55
1951 977,379 35.64
1952 1,032,361 _ 36.22
1953 1,056,767 37.10
1954 1,095,085 37.37
1955 1,101,294 3676
1956 1,191,129 38.33
1957 1,252,079 1 40-27
1958 1,164,554 40.03
1959 1,096,399 ©40.40
1960 1,187,205 42442
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About 150,000 tons of crude coke oven tar -is burned, the remainder is
distilled for the manmufacture of pitch, creosote, naphthalene, anthracene, some
benzene, toluene, xylenes and naphthas and phenol and cresylic acid. It will
be noted that coke oven tar accounts for about two-~fifths of the total tar
production in the U.K, The remainder in 1960 was made up of contimuous vertical
retort tar (42.85%), intermittent vertical retort tar (4.05), horizontal retort
tar (5-42%), low~temperature tar (2.08%) and other types (1.17%).

Coke oven tar thus represents an important raw material whose chemical
composition has been the subject of considerable study during the past sixty
year's, To date some 400 individual components have been isolated or identified
and it is probably safe to say that at least that mumber are still unidentified,
The vast majority of the components are present in very small amounts and can
never be of any commercial interest. It is not the intention in this paper to
recite a catalogue of the known components of high~temperature tars; many
exhaustive compilations exist, one of the most comprehensive and complete
being that compiled by K.C, Linepensel of Koppers Co, Inc,

Assays of Coke Oven Tars

Until recently, published analyses of coke oven tars took the form of
distilling the crude tar under rather empirical conditions into arbitrary
fractions which were intended to simulate the fractions obtained on commercial
practice, Frequently these fractions were given nonespecific names like
"light naphtha"™, "light creosote™, '"carbolic oil"™ etc, and the content of
major components such as naphthalene or phenol recorded were not those actually
occurring in the crude tar but the amounts of the component (frequently impure)
which crystallized from, or could be extracted from, one of these fractionms,
Since the distillation conditions and the degree of fractionation, the boiling
ranges of the distillate oils and the method of analysis of these oils for '
individual components differed for each worker, it is impossible to compare
the results of most of the published assays of coke oven tars and they contribute
comparatively little to our knowledge of its actual chemical composition,

A few assays of coke oven tars which determine the actual amounts of
commercially important components present have been published, for example
the examination of American coke oven tar by Welss and Downs' and of Australian
coke oven tars by workers at the Coal Research Section of the Commonwealth
Scientific and Industrial Research Organisation.2 Assays of this type on a
representative selection of U.K, coke oven tars have been carried out by The
Coal Tar Research Association during the past eight years and it is these

- which are described and discussed in geeater detall below,

The C,T,R,A. Assay Method

Preliminary work showed that the first stage of the method could be either
accomplished by solvent extraction or by distillation without altering the
yields of products except the pitch yield and the amount of tar acids and tar
bases, It was shown that about one third of the tar acids are retained as
complexes with tar bases in the residue on solvent extraction and are not



subsequently determined in the extract, Distillation was therefore chosen as
the preliminary fractionation procedure and the conditions selected were those
which, by trial and error, gave the same yield of medium soft pitch (70°C K & S)
as was obtained from the same tar on continuous distillation in a Wilton pipe
still,

5¢5 kilos of the crude tar are placed in a cast iron pot and heated gently
to 200°C to remove water and light oils, The latter are then fractionated on a
30 plate low hold~up column to give benzole (up to 100°C), toluole (100~125°C)
and xylole (125-150°C), The residue from this distillation is added back to
the dehydrated tar in the pot still and distillation continued at a rate of 14 g,/
minute until the vapour temperature reaches 358°C,

The oils from this primary separation step are then washed with alkali and
acid to recover tar acids and tar bases respectively and the neutral oils
fractionated on a 50 plate column at progressively reduced pressure to yield
seven fractions and a residue as follows:=~

Fraction 1 Naphtha fraction Boiling Range 150°C/760m. -~ 137°C/100 mm.
Fraction 2 Crude Naphthalene fraction " 137°c/100mm, - 145°C/100 mm,
Fraction 3 Methyl Naphthalene Oil " i n 145°C/100mm, - 155°C/50 mm,
Fraction 4 Diphenyl Oil fraction r " 155°C/50mm, ~ 168°C/50 mm,
Fraction 5 Acenaphthene Oil fraction " T 168°C/50mm, - 184°C/50 mm,
Fraction 6 Fluorene 0il fraction " " 184°C/50mm, - 150°C/20 mm,
Fraction 7 Anthracene Oil fraction " " 150°C/20mm, «~ 200°C/5 mm,
Fraction 8 Heavy Oil Resldue

Each of these fractiomns is then analysed by suitable chemical, spectroscopic
and/or chromatographic methods for the quantitative determination of its major
components,

The extracted tar acids are also subjected to high efficiency fractionation
and the individual fractions analysed by gas-chromatography for phemol, cresol
isomers and xylenols,

. 3
The practical details of this method have been published and are not given
here,

The Results of Assays of British Coke Oven Tars

For the purpose of this paper it will be sufficient to set down the highest,
lowest and mean values obtained for the content of major constituents in British
coke oven tars, This is done in Table 2, For comparison the corresponding
figures for some Canadian coke oven tars (average of 6) and one Australian coke
oven tar carried out by the C,T.R.,A, method are included.
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Table 2

Amount of Components in British, Canadian and Australian Coke Oven Tars
(Results are given as wt, % on dry tar)

Source British Canadian Australian
Max, |Min, Mean Max, Min, Mean
Benzene 0¢42 | 0+124 0.252 0297 trace 0-119 trace
Toluene 0+353| 0090 0.224 04467 | 0-008 0.148 0-14
o=Xylene 0.071] 0.020 | 0.037 0.133 0. 005 0.038
m=Xylene ' 0:175| 0056 0106 0-215 0. 009 0.069
p~Xylene 0.072| 0.020 0+.040 0.083 0.003 0.026 0-15
Ethyl Benzene 0+05 | 0.005 0.02 0:04 0.01 0.02
Styrene . 0-067]| 0..020 0.038 | 0:046 0.008 0,020
Phenol 1-15|0-14 Q.57 0.98 trace Q.61 1.03
oeCresol 0.84 | 0.10 032 Q.51 trace 025 0-28
m~Cresol 1.00 [ O-16 0.45 0.84 trace Q.45 0-49
p=Cresol 070 { 007 0-27 0+52 trace 027 0.25
Xylenols 1-30 | 0-13 0:48 085 0.01 0.36 0.34
High=Boiling
Tar Aclds 2.09 | 0.31 0.91 1.51 0.14 0.83 0+45
Naphtha 2+66 | 052 1.18 2.21 015 0.97 1.03
Naphthalene  {11-31 |7+29 8.94 15.30 3.08 8.80 9.44
of ~Methyl Naph
thalene 0«86 | 060 0.72 1.08 0. 37 0465 0.58
ﬂ ~Methyl Naph-~
thalene 1.63 | 1.15 1.32 176 065 1.23 1.16
Acenaphthene 1.28 | 0-42 0. 96 1.27 0.71 1.06 -
Fluorene 1.-80 | 0-46 0.88 1.29 0.47 0.84 " 1.90
Diphenylene
Oxide 2.00 | 1-40 1-50 - - - 1.00
Anthracene 1.38 { 0-52 1-00 1.01 0+47 0.75 0.68
Phenanthrene 8.8 2.3 63 3.00 2.14 2+66 2+32
Carbazole 1.73 | 058 1.33 1.23 0. 32 0.60 0.35
Tar Bases 2+60 | 1.25 1.77 290 1.08 2.05 1.34
Pitch (70°C
K& S) 63.3 H9-5 59.8 7085 [-52+4 635 62+4

The immediately striking feature of these figures is the variation they
show in the content of particular components. Thus the content of phenol
and cresols found in British coke oven tars can vary by a factor of ten;
naphthalene content can be as high as 11% or as low as 7% and the amount of
pitch produced on distillation may be less than 50% or greater than 60%.

The reasons for these variations in the amounts of individual components
in coke oven tars are not at present well defined. Qualitatively it may be
said that the nature of the coal, the design of coke oven, the carbonisation
conditions used and the nature of the recovery system at the carbonising



plant all play a part, The generally higher level of phenanthrene and carbazole
in British tars compared with the Canadian tars or the Australian tars is almost
certainly to be attributed to differences in the coal structure, Certain

British and Canadian tars, which show a low content of components boiling up

to 230°C (benzene, toluene, xylemes, naphthas, naphthalene and phenol), are L
products of plants which operate their by-product recovery system in such a way

that more of the volatile carbonisation products are scrubbed from the gas and

less precipitated as tar. Generally speaking high naphthalene content, high pitch {
yield and 'low tar acid content go hand-in-hand, except for tars produced from low
volatile coals e.g. Welsh steam coals, These are characterized by a high
naphthalene and phenanthrene content but a low pitch yield. . 1

It may be noted in passing that the tars produced in continuous gas-works
vertical retorts are mich more uniform in composition, 1

The large variations in the content of valuable components which can occur
in coke oven tars is of more than theoretical significance, To the operator
" of coke ovens tar is tar, an unwanted by-product which he seeks to get rid of *
in any way he can, But to the tar distiller it is the raw material which must
be transformed into products which can be sold at a profit, Changes 1in operation
or in the blend of coal carbonised may occur at coke ovens which affect the nature
of the tar produced. The first indication which the distiller has of these i
changes is when his fractionating column is thrown out of balance or when his p
naphthalene or tar acid production mysteriously drops. His first reaction is to /1
{

suspect that his distillation and recovery plant have fallen in efficiency and
he frequently spends some frustrating days = or even weeks or months =~ trying to
locate nonm~existent faults,

These considerations suggested that there was a real need for some simple
and rapid method of analysis and characterization of tars by which the tar
distiller could check whether any major variation in his raw material had
occurred,

Characterization of Tars

.

With this object in view a study of all tars in the storage tanks of
British tar distillers was carried out some time ago. The idea behind this
study was to analyse these tars by simple and, as far as possible, rapid {
methods and to see, by a statistical analysis of the results, which properties A
showed some correlation, It was hoped that, by selecting a few key properties !
with which other properties are correlated, some suitable characterization index
could be derived. : {

In all 61 tars, of which 21 were from coke oven installations, were received
and the analysis method, which has been described in.detail,* consisted in 4
dehydrating the crude tar, determining the specific gravity and solvent analysis
of the dry tar which was then subjected to a standard distillation to yield
three distillate oil fractions, = 0~250°C, 250-300°C and 300°C - pitch and a
70 £ 20c (K & 8) residue, The distillate oils were analysed for tar acid content,
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paraffin content and naphthalene content and the pitch was analysed for C/H
ratio and subjected to a Mallison solvent analysis for its content of He and
Mwresins,

Statistical analysis of all the results showed that the most useful index

- was the specific gravity of the dry tar. This gave a high degree of correlatiomn

with the pitch yield (in fact this relationship was used to determine the end

point of the distillation to leave a pitch of the desired softening point) (Fig.l);
it also showed a good correlation with the viscosity of the dry tar (Fig.2) and with

the C/H ratio of the pitch, For the full range of tars (coke oven tars,
continuous vertical retort tars, intermittent vertical retort tars, horizontal

retort tars and blended tars) the correlation coefficients between specific gravity

of the tar and paraffin content, specific gravity of the tar and phenol content
and between phenol contenmt and naphthaleme content were statistically
significant but, if the analysis was confined to coke oven tars, these
correlations and that between the paraffins and tar acids or thcse between
any of these properties and the naphthalene content werenot significant as
will be appreciated from the almost random distribution of points in Figures
3 and 4.

Although a characterigation index was suggested based on three numbers
indicating the level of dry tar gravity, phenol content of thé 0-250°C
distillate and the benzene insoluble content of the dry tar, this index is
not of particular value in detecting changes in coke oven tar supplies to a
distillery. It has proved of value in detecting changes in gas works
carbonising practice and in anticipating changes in plant operation when the
ratio of different types of tar in a blended feedstock 1s altered but it
must be admitted that the problem of a simple characterization procedure
for coke oven tars is still unsolved, The varilations in properties of the
coke oven samples examined are indicated in Table 2, This gives the
maximum, minimim and mean values for the properties determined and also
lists those properties for the coke oven tars with the highest and lowest
phenol, paraffin and naphthalene contents (tars Al, A2, Bl, B2, Cl and C2),



Table 2

Property All Coke Oven Tars {Tar Al|Tar A2|Tar Bl{Tar B2|Tar Cl |Tar C2:
Max, | Min, Mean 44*
Sp.Gr. of Dry Tar at
.20°¢C 1.218 } 1.141] 1.188 }1+141 }1.209 |{1.184 |1.203 1.185} 1.217
Viscosity of Dry Tar -
(Redwood No.l secs at | 1971 | 172 | 723 lo53  l1247 |[382 |s46 438 | 1971
60°C)
Wt.% Oils to 250°C 15.6 67 12.1 15.2 8.0 14.7 10-0 13.5 78
Wt.% Oils 250~300°C 122 9.3 1130 | 12.2 9.4 9.7 9.7 12.2 9.6 {
Wt.% Pitch 692 522 61-0 52.2 66-8 59.3 629 59.1 686
% Phenols in Oil to ' i
250°C 1 19.7 nil 7-8 19.7 nil 62 nil 9.2 9
% Paraffins " ». " 2.3 nil Q-9 2.1 0.2 2.3 nil 1.8 Q
% Naphthalene in Dry : y
Tar 10.5 64 9.1 6.8 8.4 9.1 9.9 10.5 6.4
% Benzene Insols in
Dry Tar 12.1 4.1 8.5 4.3 9.4 74 11.3 11.8 10.0.

The_Chemical Composition of Coke Oven Tar Distillate Oils

It is only recently, with the development of vapour chromatography, that
it has been possible to obtain any information on the quantitative composition
of tar distillate oils, The data so far obtained are, however, scanty and
incomplete, mainly due to the limited number of reference compounds avallable
for calibration of chromatographic columns.

Benzoles and Naghthés

Coke oven tar oils boiling up to 150°C which have been washed free from tar
bases are remarkably uniform in composition, Their major components are benzene,
33-40%; toluene, 24=33%; m~Xylene, 10~15%; o~xylene, p~xylene and styrene,
about 5% each, ethyl benzene about 2% and thiophene and methyl thiophenes 1~2%.
Nonwaromatics which may occur in amounts up to 5%)are mainly methyl cyclohexane.

In the naphtha range (150~200°C) the main neutral components are indene,
hydrindene, coumarone and pseudocumene with smaller amounts of ethyl toluene,
mesitylene and hemimellitene and an amount of paraffins varying from a trace
to 5%, In some samples n~propyl benzene is detectable and there is generally
up to 15% naphthalene and some methyl naphthalenes depending on the efficiency
of the fractiomation procedure, The ratio of the components boiling up to
200°C varies considerably as 1is shown in Table 3 which lists the maximum,
minimum and mean values.
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Table 3

Composition of Coke Oven Coal Tar Naphthas (150-200°C boiling range)

Component ‘Wt. %
Max, Min, Mean

n~Propyl Benzene 3.9 nil 046
meta & para ethyl

Toluenes 8.5 0.4 2.8
Mesitylene 6+5 0.8 32
Pseudocumene 14.8 T 3.7 8.7
Hemimellitene 6.9 trace 2.9 ' \
Hydrindene 46+5 12.7 28.9
Indene ‘530 10.0 38.2 -
Coumarone 15-9 52 11.0
Paraffins 10-0 nil. 3.7

T T T e

Naphthalene Oils

By far the major component of the tar-acid free coke oven oils boiling in
the range 200-250°C is naphthalene which in well fractionated samples may be
65% of the tar~acid free oil, The remaining 35~50% 1s made up of thionaphthene
2a3%, ©L ~methyl naphthalene 6~10%, ,8 ~methyl naphthalene 15~20%, quinoline 2-5%,
paraffins, mainly dodecane O~2% and amounts of dimethyl naphthalenes, dimethyl
hydrindenes and acenaphthene,

Oils Boiling in the 250~300°C Range

The analysis of coke oven wash oils and light creosotes which have so
far been carried out indicate that in this range the main constituents are,
as would be expected, acenaphthene, diphenylene oxide and fluorene and these
three components account for at least 50% of the fraction, The remainder is
very complex with mumerous minor unidentified compounds, Diphenyl and
dimethyl naphthalenes make up 10~20% of this range and some of the trimethyl
naphthalenes have been identified in it.

Anthracene Oils and Heavy Oils

Phenanthrene, anthracéne and carbazole make up on the average 75% of the
coke oven tar fractions distilling from 300°C to 350°C, Phenanthrene is by
far the major component, there being 6~8 times as much phenanthrene as
anthracene; carbazole content is generally somewhat higher than that of
anthracene, The remaining 25% consists of a large number of minor components
which include tri- and tetra~methyl naphthalenes, diphenylene sulphide, phenyl~
naphthalenes, acridine, methyl fluorenes and dimethyl diphenylene oxides,
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Coke Oven Pitch

As the boiling range is ascended the complexity of coke oven tar fractions
increases and their analysis becomes more difficult, Not only are the limits
of volatility for fractionation reached but the value of analysis by vapour
chromatography becomes increasingly limited by the lack of reference compounds,
45-55% of coke oven pitch can be separated from the remainder either by
exhaustive extraction with petroleum ether or by vacuum distillation, These
fractions have average molecular weights in the range 200-300 and appear to
contain about one OH group per ten molecules and one CH; or CHg group for
every three molecules. NH groups occur once in every ten molecules and =N~
groups once per 8 molecules, Vapour chromatography on a high-temperature
column shows the main hydrocarbon components to be fluorene, anthracene,
phenanthrene, pyrene, chrysene, fluoranthene, benzfluorenes, benzfluoranthenes,
benzpyrenes, perylene, benzperylenes and plcene.’ These compounds, together
with brazan, dihydronaphthacene, triphenylene are the compounds which can be
isolated most readily from coke oven pitch distillates or solvent extracts.

At this stage it is worth while setting down the major hydrocarbon
components of coke oven tar in order of their complexity. This gives the
following picture:=

Boiling Range Average % Ma jor Components
of Tar
CE,

0 = 150°C 0-8 @ @’ Single 6~

Benzene Toluene membered

rings
O O O
i Fused 6,5~

150 ~ 200°C 2 ring systems

Hydrindene Indene Coumarone

CE,
200-250°C .12 @’ B Fused 6,6~
, g A

ring systems
Naphthalene Methyl Naphthalenes

CHrCE, Fused 6,5, 6~
250m300°C 8 A | @ ring systems
“ s

Acenaphthene Fluorene piphenylene
Oxide

~dh
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Boiling Range Average % Ma jor Components
of Tar Fused 6,5,6~
E’] ii'""' and 6,6, 6=
@00 ‘e ? ring systems
300~350°C 15 H
Anthracene Phenanthrene Carbazole
Pitch CH, O l cazl '
Crystalloids 32
1,2~Henzfluorene 2,3-Benzfluorene Fused 6,5,6,6~
ring systems
Swes
Sy
3
Fluoranthene 3,4~Benzfluorene Brazan

OO0

Fused 6,6,6y6=
ring systems

Dihydronaphthacene Chrysene Pyrene Triphenylene

Fused 6,6,5,6,6~
ring systems

Fused 6,6,6,6,6-
ring systems

1,2=Benzpyrene 4,5~Benzpyrene Perylene Picene

7
o

9

1,12-Benzperylene

Fused 6,6,6,6,6,6-

N
z
‘ ring systems
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It would be expected that the remaining thirty odd per cent of pitch =

the resinoid C; and C; fractions -~ would extend this logical sequence, the
number of fused rings in the main components increasing from six to a considerably
high value, There is still, however, some controversy about the molecular weight
of these fractions, Values obtained at C,T.R.A, by osmotic pressure measurements }
and by ebullioscopic determinations in benzene and pyridine gary from:400.
1200 for fractions of the resinoids with an average value of about 550 and from J

1000 = 1500 for the Cy; fraction (i.e, the benzene insoluble-pyridine soluble
fraction). Other workers have recorded much lower values, These lower values
we believe to be due to the presence of low molecular weight material in the 1
fractions analysed either due to the imprecise nature of the fractionation method
adopted, or more probably, to the incomplete removal of solvent from the recovered
fractions,

If the results which Wood5 gives for the fractions of a coke oven pitch,
separated by a precise and reproducible solvent fractionation,are accepted and
subjected to statistical structural analysis in the same manner in which
van Krevelen and his co-workers® ' have considéred coal macerals, the
conclusions are that the more complex fractions of coke oven pitch form a
logical extension of the series formed by the distillate oil fractions,

In carrying out this analysis certaln assumptions must -be made. For
example it is assumed that both ~NH- (determined by potentiometric titration
with perchloric acid), <=N- (determined from total nitrogen content, less
the ~NH- groups) and ~0- groups (determined by substracting -OH groups from
the total number of oxygen atoms in the average molecule) are present in ring
systems, Hydrogen which cannot be accounted for as ~0H, ~NH~ or aromatic
«CH (determined from the infraered absorption at 3050 cm™) are assumed to be
equally divided between CH; and CH; groups. By van Krevelen and Chermin?®s®
"1lift out and replace principle" an equivalent hydrocarbon structure may be
calculated and the aromaticity (Ar) i.e. number of "equivalent" ring carbons
divided by total "equivalent" carbons calculated. The number of rings in the
average molecule can be derived from the formuila;-

%

_ H 2(3-1)}
Al'—(l"t)'* [1- =

N

and by subtracting the number of "equivalent" ring ~CH;~ groups and the number
of ~CH;~ and ~CH; groups from the total mumber of "equivalent” C atoms, a {
figure is obtained for the number of C atoms at the Junction of fused rings, ‘

The largest fraction =~ that soluble in heptane-~dioxan - has a molecular
weight of 220, an average formula of Cjg.qHy1.7Q 218 22807 and an

"equivalent" hydrocarbon structure of Cip,1Hiz.3. Its aromaticity is

0.98, the average number of rings per molecule is 3+6 and the number of

ring joining carbon atoms per molecule is 5.3 which suggests an average degree B
of condensation similar to that found in pyrene. These results are consistent
with what other data are available for the structure of pitch crystalloids. 1

The next major fraction which makes up 10% of the pitch is that soluble
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in heptane and this has a molecular weight of 400, a molecular formula

of Cog+3figes Buga® es0% +12. It contains on the average 7 rings per
molecule, an aromaticity of 0923 with, on the average 2-13 CH, or CH; and
0+19 OH groups per molecule, The number of ring-joining atoms is 11-9 which
for 286 equivalent ring carbons (Cp) is close to Cy _ 3 and consistent with a
structure such as 1 rather than I3, 2

S OS s
X =%
9

1 11
; The next major fraction is that insoluble in methanol but soluble in
' benzene whose number average molecular weight i1s 910 and whose molecular
formula is Czg.5H31.-001.49N4.045H. 31« It has an aromaticity of 0+92 and
.\w

the average number of rings in the molecule is 17-4, Ring Joining carbons

total 31 and the equivalent ring carbons 648, This again is more consistent

! with a “ring—chain', fairly open structure than a closely packed, highly
condensed structure, Thus the seventeen ring aromatic system, III has 64

; ring carbons and 32 ring Jjoining carbons against 50 carbon atoms and 32 ring

l joining carbons for the highly condensed system IV,

111 1v

It is, however, only right to point out that the two smaller fractions
of the pitch amounting to led and 3@4% of the pitch respectively do not fit
into the series; 1t is, however, believed that the analytical results on

i these are unreliable because of adsorbed solvents,




Tar Acids

65 to 70% of the tar aclds extracted from the distillate oils are made up of
phenol, cresols and xylenols, the distribution being as indicated in Table 4,

Table 4

Composition of Phenols Extracted from Coke Oven Oils

Tar Acid wt. % of Total

Max, Min, Mean
Phenol 30 14.3 19-0
o~Cresol 11.3 8.7 9.8
m~Cresol 16-3 13.5 14.8
p~Cresol 95 7.1 8.2
Xylenols and ethyl phenols 17-6 . 64 14-1
Higher Boiling Tar Acids 36-9 |. 28.7 34.1

The higher boiling tar acids are a complex mixture of which the major
constituents are 3-methyl~5S~ethyl phenol, 2emethyle~4=ethyl phenol, 4~indanol,
S~indanol, 6~methyled—indanol, 7~methyl=S5~indanol, of~naphthol a.nd/B ~naphthal,

Tar Bases

No complete analysis of the bases extracted from the distillate oils of
British coke oven tars is as yet available, According to the C,S.I.R.0O,
workers® the bases from an Australian coke oven tar contain 33.17% quindline,
8+.28% isoquinoline, 8:92% quinaldine, 0-91% 8-methyl quinoline and 3.21%
6~methyl quinoline.

The General Structure of Coke Oven Tars

The data given in this paper indicate that high~temperature coke oven tars
are complex mixtures of aromatic and heterocyclic ring compounds, At the
lower end of the boiling range sinZgle six-~membered ring systems occur,
with their corresponding hydroxy and alkyl substituents and the alkyl groups,
whiile predéminantly methyl, include ethyl and n~propyl side chains, Single
ring compounds make up, however, less than 5% of tar. They are followed,
as the boiling range is ascended, by fused six and five membered ring systems
with their corresponding methyl and hydroxyl substituents; such systems, however,
again make up less than 5% of the total. The next members of the ascending
series =~ molecules containing two fused six membered rings, two six membered
rings and one five membered ring, or .three fused six membered rings—are major
constituents making up some 30~35% of the tar, In this range naphthalene and
phenanthrene are the major components with the other unsubstituted aromatic
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compounds, acenaphthene, fluorene and anthracene, also prominent. Methyl and
dimethyl derivatives of these aromatic hydrocarbons and the corresponding
heterocyclic compounds occur as minor constituents, Oxygen compounds with
the oxygen in a five membered ring are the most common heterocyclic compounds
followed by tertiary bases with the nitrogen in a six membered ring system

or as «NH~ in a five membered ring.

The same pattern is preserved in the pitch oils which make up about 30% of
the tar, These consist predominantly of unsubstituted aromatic hydrocarbons
containing from four to seven or eight fused rings and, in general, the ring
systems are not fully condensed. Methyl and hydroxy substituents are rare but
do occur and about ten per cent of the molecules contain a heterocyclic oxygen,

nitrogen or sulphur atom in the ring system in this order of abundance. Compounds

containing more than one heterocyclic atom are rare and, although polyphenyl
compounds are present, they are very minor components, Compounds with partly
substituted ring systems are also present in small amount but in most of the
compounds containing ring ~CH;~ groups, the ~CHp~ is part of a five membered
ring.,

The most complex 30% of pitch represented by the pitch resins and the
so called C; and C; fractions appears, from our present knowledge, to be
a continuation of the series formed by the less complex and more volatile
fractions and consists essentially of ring compounds containing from 8 to
more than 20 rings in the molecule, The evidence, however, points to the
fact that these more complex constituents have ring systems which are not
highly condensed but rather consist of highly branched ring chain structures
in which the majority of the rings are fused to no more than three other rings,

As further evidence of the relatively low degree of condemsation in the
ring structure of the molecules in pitch, may be cited the fact that the infra-
red spectra of pitch fractions shows much stronger bands at 750 em™ due to
ortho substitution in the aromatic ring than at the other wave lengths
characteristic of other types of substitution, indicating that there are a
fair number of unsubstituted end-rings i.e. rings fused to only one other
ring.%

" The Composition of Tars and the Structure of Coal

It has been said that the products of carbonisation of coal have about as
mich resemblance to the original coal structure as the fragments of ash from a
burning library bear to the original books, On the other hand tar accounts
for 15% of the coal structure in low~temperature carbonisation and, despite the
complexity of the reactions occurring in the carbonisation process, some
inferences as to the nature of the coal '"molecule'" should follow from a study
of the composition of the tar,

This approach has been made by Karr and his co-workersB ° on the bagis of
the divergence between the determined distribution of isomers in low-temperature
tars and the.predicted thermodynamic and kinetic distributions at the
temperature of carbonisation, Karrt's argument is that the tar produced
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point of thermodynmamic equilibria or chemical kinetics,” If thermodynamic
equilibrium has been achieved the proportion of various isomers will be that
predicted by theory. If the residence time is too -short to enable equilibrium %
to be achieved the most abundant isomers should be those predicted from the
relative rates of formation, Isomeric distributions outside the range

predicted by the combined thermodynamic and kinetic systems might indicate
dependence on the coal structure,

in lowstemperature carbonisation of coal may be regarded either from the stande L

An examipation of the distribution of alkyl benzenes, alkyl phenols, phenyl
pyridines, methyl quinolines and substituted anilines found in lowwtemperature
tars showed very considerable differences from the distributions predicted on
either thermodynamic or chemical kinetic considerations, Particularly striking
was the relatively high proportion of para isomers in structures for which
thermodynamic equilibria predicted a preponderance of the meta isomer and
kinetic consideration a preponderance of the ortho compound. There seemed,
therefore, some justification for the suggestion that these isomers derived
from some common monomeric unit of the coal structure, One such unit which
would account for the isomeric distributions found and whose occurrence when
coal is carbonised would be biogenetically plausible is 4enepropyle~2-methoxy
phenol derived from lignin which has been subjected to the coalification
process,

Prior to Karrs publications a similar idea had been put forward, although
not published by W.Waddington of The Coal Tar Research Association, His
suggested structure of that part of the coal molecule from which tar is derived
was that of a polymer consisting of a long paraffinic or conjugated chain from
which at intervals were attached 4~alkyl-2~methoxy phenol units, substituted
in the 6w=position by other paraffinic or conjugated side chains, It is now
generally agreed that Freudenberg®!s view of the biosynthesis of lignin from
coniferin via the condensation of monomeric units of the structure

{
c |
ireOf 1
CH, i
OCH,
oH

is probably correct, and although the structure of lignin has mot been finally
clarlfled the production; on pyrolysis of fossilised lignin of a unit having
the structure—iris not difficult to envisage.

-l .

‘oo\!.
The isomeric distribution of the kylenes and cresols in highmtemperature

tars is as expected from thermodynamic considerations with the meta compound

predominating but in the xylenols the observed distribution in continuous
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vertical retort tar differs from what would be expected from either thermodynamic
or kinetic considerations, Thus the observed distribution is 33% 2,4=~xylenol,
31% 3,5-xylenol, 12% 2,6-xylenol and between 7=9% of each of the 2,3=, 2,5~

and 3,4~isomers, The thermodynamic distribution should give almost equal
amounts of the 2,4w, 2=5~ and 3,5~isomers while from kinetic comsiderations

the 2,4~ and'3,4-isomers would be expected to predominate. Shortening of

the side—~chains and loss of one or other of the oxygen containing groups would
yield 2,4~xylenol or 3,5=xylenol from the proposed coal degradation product:e

CEp . CH

— and /[tj\
o_ cHg CE; OH
0 H

In the higher boiling tar acids from both lowmtemperature and high-temperature
tarsi4—indanol and S5e~indanol and their monomethyl derivatives predominate.
These can be regarded as derived from the postfilated progenitor thus:e«

2,
~
« 6 ~N
|
OH or | = f
C; X-"0H
H
v
e / \
/ 2 \Y,
(4
OH OH
w— 7 (“4\:, ¢ SRS
>~
IS \/‘k)*eﬂa -~ \’ﬁ k,:/ H, CHz
3mmethyled 6~methyle 7~-net yli 1—q§%hyl~ l~methyl~ 7~mehyl=
indanol 4e~indanol 4~indgnol 4sindanol °~ S—indanpl S5~indanol
[
-
OH OH

CO | CO

4~indanol S~indanol
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The distribution of the lsomeric methyl indanols found in vertical
retort tar is 18 parts 7-methyl=S~indanol: 12 parts 3-methyled=indanol: 8 parts
each of 6emethyl~d~indanol, 7-methyl~4eindanol and lemethyl-~5-indanol: 6 parts

of 3rmethyl=S=indanol: 1 part each of 4~-methyl=S=indanol and 6e-methyl=S~indanol,

It will be seen that this distribution, except for the absence of 1-methyl-4-
indanol, is in conformity with the above scheme,

The trimethyl phenols found in vertical retort tars are restricted to
the three isomers 2,3,4-~trimethyl phenol, 2,3,5-trimethyl phenol and 3,4,5~
trimethyl phenol. Also the isomeric distribution of the three trimethyl
benzenes in tar is in the order 1,2,3 > 1,2,4 >1,3,5 whereas both the thermo=-
dynamic and kinetic distributions would predict 1,2,4 >>1,3,5 =>1,2,3. The
following scheme would explain these divergenciles.

CHy

/¢© Cz@ Zﬁm—’ :3@

2,3,4~trimethyl 3,4, 5-trimethyl 1,2,3~trimethyl

phenol phenol benzene
0 2 CH, CH,
N — L ™ <
- 0\ CHS e 3 tr,
2,3,5=trimethyl 1,2,4~trimethyl
phenol benzene

If ring closure ylelds six~membered rings the predominant products would be
expected to be acenaphthene and 1,6~dimethyl naphthalene,

" CHg CHg CB; CE
h—
P Q@Q a0
acenaphthene

CHy
— |
0\ CH,
1,6~dimethyl naphthalene
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whereas experimental thermodynamic evidence favours the 2,6~ and 2,7-isomers
as the predominant forms, The analysgs of the 250~300°C fractions of
continuous verfical retort tar give the ratio of acenaphthene and dimethyl
naphthalenes as acenaphthene 1.0, 1,6~dimethyl naphthalene 0-.44, 2,6~ and
2,7~dimethyl naphthalenes 0-35, 1,7~dimethyl naphthalene 0-.19, 2,3~dimethyl
naphthalene O+16 and 1,5~dimethyl naphthalene 0-14,

It is appreciated that the evidence from the isomer ratios of tar
components for a common precursor derived directly from the coal structure is
very flimsy but it seems an interesting speculation and it is in this sense
that it is mentioned in this paper. As more reliable data accumulate on
the fine structure of tar fractioms, particularly those from primary and
low temperature tars, and better data become available, either from calculations
or experiments of the thermodynamic distribution and kinetic distribution of
isomers at the carbonisation temperatures, it should be possible to provide
stronger evidence for or against this hypothesis, This possible approach to
the problem of the chemical structure of coal should not be ignored.

References
(1) Weiss, J.M, and Downs C.R., Ind.Eng.Chem., 15,1022 (1923).
(2) Commonwealth Scientific and Industrial Research Organisation,
Reference TC 24 "An Analysis of Coke Oven Tar from the Newcastle

Steel Works of the Broken Hill Proprietary Company Limited" (1957),

(3) McNeil, D, and Vaughan, G.A, Publication 438 of The Institution of
Gas Engineers (1953).

(4) McNeil, D., J.Appl.Chem,,11,90(1961).

(5) Wood, L.J.,, J.Appl.Chem.,11,130(1961).

(6) Van Krevelén D,W. and Chermin H.A.G., Fuel, 33,79(1954),

(7) Van Krevelen D.W., Chermin H,A.G, and Schuyer J,, Fuel,36,313(1957).
(8) Karr C., J, Phys.Chem., 64,462,1960.

(9) Karr C,, Comberiati J.R, and Estep P.A, Fuel, 39,475(1960).




112.

122F il o
x
2t} b
20 201
l'lZ[ vi9f )
. o
d <kl x
[y < 119 v
F y
nzfz "'7'8
64 ° X
v .‘3‘ Sp.Gr of Tar v +6r's Sp.Gr. of Tar v
. L . . !
sk Vigcosity. r15]-9 Pitch Yield
8 a
J "))
14t x 119 x
13 Fia | "" Fia 2.
r 4 4 . ¢ 1 ‘. 2 T 3 4
3 [ 9 2 s 18 2 45 35 65 s
KINEMATIC VISCOSITY % PITCH YIELD.
REDWOOPD. Nol. Secs x wo?
22} x x 22 x 1
: |.z,i % vul x
b 4
K
RO}~ rzof
x ¢ x
RT) -g x X x ¥y -‘i = ¥, x
- x x
x x X c>t ” x
l'lﬂ'é Q-3 2
o x x X x x
x hd x
itk % 04
0 18
I X 9 x
1311 4V) (RT3
. i
d‘)‘ w
115} Sp.Gr of Tar v st Spb.Gr of Tar v
Phenol Content. Paratfin. Conltent.
yidle sl x
mst Fig 3 r3fk FIG 4
o 5 l‘c 0 o 3 r r oz \5 & B 2|
ZPHENOLS n O-2850°C. OIL, '/oPARAFFlNS tn 0-250°c OIL.

‘mw A ok e .

|, SR O

- A




!
'\
\

-

- T -

At o e R

% A o o

N A

PRESENTLY LITTLE-USED BUT POTENTIALLY IMPORTANT 113.

COAL TAR CHEMICALS
Heinz-Gerhard Franck

Gesellschaft fiir Teerververtung m.b.H.
Dulsburg-Meiderich, West Germany

To date, about 400 of the myriad substances contained in coal tar have been
definitely identified. This figure may seem small compared to the 10,000 estimated
to be in tar but it probably includes all the components that will be used commer-
cially as such since some of the constituents are present in extremely small amounts.
The compounds which have been identified are either those which are present in the
largest amounts or those which are relatively easy to isolate. It should be remem-
bered that the composition of the lower boiling fractions is more completely under-
stood than is that of the higher boiling fractions and of coal tar pitch--the distil-
lation residue.

The composition of coal tar varies greatly. It is influenced by the type
of coking coal employed, by the coking process and by the coking temperature. Further,
tar undergoes certain changes in composition on distillation and the yield of various
constituents is influenced by the distillation process used.

The development of gas chromatography has greatly facilitated the quanti-
tative determination of coal tar constituents. It proved to be an almost ideal method
of investigating tar and its fractions, and has generally superseded other analytical
mechods that were less accurate and more tedious. The following quantitative data on
the occurrence of compounds in coal tar were largely obtained with the aid of gas
chromatography. It should be noted that these data relate to high-temperature tar
from soft coal of the Ruhr area processed by continuous vacuum distillation.

Figure 1 is a gas chromatogram of such tar. The individual peaks represent
the most important constituents from indene (boiling point at one atmosphere: 183.1°C) -
to coronene (boiling point at one atmosphere: 525°C) in the order of their boiling
ranges. As this is. a schematic diagram covering the whole tar, not all the quanti-
tatively important compounds are indicated by separate peaks. For instance, the
peaks of 1~ and 2-methylnaphthalene and also those of phenanthrene and anthracene co-
incide. A more detailed gas chromatographical analysis of the tar would separate
these isomers. However, since gas chromatograms become less easily followed as the
number of peaks increases, further diagrams will not be shown.

All together, the compounds identified to date make up about 55 per cent
of the tar. 1In addition, tar contains about 2 per cent of relatively high-molecular-
weight, soot-like compounds that cannot be dissolved or distilled--making it impos-
sible. to determine their composition by chemical methods. Thus it is apparent that
only a small per cent of the number of compounds believed to be present in coal tar
have been identified; those that have been identified represent a very significant
portion of the tar.

According to present knowledge, a maximum of eleven compounds occur in coal
tar in proportions greater than 1 per cent. Excepting the two methylnaphthalenes, all
of them are nonsubstituted, aromatic substances without functional groups. The
three compounds present in the largest proportions are a binuclear,. a trinuclear, and
a quadrinuclear hydrocarbon.



Table I

Compounds Present in Coal Tar im Amounts
Greater Than 1 Per Cent

Compound Per Cent

Naphthalene
Phenanthrene
Fluoranthene

Pyrene

Fluorene

Chrysene

Anthracene
Carbazole
2-Methylnaphthalene
Dibenzofuran
1-Methylnaphthalene

.
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Until quite recently coal tar has been the only source of aromatic compounds.
The slight extent to which this source has been exploited, however, is not widely
known. Of the eleven most abundant constituents of coal tar, only two--naphthalene
and . anthracene--are being used on large scale as pure products for chemical processes.
Contrasted with naphthalene, almost all of which is recovered and further processed,
anthracene is used only to a limited extent in the chemical industry, although the
amount has increased recently. This paper is not concerned, however, with compounds
now used technically on a relatively large scale, but with the still untapped possi-
bilities of coal tar. What coal tar constituents have been used widely in their pure
form? Compared to the potential, the number is extremely small: besides naphthalene
and anthracene, the list includes only phenol and its homologs (cresols and xylenols);
pyridine and its homologs; and quinoline. With both phenol and pyridine homologs, mix=-
tures and not pure products are frequently used, Nevertheless, it should not be con-
cluded that little attempt has been made over the years to exploit the chemical poren-
tiality of tar.

Most organic industrial processes for the manufacture of synthetic fibers,
resins, pesticides, dyestuffs, drugs, etc. employ small, reactive building blocks from
which the end products are synthesized. When coal tar components are small and reac-
tive, as phenol and the pyridine bases, they meet these requirements and are used.

But most of the compounds present in coal tar have relatively large molecules without
functional groups and are quite inert chemically. This is why--what seems surprising
at first glance--of the eleven most abundant constituents of coal tar, only two find
wide application. Naphthalene, the chief constituent, is a noteworthy exception

among the tar aromatics. 1t has become a valuable raw material because, fortunately,
it can be oxidized in high yield to phthalic anhydride. )

Conditions may seem less favorable when we consider the other aromatics,
but it nevertheless would seem advisable to investigate the various possibilities
offered by these raw materials which are available in such quantity. Certainly in
recent years remarkable progress has been made in recovery techniques, so that today
most of the products are available in purer grades and at lower prices than a few
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years ago. Although this has led to a gratifying increase in sales, there is still
no realistic comparison between the demand for most products and the "quantities that
could be produced.

Phenanthrene

Phenanthrene, the second largest conmstituent of coal tar, still has not been
used to any appreciable extent though the phenanthrene skeleton underlies multitudin-
ous hydroaromatic compounds widely distributed in nature and having great physiolog-
ical significance. These natural products include: resin acids, morphine, sterols,
bile acids, digitalis glycosides, sex hormones, and antirachitic vitamins.

There is an extensive literature on the chemical reactions of phenanthrene--
such as halogenation, nitration, sulfonation, alkylation, chloromethylation, metal-
lization, hydrogenation, and oxidation--with numerous uses proposed for the reaction
products. Uses such as in the manufacture of resins, dyestuffs, drugs, plasticizers,
and--as solid chlorination products--nonflammable electrical insulators and impreg~
nants.

About 10 million tans of crude tar are distilled annually in the Western
World. Assuming that this entire output has the same phenanthrene content as coal
tar from the Ruhr area, or 5 per cent, and that about half of the phenanthrene could
be recovered, the impressive quantity of 250,000 tons of phenanthrene yearly would be
available. Separation on a large scale would, of course, result in lower production
costs. Since phenanthrene has a higher boiling point than naphthalene and because
it is more difficult.to recover, it will always be more expensive, but if produced
on the same scale as naphthalene, its price would be much lower than it is at the
present time. -

By analogy to naphthalene,‘it may be expecééd that phenanthrene can be
oxidized to produce a bivalent acid, diphenic acid, which if cheap enough could be
used in the manufacture of synthetic resins and plasticizeérs.

Diphenic acid is already being produced from phenanthrene, but so far there
has been no success in developing a simple commercial process with a high yield for
the conversion of phenanthrene into diphenic acid or its anhydride. The process cur-
rently followed gives not only diphenic acid but also considerable amounts of other
oxidation products. Because of the poor yield and trouble with subsequent purifica-
tion, diphenic acid is currently priced so high that it is used only for specialized
purposes., However, much research is going into the problem, so there are good pros-
rects that an economic process will be developed before long. As soon as one ap-
plication of phenanthrene gains industrial importance, the price reduction will open
up additional markets where phenanthreme has been unable to compete for price reasons,

Fluoranthene

While it is well known that large amounts of phenanthrene are available
from coal tar, we seem to be less prone to realize that next to naphthalene and phe=-
nanthrene, fluoranthene is the most abundant coal tar comstituent. Assuming the



condicions described for phenanthrene recovery, fluoranthene is available in the
amount of 165,000 tons yearly as a raw material. The fact that organic chemistry
treatises frequently ignore fluoranthene entirely or mention it only in marginal
notes, shows how neglected the compound has been. Nevertheless, fluoranthene has
an advantage over phenanthrene since, like naphthalene, it can be readily obtained
from the appropriate fraction in a high purity, because the fluoranthene fraction
has no significant content of material less soluble than fluoranthene or whlch forms
mixed crystals with it.

Thus fluoranthene is offered in technical grade in a purity of 97-98%.
As with phenanthrene, mass production could reduce its price considerably.

Coal tar is now usually processed by continuous distillation. The fractions
recovered, in the order of their boiling ranges, are: water, light oil, middle oil
(carbolic oil), naphthalene oil, wash oil, low-boiling anthracene oil, high-boiling
anthracene oil, and pitch (distillation residue). Other closely cut distillate frac-
tions yielding concentrates of other main constituents could be separated in the same
way as the naphthalene fraction in the primary distillation. However, since the lar-
gest part of coal tar distillate is used as creosote; a broad complicated mixture of
compounds, this type of distillation is not profitable or generally practiced.

Fluoranthene is a constituent-of the high-boiling anthracene oil, and to
a lesser extent of the pitch. To obtain the fluoranthene fraction, the high-boiling
anthracene oil must be distilled further. This yields a number of other fracrions,
the most important one being the pyrene (boiling points at one atmosphere: pyrene,
393°C; fluoranthene, 383.5°C). Fluoranthene costs would be much lower if the pyrene
fraction could also be used instead of being returned to the high boiling anthracene
oil. (The co-product problem becomes more complex and important as the amount of the
desired material in the tar becomes less. 1In practice, only the two most abundant
constituents, naphthalene and phenanthrene, are free of this burden).

Compared to phenanthrene, the literature on the chemical reactions of
fluoranthene is limited. Halogenation, nitration, sulfonation, hydrogenation, oxi-
dation, and condensation with phthalic anhydride and acid chlorides are reported.
Despite the symmetry of its molecule, fluoranthene is not chemically inert! Since
fluoranthene is readily accessible in a high purity and is relatively reactive, why
has it had no important practical application to date? Probably because the compound
failed to attract the attention of chemists in the past and since the ease of its re-
covery was -not fully appreciated. An examination of its reactions suggests fluor-
anthene could perhaps be used as a starting point for the synthesis of drugs and
particularly of dyestuffs.

The price of fluoranthene would be the determining factor in the commer-
cialization of any dye derived from it and the price could be reduced only if a
certain minimum sales outlet were assured. As far as we know at the present time
the oxidation type reactions are not as promising as with naphthalene cor phenan-
threne because no ncvel multicarboxylic acids have been made from it.
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Pyrene

Unlike phenanthrene and fluoranthene, pyrene is already being used as a raw
material on a very modest scale compared to the potential 100,000 tons a year which
is available. The chemistry of pyrene has been extensively investigated (halogenation,
nitration, hydrogenation, oxidation, sulfonation, condensation, etc.) A large number
of condensation reactions have been reported and deserve special mention. These in-
clude not only condensation with phthalic anhydride but also with acetic anhydride,
benzoyl chloride, diazoacetic ester, dichlorodiphenylmethane, glycerin, cyanuric
chloride, and formylmethylaniline.

The possibility of combining the production of fluoranthene and pyrene
(boiling points at one atmosphere: fluoranthene, 383.5°C; pyrene, 393.5°C) has al-
ready been discussed under fluoranthene. As in the case of fluoranthene, pyrene is
found in both the high-boiling anthracene oil and pitch. However, recovery of pyrene
is more complicated because its fraction has some slightly soluble components boiling
close to pyrene, including 1,2-benzodiphenylene oxide and 2,3-benzodiphenylene oxide.
These are troublesome and expensive to remove. This explains the fact that pyrene is
not ordinarily offered in as high a purity as fluoranthene. The technical grades avail-
able have a pyrene content of only 90-957%.

It is difficult to forecast if pyreme, so far used mainly as a starting
material for the synthesis of dyestuffs, will become important in other fields. With
successful utilization of fluorantheme as a chemical raw material, the market outlook
for pyrene would undoubtedly improve. Many possibilities for its use are currently
barred by its high price. Even if pyrene and fluoranthene recovery are combined, how-
ever, pyrene production costs would be reduced only slightly because, as previously
mentioned, it is harder to upgrade the pyrene fraction than the fluoranthene fractionm,

Like phenanthrene, there are Lnterestlng oxidation products of pyrene,
such as 4,5-phenanthrenedicarboxylic acid and 1,4,5,8- naphthalenetetracarboxy‘Lc acid.

Naphthalenetetracarboxylic acid would be a particulafly promising pyrene
derivative if there were a simple oxidation process available giving a high yield of
the acid. Experiments directed to this end have not yet given reason for optimism.

Fluorene

Wash oil boils between 230°C and 300°C; fluorene, occurring in tar in about
the same proportion as pyrene, has the highest boiling point of main constituents in
this fraction. Acenaphthene and dibenzofuran (diphenylene oxide) boil slightly below
fluorene (boiling points at one atmosphere: acenaphthene, 278.2°C; dibenzofuran,
285.1°C; fluorene, 297.9°C). It is, therefore, convenient to consider the three to-
gether. However, fluorene and dibenzofuran must be carefully separated by distilla-
tion because they form a continuous series of solid solutions which, of course, can=’
not be separated by crystallization techniques.

_ Formation of mixed crystals 1s common among .the constituents of coal tar,
Phenanthrene and anthracene, phenanthrene and carbazole, and chrysene and 1,2~
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benzanthracene are other quantitatively important compounds which form a continuous

series of mixed crystals characterized by a curve having no maximum or minimum be-

tween the freezing points of the pure components. The formation of mixed crystals

between phenanthrenme, anthracene and carbazole is the main reason that phenanthrene '
is more difficult to purify than naphthalene.

Fluorene is the first of the coal tar constituents discussed so far to have
a reactive group: in this case the methylene group between the two benzene rings has
highly reactive hydrogen atoms. In spite of numerous reactions described in the litera-

1
ture and numerous uses suggested, such as the manufacture of cleaning 2and wetting {
agents, textile auxiliaries, pharmaceuticals, disinfectants, pescicides, dyestuffs, ‘
liquid scintillators, and thermoplastic resins, all attempts to promote widescale 1
development of fluorene as a chemical raw material have been unfruitful to date. 4

Recent developments indicate that there may be an outlet in drug synthesis because
pharmacological substances currently being tested have been obtained from fluorenone, }
a product readily prepared from fluorene. ’ i

Chrysene

Chrysene, the most abundant constituent of coal tar pitch, is also found in
smaller amounts in high-boiling anthracene oil. Because of a high-boiling point
(440.7°C at one atmosphere) and the extraordimarily high-melting point (255°C), the i
product is hard to recover im its pure form. The starting poiat for chrysene pro-
duction is usually the distillate from the manufacture of hard pitch, though pitch
coke oil from the coking of hard pitch is also rich in chrysene.

Provided that suitable applications can be found, there seems to be no }
reason why all of the compounds discussed up to this point should not be used on
large scale industrially. There is, however, less chance for chrysene despite the
fact that its occurrence in coal tar is about the Same as that of fluorene and pyrene. 4
Purification of chrysene is more difficult and the higher cost of the compound wiii
be a serious handicap to its broad utilization. Chrysene derivatives have been used /
to some extent in ultraviolet filters and sensitizers. :

Carbazole ' ((

Carbazole, quantitatively the most important heterocyclic constituent of
tar was, until recently, sold in large quancities. Tt is recovered as a co-product
in anthracene purification. It was used for the production of dyestuffs and pesti-
cides.

When fused with polysulfide in butanol or roasted with polysuifide in the
presence of organic bases.such as benzidine, the 3-(4'-hydroxyphenyl)-aminocarbazoles P
obtained by the condensation of carbazole with p-nitrosophenol yield the sulfur dye-
stuff, hydron blue R, or when N-ethylcarbazole is employed, hydron blue G. 2-Hy-
droxycarbazole~-3-carboxylic~acid-p-chloroanilide has become familiar as the browsn
dyestuff, naphthol AS-LB. 1,3,6,8-Tetranitrocarbazole became important as an in- 4
secticide under the trade name, Nirosan. : ’

-
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) Finally, through the production of poly-N-vinylcarbazole a plastic has been
developed from carbazole having good dielectric properties, good chemical resistance,
high softening point, and thermal stability. This product has found commercial use

in the electrical industry (trade names for polyvinylcarbazole: Luvican and Polec-
rron).

Unfortunately, the use of all these interesting derivatives has deciined
considerably in recent years, and some manufacturers of dyestuffs now specify that
the anthracene material supplied to them contain less than a cerctain amount of car-
bazole.

A prognosis of the market for carbazole is, therefore, difficult, There is=
reason for certain optimism about the future of carbazole because it is a co-product
in the production of anthracene and it does have a number of significant uses. VYever-
theless, carbazole sales can be restored only with the development of new uses.

1-Methylnaphthalene/2-Methylnaphthalene

The two monomethylnaphthalenes are present in tar in very considerable
amounts, with 2-methylnaphthalene predominant, In high-temperature tar, the ratio
of naphthslene to the monomethylnaphthalenes is about 4:1, the lower the coklng tem-
perature, the more this ratio shifts in favor of the methyl- 2nd dimethylraphthalenes.

The methylnaphthalene fraction is a constituent of the "wash oil". It is
distilled after the naphthalene fraction before diphenyl and the dimethylmaphthaienes.
Methylnaphthalene production, therefore, fits nicely into recovery of the other three.

Because of their ready accessibility the methylnaphthalenes have become more
important recently, even though the quantities sold are still very limited. Many pos-=
sitle uses have been proposed for each isomer; but these frequently overlap uzes for
naghthalene. Since naphthalene is cheaper, it has an advantage over the mcvnomechyl-

niphthalenes in these cases. The syntheses of l-naphthyiacetic acid serves to iliustrate

such competition between naphthalene and l-methylnaphthalene, 1l-Naphthylacetic acid,
used as a growth promoter, can be made from l-methylnaghthalene by chlorination, re-
action with KIN and subsequent hydrolysis. It can aliso be made by the chioromethylis-
tion of naphthalene followed by the same reactions, The synthesis selected then be-
comes a matter of cost.

) l-Mecthylnaphthalene has an unusualiy low freezing point (=30.6°¢) which is
loweraed further inr the technical grade by the presence of isomeric 2-methylnaphtha-
lene, Because of this property and its high solvent power, che alpha isomer is used
35 a solvent and as a heat transfer oil. It can also be used as a carrier in the
dyeing of polyester fibers, as a cetane~number indicator. It has been used for de-~
termining the theoretical number of trays in distillation columns. Other suggestions
for use are as an extraction agent for sulfur, as a constituent of liquid dielecctrics,
and as a starting material in the manufacture of plasticizers, pesticides, plastics,
and textile auxiliaries. However, these suggestions have not been developed to any
significqnt extent,
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The numerous uses which have been proposed for 2-methylnaphthalene, include
the production of dyestuffs, textile auxiliaries, growth inhibitors, detergents, emul-
sifiers, and wetting agents. The beta isomer is of importance in that its 1,4~-quinone
is a starting product for the manufacture of Vitamin K.

Dibenzofuran (Diphenylene Oxide)

Dibenzofuran is the most abundant oxygen heterocyclic compound in coal tar.
The analogy in composition and occurrence between dibenzofuran and carbazole, the most
important nitrogen heterocyclic, is striking. The presence of dibenzofuran in the wash
0il and the advantages of combining its production with that of fluorene and acenaph-
thene have already been discussed. '

Dibenzofuran is the skeletal substance of morphine. The reactions of diben-
zofuran (halogenation, nitratiom, sulfonation, methylation, hydrogemation, and conden-
sation) are reported in the literature. Possible uses are also described, such as the
manufacture of disinfectants, insecticides, wood and other types of preservatives,
textile auxiliaries, synthetic resins, high-temperature lubricants, dyestuffs, and ad-
ditives for candle mixes. Dibenzofuran has been used to some extent as a dyestuff
intermediate. Because of its high thermal stability, the product is suitable for
heat transfer media although its high melting point (+82°C) is an objection,

An interesting derivative of dibenzofuran is o0,0'=-biphenol (2,2'-dihydroxy-
diphenyl), obtained by fusion with caustic potash. This compound is used in the manu-
facture of disinfectants and pesticides.

Acenaphthene

The acenaphthene content of crude tar is about 0.5%. However, larger
quantities may be found in coal tar distillates because acenaphthene is one of those
few compounds which may be formed in tar during distillation. The amount formed in
this way may be equal to that originally present and the net acenaphthene content of
coal tar is about 1%, roughly the same as dibenzofuran. Like fluoranthene it is
easily purified by crystallization of the appropriate distillation fraction and the
technical grade is usually 97-98% pure.

The chemical reactions which result in the production of secondary ace-
naphthene are not completely understood. The most likely reaction would be the de-
hydrogenation of 1,8-dimethylnaphthalene but since this cannot be demonstrated quanti-
tatively, it must be assumed that there are other compounds in coal.tar which are corn-
verted to acenaphthene by heat.

Like pyrene, acenaphthene belongs to the class of aromatics that have been
used as starting materials -for dyestuffs, but on a scale which consumes only a frac=
tion of that which could be produced.

By means of catalytic gas-phase dehydrogenation, acenaphthene can be con-
verted to acenaphthylene, which can be easily polymerized with peroxide catalysts.
Like co-polymers containing acenaphthylene, the polyacenaphthylenes are noted
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chiefly for their good electrical properties and high melting points but have not yet
attained practical importance. A high yield of naphthalic anhydride is obrained from
acenaphthene by catalytic gas-phase oxidation. Naphthalic anhydride has been used
chiefly in the manufacture of dyestuffs. At a lower price it could probably be used
for the production of synthetic resins.

On the whole, the market outlook for acenaphthene is more favorable than
for its two by-produéts, dibenzofuran and fluorene. To reduce production coscs as
far as._possible, effort must be concentrated on finding uses for substantial quantities
of all three compounds.

Zndene

Indene, the lowest-boiling of the most abundant coal tar constituents, is
the reverse of acenaphthene so far as recoverability is concerned. The primary indene
content of tar is almost 1 per cent. But in counter-distinction to acenaphthene, the
amount of which increases during distillation, the amount of indene is decreased be-
cause at high temperatures and in the presence of hydrogen it is easily converted into
indan. The extent to which the indene content is reduced and indan formed depends on
the type of distillation process; the longer and higher the temperature at which che
tar containing indene is heated, the greater the reduction of indene content. Under
unfavorable conditions, more than 50 per cent of the original indene content of the
tar may be lost. Since indene is more valuable than indan because of its higher re~
activity, the hydrogenation of indene is an extremely undersirable reaccion..

Indene cannot be classed as one of those coal tar constituents which has
no practical use at cthis time even though it is not isolated and used as such. ZIn=-
dene is the principal constituent of coumarone resins. These would more accuratetiy
be called indene resins.

Because of its relatively high freezing point--(-1.6°C) pure indene can be pre-
pared from the appropriate distillation fraction by extreme cooling., However, in
spite of the many uses proposed for it, pure indene is not important commercially,

In addition to the large volume constituents of coal tar so far discussed,
there are many other materials available in reasonably large amounts, which likewise
have not attained commercial significance. The most important of these appear in
the following table.

Table II

Important Coal Tar Constituents

Compound Content of Coal Tar (Per Cent)

Diphenyl

Indole
2-Phenylnaphthalene
Isoquinoline
Quinaldine

Acridine
Phenanthridine
7,8-Benzoquinoline
Thianaphthene
Diphenylene Sulphide
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Diphenyl

The diphenyl-indole fraction occurs between the methyl- and dimethyl-
naphthalene fractions. Recovery of diphenyl and indole is conveniently combined
with the methylnaphthalenes.

Diphenyl is well known as a constituent of heat transfer oils. The edtectic
mixcture of diphenyl and diphenyloxide is sold under the trade names ''Dowtherm A" and
"Diphyl™.

Diphenyl is also used as a preservative; for example, citrus fruit wrappers
are frequently impregnated with diphenyl. It should be mentioned too that diphenyl
is the basic substance of the benzidine dyestuffs, though they are normally produced
from other starting materials.

Contrasted with what could be produced, very little coal tar diphenyl is used
commercially. Coal tar diphenyl is under a handicap because diphenyl is available
from other sources. 1t is obtained as a by-product in the synthesis of phenol by
the chlorination process and it can be made by the pyrolysis of benzene. The di-
phenyl market, therefore, is divided between that recovered from coal tar and that
made synthetically.

Indole

Indole, the nitrogen analog of indene, is one of the most interesting con-
stituents of coal tar. Separation of indole and diphenyl is not possible by simple
distillation because the two compounds have vapor pressure curves which lie close
together and also form an azeotropic mixture. The boiling point of the diphenyl-
iadole azeotrope is a few degrees lower than the pure products (boiling points at
one atmosphere: indole, 254.7°C; diphenyl, 255.6°C). Separation of indole and di-
phenyl is achieved by taking advantage of the slightacidity of the imide groug and
isolating the indole from the diphenyl fraction via its potassium compound by fusion
with caustic potash. Diphenyl cthen can be recovered from the indole~-free oil by frac-
tionation and cr-jtallization.

id

Another method of separating the two compounds is by the additioa of a third
component, diethylene glycol. Azeotropic mixtures of diphenyl-diethylene glycol and
indole~diethylene glycol boil twelve degrees apart; under normal pressure they boil
at 230.4°C aad 242.6°C respectively (uncorrected). 1In this case, the azeotropic &f-
fect is so pronounced that separation by distillation does not require particulariy
efficient columns.

Indole is used commercially in several fields of chemistry. As might be
expected from its occurrence in nature as a constituent of jasmine and orange blossom
oils, it has long been used as a perfume fixative. The extraction of indole from
coal tar in a state of purity which satisfies the perfume manufacturers is ‘a chemical
achievement since even trace amounts of impurity will falsify the aroma.

Indole is a starting material for growth-promoting substances and for amino
acids. 3-Indoleacetic acid (indole-3-acetic acid) is one of the first growth-promoters
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used. It is known commercially as hetercauxin. One way of making it is by the con-
densation of indole with formaldehyde and hydrochloric acid followed by condensation
with potassium cyanide and hydrolysis of the resulting nitril. Alpha-amino-3~indole-
propionic acid, known as tryptophane, is an integral component of many types of pro-
tein and one of the vital amino acids. 3-(Dimethylaminomethyl)-indole (gramine),
obtained by a Mannich Reaction of indole with formaldehyde and dimethylamine, is an
intermediate in the synthesis of tryptophane. Tryptophane is made by reacting gramine
with acetaminomalonic ester and subsequent saponification.

Although the quantity of indole used is still small, improvement in the re-
covery process in recent years has resulted in steadily increased sales. Possibilities
for indole are not at all exhausted with the uses mentioned. Interesting intermediates
for dyestuffs and drugs can be made by reacting the hydrogen atom attached to the ni-
trogen. Of course, the relatively small amounts of indole in coal tar and the compli-
cated methods for extracting and purifying it will never permit a price comparable to
mass-volume products, but it is hoped that the recent advances in the preparation of
indole will lead to a greater use of this interesting compound.

2-Phenylnaphthalene

Unlike indole, 2-phenylnaphthalene is a substance about which little can be
said. Recently it was found that this compound, formerly classed among the rare con-
stituents, actually is rather abundant in coal tar and can be recovered in relatively
large amounts. The 2-phenylnaphthalene fraction boils below fluoranthene, so its
recovery must be combined with that of fluoranthene and pyrene. Since there is no
demand, 2-phenylnaphthalene is presently produced only in laboratory quantities. If
a demand should develop the methylphenanthrenes, which boil below phenylnaphthalene,
would become more accessible. There are considerable quantities of these in tar.

Isoquinoline/Quinaldine

As already mentioned, the only coal tar bases presently being used to any
extent commercially are pyridine, pyridine homologues and quinoline. The problem of
separating tar bases from their co-products is even greater than in the case of the
neutral hydrocarbons. Crude bases are extracted from the appropriate distillation
fraction by means of mineral acid from which they are subsequently liberated by the
addition of caustic soda. Because of the complex nature of tar, distillation frac-
tions do not contain only the particular tar base desired. Further, the formation
of azeotropic mixtures between the hydrocarbons and the tar bases causes the latter
to be distributed over a broad distillation range. Thus the extraction process in-
variably yields fractions which are mixtures of several compounds.

Isoquinoline and quinaldine are the most important compounds which occur
with quinoline in the quinoliile fraction. Since they boil above quinoline they
occur in the distillation residue from which they could be recovered if a demand
for them were to develop.

Table ITII
B.P. at Atmospheric
Pressure - °C i
Quinoline 237.3
Isoquinoline 242.8

Quinaldine 246.9
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There is extensive literature on the chemical reactions of isoquinoline
and quinaldine. Isoquinoline is used as an auxiliary solvent in dyeing and as a
starting product in the preparation of isoquinoline red and other cyanine dyestuffs,
photographic sensitizers, drugs, pesticides, and vulcanization accelerators. Quin-
aldine can be used for similar purposes. The most important quinaldine dyestuffs
include quinoline yellow, quinoline red, and ethyl red, as well as sensitizing dyes.
Quinaldine can also be used as an inhibitor for metals and as a seed disinfectant.
Although both these compounds could be produced in considerable volume, none of the
uses has reached significant size.

Acridine Phenanthridine 7,8-Benzoquinoline

The three most important and most easily recovered tar bases in anthracene
oil are acridine, phenanthridine, and 7,8-benzoquinoline.

Acridine is the best-known and occurs in the largest amount. None of the
three bases has as yet been used on large scale, although interest in acridine has
been increasing recently.

Acridine is in point of fact the base of numerous dyestuffs and drugs;
but acridine dyestuffs are usually manufactured from 1l,3-diaminobenzene and ali-
phatic or aromatic aldehydes. Even the syntheses of such well-known acridine der-
ivatives as the drugs Trypaflavin (3,6-diamino-10-methylacridinium chloride) and
Rivanol (2-ethyoxy-6,9-diaminocacridine) do not usually iavolve aéridine.

The extent to which 7,8-benzoquinoline occurs in coal tar has only been
realized recently. 1Its only use at the present time is in the separation of meta
and para cresol in gas chromatography. As with acridine, several drugs can be de-
rived from phenanthridine; for example, quarternary salts of diaminophenanthridinium
series have good trypanocidal properties.

Because of limited demand and the resulting high costs of producing very
small batches of these compounds, the prices of acridine, phenanthridine, and 7,8-
benzoquinoline are still high. Production on a larger scale--and the amounts of raw
material are very adequate for this--would reduce costs -considerably.

Thianaphthene Dibenzothiophene (Diphenylene Sulfide)

Thianaphthene and dibenzothiophene are the most abundant sulfur compounds
found in coal tar. Thianaphthene is recovered with naphthalene, and the two can be
separated only with difficulty because of their close boiling points (boiling points
at one atmosphere: naphthalene 217.9°C; thianaphthene, 218.8°C). The formation of
mixed crystals further complicates the separation.

The separation of phenanthrene and dibenzothiophene, the sulphur bearing
compound that occurs with it, is not as difficult. The difference in boiling points
is greater--(331.4°C; phenanthrene 336.5°C) and separation by distillation is more
effective. Since dibenzothiophene distills just prior to phenanthrene, the limited
market for phenanthrene has restricted the amount of dibenzothiophene recovered.
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Both thiaﬁaphthene and dibenzothiophene could be.recovered from coal tar
in substantial amounts but it must be remembered that the cost would be high even if
they were recovered on large scale.

Up to the present, very little use has been found for these two compounds.
Thianaphthene has been used to some extent in the manufacture of drugs. Other pro-
posad uses are the production of thioindigoid dyestuffs and herbicides from thianaph-
thene and preservatives with a fungicidal and bactericidal effect from dibenzothio-
phene.. None has practical significance.

Besides the substances which have been discussed there are numerous other
compounds that can be obtained from coal tar in relatively large quantities if needed.
However, it should be remembered that the recovery and purification problem becomes
more complicated as the concentration of the desired compound in the tar decreases.
The economics of the processes are affected accordingly.

Attention is drawn to the dimethylnaphthalene fraction, which constitutes
about 2 per cent of the tar and lies between the diphenyl and acenaphthene fractioms.
To date, the following nine dimethylnaphthalenes have been identified in coal tar:

1,2-dimethylnaphthalene
1’3 n
1,4
1,5
1,6 "
1,7
2,3
2,6
2,7

3 m

1,6~ and 2,6-Dimethylnaphthalene can be recovered relatively easily, but
the isolation of the other compounds is very costly and complicated.

Anthracene oil has two interesting methylhomolog fractions: first, pre-
ceding the phenanthrene fraction is the methyl fluorene fraction which accounts for
1.8 per cent of the tar and includes 1l-, 2-, 3-, 4=, and 9-methy1f1ﬁorene; and
secondly, following the carbazole fraction, the methylphenanthrene fraction which
accounts for 1.8 per cent of the tar and consists mainly of 1-, 2-, 3-, and 9methyl=
phenanthrene as well as 4,5-methylenephenanthrene. The benzofluorene fraction, being
the highest boiling portion of the anthracene oil, also deserves mention. Distilling
after the fluoranthene fraction, it accounts for 1.6 per cent of the tar and consists
mainly of 1,2-, 2,3-, and 3,4-benzofluorene, as well as 5,12-dihydrotetracene.

The coal tar pitch fractions offer a large reservoir of quadrinuclear and
multinuclear aromatics. These need not be discussed because even though some pitch
constituents can be recovered in large quantities, their separation is beset by dif-
ficulties which would preclude the possibility of cheap production even in volume.
Reference has been made already to this problem under the discussion of chrysene.




125,

Bulk tar constituents, with the exception of l- and 2-methylnaphthalene,
are all unsubstituted, binuclear and multinuclear aromatics which include only .two
heterocyclic compounds, dibenzofuran and carbazole. Special attention has been
focused on fluoranthene which up to now has not received adequate attention, despite
the fact that next to naphthalene and phenanthrene it is the most abundant constituent
of coal tar:

This has been a review of coal tar products which could be made available
in substantial quantities if a demand for them were created. The data show that very
Few aromatics, even those which are readily accessible, are presently used as pure
products~-or stating this thought in another way--there is a very large source of raw
material available which has not yet been exploited.
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YIELDS QF CATECHOLS

Carbonization of a ton of liznite at the Dickinson plant yields 5 sallons (L2 1b)
of tar (70 parcent of assay) (12), and 20 gallons of process water (14). Thus from
tha previous figures we can axpect one ton of lignite to yield O.L2 pounds catachol

ron the tar and 2.5 pounds catachol from the process water for a total of 2.9 pounds
catzenol per ton of lignite carbonized. Similarly, a ton of lignite should yield

2.2 pounds of L-methyl catzschol and 1.1 pounds of 3-methyl catechol. The amount of
cetechols actuelly recovered depsnds, of course, on the efficiency of the extraction
procass. Whils thess fisures reprasent the amount of catechols avallable, it may not
b2 econorically feasibls to axtrect the entire anount.

RECOVERY ETEODS

The phanosolven process (T, 15, 16, 20) is the most popular method currently
us=2d to eitract waste wmters. It consists of countercurrsnt extraction with an
28ter mixture compossd primarily of butyl acetate. Entrained ester is recovered by
steam distillation, raiting thes process highly efficient.

This method of recovery can also be used on solutions of buffers used to extract
catechols from the tar (3, 17).

Others bave extracted aqueous liquors with ether (2, 6), "ketone oil" (9), and
eresilic acid (8). .

Another interestinsg method of recovery involves adsorption of phenolics fronm
liquor by activated chercoal (18) or coke dust (10). The phenolics were then desorbed
by steam. Catechols were also recovered by precipitation of thelr lead salts before
adsorption of the monohydroxy phenols on charcoal (18). '

Sgparation of Recovered Catechols. Although catechol and 3-methyl catechol boil
at about the same temperaturs (240° and 241° C respectively) at atmospheric pressure,
they are ssparable by distiliation under reduced pressures. Thus at 20 mm Hz, 3-methyl
catechol has a boiling point of 129° C, whereas that of catechol is 134° and that of

Lemethyl catechol is 147° (19).

Separation of catechol and 3-methyl catechol can also be achieved under certain
conditions by precipitation of lead salts (5). Similerly 3-methyl and L-methyl cate-
chols can be separated by precipitation of the L4-methyl catechol with ammoniacal
celeium chloride (19).

CONCTUSION

Tt has been shown that the low=temperature carbonization products of North Dakota
lignite are a rich source of catechol, 3-methyl catechol, and 4=methyl catechol.
Proven methods are available for recovery and separation of these valuable chemicals.
Their potential abundance could result in development of many new uses and in ex-
pansion of present applications such as medicinals, antioxidants, plastics, glues,
ore flotation, photo developers, and herbicides.
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COMPOSITION OF A LOW-TEMPERATURE BITUMINOUS COAL TAR
Howard W. Wainwright
U.S. Department of the Interior, Bureau of Mines
Morgantown Coal Research Center, Morgantown, W. Va.
INTRODUC TION

A true low-temperature coal :ar is generally defined as that tar produced

by carbonizing coal at a temperature not exceeding 500°C. The one outstanding

caemical characteristic of a true low-temperature coal tar is the small amount
oi any individual compound, similar in nature to petroleum and shale oil, and
quite different from coke-oven tar in which a single compound, such as naphtha-
lene can account for as much as 10 percent of the tar.

Detailed characterization of low-temzperature tars has received little
attention until the last few years. Representative of the excellent research being
corducted in this field is that of McNeii of the Coal Tar Research Association,
Landa of Czechoslovakia, Kalechits and Kuznetsov of Russia, Jager and Katt-
winkel of Germany, Kikkawa and associates of Japan, Kahler and co-workers of
Battelile Memorial Institute, Vahrman of Northampton College of Applied Tech-~
nology, Parant of France, and Brown of Australia. It is outside the scope of
wais report to review the research of these investigators. The purpose of this
paper is to summarize the research carried out >y the U.S, Bureau of Mines on
a particular low-temperature bituminous coal tar.

The main reason for identifying and cetermining the amounts of individual
compounds in a low-temperature coal tar is io obtain a true picture of the chemi-
cal rature of the tar so that refining and utilization can then be approached from
a logiczl standpoint. By this it is not implied that refining will necessarily con-
sist of isolating individual compounds on a commercial scale. However, the
results from such studies may indicate that the refining of low-temperature tars
will require the development and application of a partly different set of chemical
processes to suit the special chemical nature of these tars.

TAR ACIDS

Analytical Procedures and Results

The tar used in this work was made irom Arkwright (W. Va.) Pittsburgh-
seam, high-volatile bituminous coal in a fluidized carbonization pilot plant at
500°C. The raw tar was de-ashed, dehydraied, and topped io 175°C at the
plant. The tar was distilled under very mild temperature conditions, 125°C at
a pressure of 133 microns, so as to minimize siructural alterations of tar
components. For this purpose a rotary vacuum stripper was used. Under these
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conditions of distillation, the distillate amounted to about 21 weight-percent of the

tar. The tar acids were recovered from the distillate by a Claisen alkali extrac-
tion using the procedure of Woolfolk and his associates (1_9_). * The extracted
phenols represented 3.54 weight-percent of the tar.

Low-Boiling Tar Acids. The phenols recovered from the distillate were
fractionated in a Piros-Glover** micro spinning band still. The mixture ol tar
acids boiling up to 234°C (at atmospheric pressure) was fractionated in a Perkin-
Zlmer model 154 chromatographic apparatus using 2 12-ft column of 1/4-in.
copper tubing packed with Johns-Manville C-22 firebrick, 30 to 60 mesh,
containing 34.7 weight-percent di-n~octyl phthalate. The column temperature
was 160°C and a carrier-gas flow rate of 150 cc helium per minute was used.
The results are shown in Figure 1. Thirteen peaks, or shoulders on peaks weze
obvious, indicating a2 minimum of thirteen phenols. Retention times of the sub-
stances producing the peaks, relative to peak |, were determined and compared
with the relative retention times of individual pure phenols.

A collecting system, based on one recently described (18), was used to
advantage in identifying the components in peaks that were incompletely resolved.
By using the collecting system, followed by infrared analysis, identities of the
phenols producing the various peaks were confirmed in nearly all instances. By
the combination of retention times, infrared analysis of iractions containing more
than one phenol, and the peak areas, a reasonably good analysis of a total tar
acid mixture boiling up to 234°C was obtained.

High-Boiling Tar Acids. To complete the characterization of the tar
acids it was necessary to fractionate and analyze the high-boiling phenols. The
method chosen for this complex material was countercurrent distribution,
supplemented by ultraviolet and inirared spectrophotometry.

A 200-g portion of tar acids from the tar distillate was distilled at 20 mm
through a column filled with glass helices. All the material boiling up to 1i8°
head temperature, equivalent to about 232° at 760 mm, was removed as a single
fraction, leaving a residue of 50 g high-boiling phenols or 25 weight percent of
the original tar acid mixture. A charge of 41.68 g high-boiling tar acids was
distiiled at 2.9 mm and a reflux ratio of 20 to 1 in a spinning band still. The
infrared spectra were obtained on all of these fractions; they were then combined:
on the basis of qualitative similarity to give 10 samples and subsequently frac-
tionated oy countercurrent distribution, except for the lowest boiling ones.

The instrument used was a 60-tube all-glass model, with 200 tubes in the
iraction collector and an automatic robot mechanism. The tube capacity for each
phase was 40 ml. The instrument was operated to give 100 to 105 transfers or
plates. The average sample size was about i85 mg; the upper phase consisted

=X

% Underlined numbers in parentheses refer to items in the list of references at
the end of this report.
s

%% Reiference to specific brands is mzde to facilitate understanding and does not
imply endorsement of such items by the Bureau of Mines.
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of spectro-grade cyclohexane, and the lower phase was a phosphate bufier made
from difierent proportions of 0.5M Na;PQO, and 0.5M Na,HPO, to vary the pH
firom 9.94 to 11.86. A particular value was chosen because of the suspected
presence of certain phenols and their known partition coefficients. fter the
completion of each fractionation, 8 mlof 1 to 1 hydrochloric acid was added to
the tube to neutralize the buifer and mixed well to dissolve the paenols in the
cyclohexane.

Ultraviolet spectra were obtained on each cyclohexane solution, and plots
were prepared of total absorbance at two informative wavelengths versus tube
aumbder. A typical curve is shown in the upper half of Figure 2. On the basis of
these plots and the qualitative similarity of the ultraviolet spectra, combinations
of the cyclohexane solutions were made for infrared analysis.

On the basis of the combined qualitative results of the ultraviolet and
infrared spectra, the constituents from each countercurrent distribution frac-
tionation were distinguished and assigned numbers. The distribution curve of
each constituent was readily visualized by following the appearance and dis-
appearance of characteristic absorption bands in the spectra oi consecutive
countercurrent fractions. This was made easier by the fact that the distributions
are essentially Gaussian as well as symmetrical. Distribution peaks observed
in this manner always coincided with peaks in the plot of total absorbance versus
tube number. :

The milligrams of each phenol in each tube were determined from the
absorptivities at characteristic wavelengths, as obtained from authentic speci-
mens or literature data. Where such absorptivities were not available, an
average absorptivity was obtained from phenols with the most similar structure
or, for constituents of unknown structure, from phenols with the most similar
absorption bands and boiling points. Plots of milligrams versus tube number
were prepared (see bottom half of fig. 2).

Nature of Tar Acids

—_

The results of the qualitative and quantitative analytical procedures for
the tar acids are summarized in Table 1. The compounds have been arranged in
this table according to groups involving the same fundamental ring structures.
Approximately 80 individual compounds were identified, mostly with respect to
individual isomers, and the amounts were determined, or estimated, in nearly
all instances.

Five different fundamental ring structures were observed among the tar
acids. These were:

B it

1. Prenol Naphthol and Tetrahydronaphthol
. Incanol and Indenol 5. Fluorenol
3. Phenylphenol

~

In addition, aliphatic carboxylic acids were present in all Soiling ranges, aad
4 indanones were present as impurities in a few fractions. The latter were
apparently capable of functioning as acids in alkaline solutions, probably through
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a keto-enol mechanism. Polyhydric phenols were not presezt in large enough
quantities to detect. As these compounds are quite soluble in the warm discharge
water, they were probably effectively extracted from the tar at the plant.

The individual tar acids identified consisted of these seven fundamental
structures; mostly methyl groups and some ethyl groups were attached. About
3 tar acids had isopropyl groups, and about 10 had n-propyl groups, but no
dhenols with butyl groups or higher could be found. Cyclohexy! groups and
probably also cycloalkenyl groups were present. A small proportion of alkenyl
groups, like propenyl, were likewise present. Alkylphenols with a total of more
thar 6 carbon atoms in alkyl groups were apcarently absent. The most prevalert
class of phenol among the high-boiling tar acids was the naphthols.

Nine individual tar acids were identified; each comprised more than 3
weight-percent of the total tar acids and together comprised nearly one-half of
the total tar acids. All were low-molecular-weight alkylphenols, as follows:
o-, m-, and p-cresol, 2,4-, 2,5-, 3,4-, and 3,5-xylenol, 2,3,5-
rimethylpherol, and 4-ethyl-2-methylphenol.

Complete details of the characterization of the tar acids have been pub-
lished (10, 11, 12, 15, 16, 20).

TAR BASES

Analytical Procedures and Results

About 3 liters of the low-temperature bituminous coal tar distillate were
extracted by the method of Fisher and Eisner (6) to remove tar bases. The tar
bases were purified by treatment with solid pot:;.ssimn hydroxide to pH 12,
extraction with ether, acidification of the ether extract with sulfuric acid, evapo-
ration of the ether.by streaming nitrozen at room temperature, regeneration by
adding solid potassium hydroxide to pH 12, extraction with benzere and drying
the extract by refluxing under nitrogen in a Dean-Stark apparatus. Distillative
removal of the benzene yielded about 40 g dry tar bases, representing about
0.31 weight-percent of the total tar.

A 37.50-g portion of the dry tar bases was fractionated in a Piros-Glover
micro spinning band still, using a reflux ratio of 15 to 1, a kettle temperature of
about 25° to.186°C, and a head pressure of 80 to 3 mm from the beginning to the
end of the run, respectively. Inirared spectra of the tar-base distillate fractions
were obtained with a modeél 21 Perkin-Elmer infrared spectrophotometer and
ultraviolet spectra with the Beckman DK-2 spectrophotometer.

These spectra were compared with those of individuai compounds that
conceivably could be presant in the various fractions on the basis of boiling point.
The compounds found in the distillate iractions are listed in Table 2. The com-
pounds have been arranged according to groups involving the same fundamental
ring structures. Approximately 50 individual compounds were identified, and the
amounts were determined, or estimated, in nearly all instances.
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- Nature of Tar Bases

Eight different fundamental ring structures were observed among the tar
bases. These.were:

1. Pyridine 5. Benzoquinoline
2. Cyclopentenopyridine 6. Aniline

3. Pherylpyridine 7. N-benzylaniline
4. Quinoline 8. Naphthylamine

Two ring structures appeared to be present, although no individual compounds
could be identified; these were tetrahydroquinoline and phenylaniline. A special
effort was made to identify isoquinoline and its alkyl derivatives, but no indication
of their presence was found. These structures covered the boiling range from
initial boiling point to about 355°C. It would appear to be certain that the poly-
cyclic structures also would be present in the distillation residue or ''pitch."

The individual tar bases identified consist of these eight fundamental
structures, with mostly methyl and some ethyl groups attached. One compound
with an isopropyl group was identified, but no alkyl groups with chain lengths
greater than two carbon atoms were observed. Under the conditions of formation
of the tar (500°C), alkyl chains of three or four carbons could conceivably
cyclize to form fused saturated rings, as exemplified by cyclopentenopyridines
and tetrahydroquinolines. The spectra of alkyl derivatives of these compounds
viere not available but 2, 3-cyclopentenopyridine was definitely identified, and
tar-base-distillate fractions 10 to 20 appeared to contain appreciable amounts of
alkyl-5,6,7, 8-tetrahydroquinolines. There was no doubt, from the ultraviolet
spectra of these fractions, that they were rich in some kind of pyridine, that is,
compounds with a pyridine ring but no other unsaturated ring in the molecule.
Yet the boiling range of these fractions was above the boiling points of the known
highly alkylated pyridines. On the other hand, the boiling points of the known
alkyl-5, 6,7, 8-tetrahydroquinolines, which have a pyridine ring but no other aro-
matic ring, covered the boiling range for fractions 10 to 20 quite closely.

Eight individual tar-base compounds were identified; each comprised
more than two weight-percent of the total tar bases and together they comprised
fully one-fourth of the total tar bases. All were quinolines, as follows: 2- and
4-methylquinoline, 2, 4-dimethylquinoline, 2,4,6-, 2,4,7-, 2,4,8; and 2,6, 8-
trimethylquinoline, and benzo[f]quinoline. From this standpoint one can say that
quinolines, especially those alkylated in the 2- and 4-positions, are the com-
pounds that best typify the tar bases from low-temperature bituminous coal tar
and not pyridines, as might have been assumed.

Details of the characterization of the tar bases, including infrared
spectral~structural correlations of quinolines, have been published (4, 13, 17).

NEUTRAL OIL

Anzlyticzl Procedures and Results

The neutfal oil, free of tar acids and bases, was fractionally distilled
into 66 fractions. The silica gel adsorption method based on displacement

chromatograzhic techniques, which have been applied to petroleum distillates (7)
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and shale-oil naphthas (5), was adapted for separating the aromatic hydrocarbons 1
from saturates and unsaturates. Results of the displacement chromatographic

separation are given in Table 3. T

Aromatic Hydrocarbons. Aromatic hydrocarbons in the distillate fractions
boiling up to 275°C were analyzed by gas-liquid chromatography.

Cenerally, two methods were iollowed to identify the aromatic hydrocar- )
tons. The first consisted of (a) preliminary identification of the unknown by
comparing’its retention time with those of known compounds, and (b) final con- |

iirmation of the identity by comparing the infrared spectrum of the collected {
material with that of the authentic specimen. The chromatograms for two dif-
ferent aromatic cuts, shown in Figure 3, illustrate a good separation in (A) and
a complete overlapping of some components in (B), which were subsequently
identified and their ratios estimated by infrared spectrophotometry. Table 4
shows the results of the identifications, the peak numbers in the table corres-
ponding to the peak numbers in Fig. 3.

The second method of identification involved the correlation curves of
relative retention and boiling points, which were applied in those instarnces where
retention times of authentic specimens were not available.

‘The aromatic hydrocarbons found in the low- tempeLature bituminous coal
tar and their quantltles are presented in Table 5.

Analysis of the aromatic hydrocarbons in the distillate fractions boiling
from 275° to 344° is in progress. They are being analyzed by countercurrent
distribution using a dual solvent system of 90 weight-percent ethyl alcohol in
water for the lower phase and isooctane for the upper phase. Two runs were
made on distillate fractions covering the range 275°-282°C, 9 runs on distillate
fractions covering the range 287°-344°C and 1 run on the distillate residue boil-
ing above 344°C. In each run 120 transfers were made. Both ultraviolet and
infrared spectra are presently being obtained on the contents of each of the 120
tubes. Resulis to date show that the polycyclic aromatics are essentially com-
pletely separated from the paraffins and the olefins, and that the aromartics are
separated irom each other to a considerable extent. Among the compounds
identified are phenanthrene, anthracene, dibenzofuran, carbazole, l-methyl~
carbazole, ao-olefins, 8-branched a-olefins, and trans 8 (or higher) olefins. ‘

i
1
P

Considerably more detail on the identification of the aromatic hydrocarbons
has been described in two "earlier publications (1, 2).

C10-Cy; n-Paraffins, Isoparaffins and o-Olefins. The non-aromatic
hydrocarbon concentrates were obtained from the same neutral oil used in the
work on aromatic hydrocarbons. The paraifins and olefins were analyzed by
gas-liguid chromatography.

Identification of individual n-paraffins and a-olefins in the non-aromatic
cuts wzs dased primarily on retention time. Infrared spectra served mostly for <
simply confirming the general chemical types. With the exception of 2-methyl- ‘
decane, authentic specimens of the isoparaffins were not available, so that a
somewhat different approach had to be used. It was observed that when the X
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logarithms of the relative retentions of C;, through C;; n-paraiiins and ¢ -oleiins
were plotted against their respective boiling points, two parallel, slightly curved
lines were obtained. It was assumed that the curve for the 2-methylalkanes
would likewise be parallel to the curves for the n-paraffins and ¢ -olefins, and
would pass through-the one known point for 2-methyldecane. Figure 4 shows the
curves for these three chemical types at 170° and 220°.

The individual n-paraffins, isoparaffins, and @ -olefins found in the neutral
oil, and their amounts, are presented in Table 6.

The quantities of total naphthenes and total trans-olefins were estimated
to be only 2.5 percent and 0.5 percent, respectively, of the neutral oil. The
quantities of total n-paraffins, total isoparaifins and total o -olefins, however,
were determined to be 5. 20 percent, 1.03 percént and 2. 40 percent, 'respectively,
of the reutral oil. Thus, about three-fourths of the saturates and olefins were
made up of the 21 individual compounds that were identified.

Details of this work have been published (3).
PITCH RESINS

Analytical Procedures and Results

The resins from the pitch remaining after the low-temperature bituminous
coal tar was distilled were characterized by ring analysis, infrared and ulira-
violet spectra, and pyrolysis to structural units. Resins from lignite and sub-
bituminous tars were also characterized and are included in this section.

Two different resins were isolated from each pitch: (1) a low molecular
weight resin that was insoluble in petroleum ether (boiling range 100° to 115°)
but soluble in benzene; (2) a medium molecular weight resin that was insoluble in
benzene but soluble in quinoline. The physical properties of these resins are
given in Table 7.

The n-d-M method (8) was used for ring analysis. The method is not
directly applicable to high oxygen content samples such as coal tar resins since °
the substitution of an oxygen atom for a methylene group results in an increase in
the refractive index and, in particular, in the density of 2 hydrocarbon. A modi-
fication of the n-d-M method was devised that made it possible to obtain acceptable
ring analyses of high oxygen content samples (14). A method was also developed
for determining the arrangement of rings in polynuclear compounds using the ring
index (*otal rings per carbon atom, R/C) and the atomic hydrogen to carbon ratio
(H/C) (9). Seven different series of aromatic ring arrangements were presented
ranging from entirely linear structures like phenanthrene, picene, etc., (Series I)
to highly globular structures like coronene (Series VII). Data on the number and
arrangement of rings in the two low-temperature bituminous resins are given in
Table 8. ‘

The resins have four or five aromatic rings and two to six oxygen atoms
per molecule. In addition, the lower molecular weight resin apparently has a
linear arrangement of rings with one or two saturated rings, while the higher
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molecular weight resin has a globular arrangement of rings with five to seven
saturated rings. Substituents such as methyl groups, are apparently present, in
particular on the lower molecular weight resin.

The infrared and ultraviolet spectra of the resins indicate the following
general structure for all of the resins, some features being considerably better
established than others. The resins are basically aromatic compounds with
mostly isolated single aromatic rings and some clusters of two fused aromatic
rings. Saturated rings, possibly including ether groups, probably complete the
hydrocarbo.n skeleton. The major substituents are phenclic hydroxyl groups and,
in particular, methyl groups. Most aromatic rings have at least two substituents;
these are mostly either methyl groups or fused saturated rings or both. Alkyl
substitution is greater for the lower molecular weight resins. Carbonyl groups
are present; these are conjugated with either aromatic rings or olefinic groups
or both. The hydroxyl groups and carbonyl groups are not on adjacent carbon
atoms in at least the great majority of instances, and the carbonyl group is
probably not present in a quinone unit. .

Insofar as comparisons can be made, these observations are in complete
agreement with structural features determined by ring analysis and molecular
formula. :

Structure determination of the resins was also made by combined pyrolysis
and gas-liquid chromatography. The pyrolysis apparatus consisted of a small
coil made from a 25.5-in. length of 28-gauge nichrome wire suspended in a
stainless-steel chamber connected directly to a gas-liquid chromatographic unit
by a short length of 1/8-in. stainless-steel tubing. The chamber, the connecting
tubing, and a longer preheating section of tubing were all electrically heated to
approximately the same temperature, which was a few degrees below the GLC
column temperature. Helium carrier gas passed through the preheat section and
the pyrolysis chamber into the column.

The GLC column consisted of a 20-ft length of 1/4-in. copper tubing filled
with 75 g packing made from 25 percent Apiezon L grease on 30 to 60 mesh fire-
brick. A column temperature of 220°C was used so that relatively high-boiling
products, such as phenols and naphthalenes, would be readily detected if present.
Gas-liquid chromatographic fractions were collected for infrared spectra.

The semi-solid fraction of the benzene soluble, petroleum ether insoluble
resins from a West Virginia bituminous coal tar pitch and a Nugget, Wyoming,
subbituminous pitch were pyrolyzed under identical conditions. The resins were
pyrolyzed at 528°C irn a chamber preheated to 175°C using a sealed glass tube
technique. The procedure consisted of placing about 25 mg of the finely divided
resin in a glass capillary tube that was then evacuated, sealed, and inserted in the
coil. With this size sample and a setting of about 22.5 volts, the tube shattered at
8.4 seconds. The volatile pyrolysis products were swept immediately and
directly into the GLC column by the stream of helium.

The chromatograms obtained with the subbitumirous and bituminocus resins
are shown in Figures 5 and 6, respectively. The relative retentions of the
pyrolysis products producing the peaks are compared with the relative retentions
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oi pure compounds in Tables 9 and 10. The relative amounts of pyrolysis products
from the two different resins are compared in Table 11. Three compounds were
found in the pyrolysis products of the bituminous pitch that were not present for
the subbituminous resin. These were Z-methylpentane, 2,3, 3-trimethylpentane,
azd 2,2, 3, 4-tetramethylpentane. On the other hand, the infrared absorption bands
characteristic of different types of olefins, which were readily observed for the
pyrolysis products of the subbituminous resin, were absent in the spectra of the
oyrolysis products of the bituminous resin.

It can be seen from Table 11 that the proportion of branched paraffins to
benzene is considerably less for the pyrolysis products of the bituminous resin
than for the subbituminous resin. Also, the proportion of dimethylbenzene is less
for the bitumincus resin than for the subbituminous resin. These results indicate
a lower proportion of saturated, fused multi-ring systems with quaternary carbons
f{or the bituminous resin than for the subbiturminous resin. The reason ior the
apparently complete absence of olefins in the pyrolysis products of the bituminous
resin is not known. ‘

A resin molecule containing as part of its structure a unit like 5, 6, 6a, 7,
8, 12b-hexahydro-6, 7-dimethylbenzo[c]phenanthrene could conceivably split up
(with, of course, transfer of hydrogen from other structural units) to form
2,3, 4-trimethylpentane, as shown in Figure 7. Only those methyl groups required
ior the formation of 2, 3, 4~trimethylpentane are shown; additional methyl groups
would be present, as determined in previous work. One of the benzene rings in
this unit could be released as such, or both benzene rings could be incorporated
in the formation of the pyrolysis residue or char. The fact that the resins are
rich in oxygen (10 to 15 weight-percent) whereas no oxygen-containing organic
compounds could be identified in the volatile pyrolysis products would indicate
that the oxygen-containing units in the resin (primarily benzene rings with phe~
nolic hydroxyl groups) are involved in char formation. Under these circumstances
there would be a greater proportion of aliphatic compounds than aromatic com-~
pounds in the volatile products, such as was actually observed.

Although the pyrolysis results might appear unusual or unexpected, never-
theless the general structure of the resins indicated by these results is the same
as that indicated by ring analysis (including ring arrangement), infrared spectra,
and ultraviolet spectra.
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TABLE 1. - Summary of tar acids identified in a low-temperature biturmninous coal tar and their amounts

Alkenylphenol I .. .... R

Distillable tar acids Weight- Distillable tar acids Weight,
percent _percent
Phenol .. ... s et e r e et et 2.3 2-Cyclohexylphenol . ........... 0.20
o-Cresol C et s e et e 5.6 2-Alkylcycloalkylphenol I . ... ...« 0.02
m~Creeol ... ..... e 7.2 2-Alkylcycloalkylphenol II .. ..... 0.01
p-Cresol ........ e 4.9 Cycloalkenylphenol 1(?)% .. ...... 0.005
o-Ethylphenol . ..., e 1.5 Cycloalkenylphenol II{?) . ... .... 0.04
m-Ethylphenol .. ....c0c0vavse. 2.5 4-Indanol . . . v .t i et e e 0.53
p-Ethylphenol ... ...ttt eecuenees 2.5 5-Indanol 0.49
2.3-Xylenol . .... B - 1-Methyl-5-indanol {?) ... ....... 0.36
2,4~Xylenol . .... e 9.1 3-Methyl-4-indanol (?} ... ....... 0.09
2,5-Xylenol ...... e e 3.7 4-Methyl-1-indanone {(?}) . . .. ..... 0.15
2,6-Xylenol ...... e e 1.4 6-Methyl-l-indanone {?)} . ... ..... 0.01
3,4-Xylenol . ..... c e e 3.7 Alkyl indanone .. . ... .. .0 a0 0,03
3,5-Xylenol . ....... e 5.9 6-Methyl-5-indanol (?} ... ... ..... 0.005
2,3,5-Trimethylphenol . . .« v v 0 v v v 3.3 7-Methyl-5-indanol . ........... 0.1
2,3,6-Trimethylphenol . « v v . oo vus 0.0l 4-Indenol . ................ .. 0.03
2,4, 6-Trimethylphenol . « .« o v v 0w 1. 4 S-Indenol .. .......... ¢ 00o.... 0.27
3,4.5~Trimethylphenol . . . ... ..... 0.13 1-, 2-, or 3-Methyl-4-indenol . . . . . 0. 14
3-Ethyl.-2-methylphenol ......... . 0.01 Methyl indenol. . . . . . ... .. ..... Q.08
3-Ethyl<4-methylphenol .......... 0.01 I-, 2-, or 3-Polyalkyl-4-indenol . . . 0.13
3-Ethyl-5-methylphenol .......... 2.1 3, 4-Dinuclearphenol. . . . . .. .. ... 0.06
4-Ethyl-2-methylphenol .......... 4.5 5,6,7,8-Tetrahydro=-l-naphthol . ... 0.02
5-Ethyl-2-methylphenol . ......... .01 5,6,7,8-Tetrahydro-2-naphthol . .. . 0.02
2-n-Propylphenol. . . ... ...... . e 0.0l 2-Phenylphenol 0.08
3-n-Propylphenol. . .. ....... PRI 0.01 3-Phenylphenol 0.03
4-n-Propylphenol. ... .... e . 0.13 4-Phenylphenol 0.37
4-Isopropylphenol . .. .. ......... 0.01 I-Naphthol . . . . 0.20
2.3,5,6-Tetramethylphenol . . . . . ... . 0.04 2-Naphthol . . .« v vv v vt v e n 1.54
3-Methyl~5-n-propylphenol {(?). ... .. 0.29 1-Methyl~2-naphthol. . . . ... ..... 0.02
2-Methyl-5-isopropylphenol. . . . . . . .. 0.01 3-Methyl~2-naphthol (?} . ... ..... 0.008
2-Ethyl-6-n-propylphenol {?)....... 0.26 4-Methyl~l-naphthol. . . .. .. ..... 0. 04
3-Ethyl-4-n-propylphenol {?}....... 0.12 4-Methyl«2-paphthol (?} .. .. ..... 0.11
4-Ethyl-3-n-propylphenol (?}. .. .... 0.24 6-Methyl-2-naphthol (?) .. ....... 0.0l
4-Isopropyl-3-n-propylphenol (?} .. .. 0. 14 7-Methyl-2-naphthol (?} . ... ..... 0.05°
2, 4-Di-n-propylphenol {?). .. . ..... 0.13 8-Methyl-2-naphthol (?) . . ....... 0.02
2,4- or 3,4-Dialkylphenol (?}...... 0.02 2-Ethyl-l-naphthol {?) ... ....... "0.85
3-Methyl-2-propen-1-ylphenol (?).. .. 0.003 2,5- or 2,7-Dimethyl-1-naphthol (?). 0.008
Alkenylphenol I................ 0. 005 2, 6-Dimethyl-l-naphthol (?) .. ... . 0.008
" Alkenylphenol II ............... 0.001 5,7-Dimethyl-1-naphthol (?) ... ... 0.05
0.03 Methyl-2,3-, or 4-fluorenol ... ... 0.06

1 The distillable tar acids constitute 3. 62 weight-percent of the tar.
2 (?) indicates uncertainty as to wiiich isomer is present.
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TABLE 4. ~ Identification of components producing elution peaks in the
GLC of two aromatic cuts from distillate fractions 10 + 11

and 26
Relative Relative retention of
Peak | retention Compound identified authentic specimen
No. at 220° by I.R. at 220°
1 1.98 Not identified --
2 2.08 2-Methylnaphthalene 2.10
3 2.29 1-Methylnaphthalene 2.28
% 2. 47 Diphenyl ether 2. 47
5 2.56 Biphenyl 2. 60
) 2.91 !  2-Ethylnaphthalene . 2.93
\ ! 72, 7-Dimethyinaphthalene ; 3.13
7 3-18 % 5 §-Dimethylnaphthalene | 3. 17
8 3.30 _1,7-Dimethylnaphthalene | 3.29
9 3. 46 { 1, 3-Dimethylnaphthalene i 3.43
: .1, 6-Dimethylnaphthalene 3.43
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TABLE 5. - Analysis of individual aromatic hydrocarbons boiling up

to 280° in neutral oil distillate fractions

157.

See footnote at end of table.

Wt pct
. Total wt, | in
Compounds identified Method of identification g neutral
: oil?

Methylbenzene. . .. ... wesaeeses|Rel. retention 1 Trace
Ethylbenzene. .. .. ... v eeoussa..]Rel. retention 2 Trace
1,3- and 1, 4-Dimethylbenzene . . . . . | Rel. retention 9 Trace
1,2-Dimethylbenzene . ..........| Rel. retention 20 Trace
Isopropylbenzene . . .. ..........| Rel. retention 79 Trace
n-Propylbenzene ..............| Rel. retention, I.R. 250 0.002
l1-Methyl-3-ethylbenzene. .. .. ... . | Rel. retention, LR. 0.010 0.001
l-Methyl-4-ethylbenzene. .. .. .. .. [ Rel. retention, IL.R. 0.0098 | 0.001
1-Methyl-2-ethylbenzene. .. ... ... | Rel. retention, I.R. 0.0075 | 0.001
1,2,3-Trimethylbenzene . .. ... ... | Rel. retention, I.R. 0.3105 | 0. 045
1,2,4-Trimethylbenzene . .. .. .. .. | Rel. retention, I.R. 0.2695 | 0.039
1,3, 5-Trimethylbenzene . .. .. . +.«. | Rel. retention, LR. 0.1184 § 0.017
1-Methyl-4-isopropylbenzene ... ... | Rel. retention, I.R. 0.0596 { 0. 009
1-Methyl-3-isopropylbenzene .. .. .. | Rel. retention, I.R. 0.0511 { 0. 007
1-Methyl-2-isopropylbenzene. . ... . | Rel. retention, I.R. 0.0164 | 0.002
1,2-Diethylbenzene ...... «++.+..|Rel. retention, L.R. 0.0857 | 0.012
1,3-Diethylbenzene .. ..... .+ ... | Rel. retention, L R. 0.1009 | 0.015
1, 4-Diethylbenzene .......... . . | Rel. retention : 0.0062 | 0.001
1, 2-Dimethyl-4-ethylbenzene. ... .. Rel. retention-bp correlation, I.R. 1.8139 | 0. 260
1,4-Dimethyl-2-ethylbenzene. . .. . . | Rel. retention-bp correlation, LR. 0.7698 | 0. 110
1,3-Dimethyl-5-ethylbenzene . ... . . | Rel. retention, I R. 1.0872 | 0. 156
1, 2-Dimethyl-3-ethylbenzene . ... .. Rel. retention-bp correlation, LR. 0.5938 | 0.085
1-Methyl-3-n-propylbenzene ..... .| Rel. retention, I.R. : 0.3180 | 0.046
1-Methyl-2-n-propylbenzene .. ... .| Rel. retention, I.R. 0.0753 | 0.011
1,2, 4,5-Tetramethylbenzene . . . . . . | Rel. retention, L R. 1. 1066 | 0. 159
1,2,3,5-Tetramethylbenzene ... ... Rel. retention, I.R. 1.7690 § 0. 253
1,2,3,4-Tetramethylbenzene . ... .. | Rel. retention-bp correlation, I.R. 1.°0681 | 0. 153
Indene . ......veveecuses....|Rel. retention, I.R. 0.2331 { 0.033

3-Methylindene . ......... c.oe.. | LR, 0.7141 ] 0. 102 .
Indan..... “etesvesacasesesa.| Rel. retention, I.R. 0.3945 | 0.057
1-Methylindan . . . . . v .. .. ......| Rel. retention-bp correlation, I.R. 1.1265 | 0. 161
5-Methylindan . . . ... .......... | Rel. retention-bp correlation, I R. 1.7566 | 0.251
4-Methylindan . . . ... .... v+ +e.+.| Rel. retention-bp correlation, I.R. 1,7389 | 0.249
1,3-Dimethyl-2-n-propylbenzene , . . | Rel. retention-bp correlation 0.0173 | 0.003
1, 2-Dimethyl-3-n-propylbenzene . . . | Rel. retention-bp correlation, 0.2976 | 0.042

) I.R. -structural correlation
1, 4-Dimethyl-2-n-propylbenzene ... | Rel. retention-bp correlation, 0.5974 | 0.084
. I.R. -structural correlation
1, 4-Dimethyl-2-isopropylbenzene. . . | Rel. retention-bp correlation 0.1151 ] 0.017
-1-Methyl-3, 5-diethylbenzene .. . . . . { Rel. reteantion, IL.R. 0.2393 | 0.034
1-Methyl-2, 4~diethylbenzene . ... . . | Rel. retention-bp correlation, L R.- 0.9873 | 0. 141
structural correlation ’ .

Styrene ...... P R - 0.0332 | 0.005
4-Methylstyrene ..............|LR. 0. 0225 | 0.003
B-Methylstyrene (trans} ... ......|Rel. reteation, I.R. 0.1396 | 0.020
3-Phenyl-l-butene . . . ..........|LR. 0.1163 | 0.017
1,2,3,4-Tetrahydronaphthalene ... . | Rel. retention, LR. 0.6170 | 0.088
Naphthalene ........c...0s0...}LR. 6.3853 | 0.914
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TABLE 5. - Anaiysis of individual aromatic hydrocarbons boiling up

to 280° in neutral oil distillate fractions - Continued

Wt pet
Total wt,| in
Compounds identified Method of identification g aeutral
oilt
Benzofuran . .. .. ... s+ 054000+ | Rel. retention, L R. 0.0991 0.014
S-Methylbenzofuran
6-Methylbensofuran | 7 cc o | LR 0. 1432 0. 021
2-Methylbenzofuran
3-Methylbenzofuran tesesene- LR 0. 1681 0.024
7-Methylbenzofuran . ....+......]LR. 0.0785 0.011
1,6-Dimethylindan . . . .. .......- | Rel. retention-bp correlation, LR. 2.3746 0. 340
4, 7-Dimethylindan . .. .. ........ | Rel. retention-bp correlation, LR. 1.3034 0. 186
3-Ethylindene . .........+.....]|Rel. retention, IL.R. 1.3126 0. 188
2-Ethylindene . ............«..|Rel. retention. L.R. 1.3032 0. 186
2,3-Dimethylindene .. ..........]|Rel. retention, LR. 1.7762 0. 254
2-Methyl-1,2,3, 4-t.etrabyd.ro
naphthalene . ........v.....]LR. 1. 0426 0. 149
6-Methyl-1, 2,3, 4-tetrahydro-
naphthalene . .........0..+.!LR. 0. 4958 0.071
l-Methylnaphthalene.. .. ...... .. Rel. retention, L R. 12.0615 1.728
2-Methylnaphthalene. ... ....... .| Rel. reteation, LR. 16. 1630 2.315
1-Ethylnaphthalene . . . . . ... .. . . .} Rel. retention, LR. 1.9777 0. 283
2-Ethylnaphthalene. ... ... ...... ! Rel. retention, LR. 3.1184 0. 436
2,7-Dimethylnaphthalene . . . .. ... . Rel. retention, I R. 4.8187 0. 690
1, 7-Dimethylnaphthalene. . . . . .. . - { Rel. retention, L R. 4.7915 0. 686
2, 6-Dimethylnaphthalene. . . . ... .. Rel. retention, L. R. 4. 1664 0.596
1. 6-Dimethylnaphthalene. . . . . ... . Rel. retention, L R. 6. 4648 0.926
1, 3-Dimethylnaphthalene. . . . . ..+ .| Rel. retention, I.R. 6.5617 0.940
2,3-Dimethylnaphthalene. ... ... .. | Rel. retention, LR. 3.8247 0. 547
1, 5-Dimethylnaphthalene. . .. ... . .| Rel. retention, L R. 3.6861 ' 0.528
1, 2-Dimethylnaphthalene. . . . . . . . . | Rel. retention, LR. 3.5632 0.510
1, 4-Dimethylnaphthalene. . . . . . . . . | Rel. retention-bp correlation, L R. 0.0979 0.014
Z-Me:hyl-(:-ethylnaphtha.lene} Rel. retention-bp correlation, U.V. 3.9029 0. 559
2-Methyl-7-ethylnaphthalene """ " | and I. R. -structural correlations
1-Methyl-7-ethylnaphthalene ) Rel. retention~bp correlation,
and/or es..fU. V. and LR. - 3.2925 0. 471
1-Methyl-6-ethylnaphthalene structural correlations
1,3,6-Trimethylnaphthalene ......| Rel. retention-bp correlation, U.V. 0.7338 0.105
1,3, 7-Trimethylnaphthalene ...... | Rel. retention, LR. 0.452 0. 064
i: ::g‘z:uu::::;':iﬂ;&:l::} . ++ s | Rel. retention-hp correlation, U.V. 0.8751 ~-
Biphenyl....................]Rel. retention, LR. 18,8235 2. 696
4-Methylbiphenyl . . . . .. ........|Rel. retention, I.R. 0.7271 0.104
3-Methylbiphenyl . te<seesvee. | Rel. retention, LR. 1.2431 0.178
Cyclohexyl benzene eeseaesssee.|Rel. retention, I.R. 0. 2769 0. 039
2a,3,4,5- Tetrahydroacenaphthene . . | Rel. retention, LR. 1.1713 0. 167
Acenaphthylene ... ............ ! Rel. retention, I.R. 0.6963 0. 099
fcenaphthene ................|Rel. retention, LR. 2.336 -~
Diphenyl ether ...............|Rel. retention, L R. 38.5897 5. 528
2, 3-Dimethylbenzofuran . ........ | LR.-structural correlation 0.1778 0. 025
Dimethylbenzofuran I .. ........|LR.-structural correlation 1.7848 0. 255
Dimethylbenzofuran X . ... .. ... .| IR, -structural correlation 0.6451 0. 092
Dibenzofuran.................|Rel. retention, LR. 1.4718 -

! Total neutral oil distilling up to about 360°, representing 16. 92 weight-percent of the total tar.
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TABLE 7. - Physical properties and other data for resins from low=-
temperature coal tars
i Yield,

Resin Extraction scheme 197 Molecular

No Source weight weight, M
Soluble in: { Insoluble in: percent!
1 A | Bituminous quinoline | benzene 4.3 628
1B | pitch benzene pet. ether® 64.8 383
2. A | Lignite quinoline | benzene 1.7 510
2B | tar benzene pet. ether® 22.5 391
3 A | Subbituminous quinoline | benzene 18.3 603
3B | pitch benzene pet. ether? 40.1 482
4B | Subbituminous benzene? | pet. ether? 35.8 4764
4B' | pitch 410%
Density, 49 Weight percent
. Refractive

Resin K o

No. From index, ¢ nzD
As a pyridine c H o7
"'golid" solutions

1A 1.326 1.326 1. 694 76.3 5.3 | 15.3
1B 1.129 1. 130 1. 642 84.3 7.5 6.3
2A 1. 255 -- 1. 669 81.9 4.3 9.5
2B 1. 155 1. 154 1. 641 79. 4 7.2 | 1L.9
3A 1. 261 1. 259 1.669 76.0 5.9 | 13.5
3B 1.201 1.200 1. 653 78.5 6.7 14. 3
4B 1. 159 1.156 1.653 78.8 7.4 | 10.6
4B 1. 140 1. 141 1. 639 81.1 7.8 | 10.2

! On the basis of the specified source.

2 Petroleum ether, boiling range 100° to 115°C.

3 Ratio of solvent to pitch for these two resins: benzene 4 to 1,
petroleum ether 20 to 1; ratios for all other resins 25 to 1.

¢ Powdery fraction.

% Semi-solid fraction.

¢ From pyridine solutions.

T By direct oxygen determination.
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TABLE 11. - Comparison of relative amounts of pyrolysis

products from bituminous and subbituminous

coal tar resins

Weights relative

Compound to 2, 3, 4-trimethylpentane
Bituminous Subbiturminous
l1-Pentene .. ..+ s o 0 coe e foreseousas 0.36
2-Methylpentane ... ....... .15 {...... e e
2-Methyl-l-pentene . .. .. ... | +cco s, 0.10
2,2, 4-Trimethylpentane .. ... 0.60 0.92
Benzene . . .. ..t iie0 .. 1.23 0.72
2,3, 4-Trimethylpentane .. ... 1. 00 1.00
2,3,3-Trimethylpentane .. ... 0.11 e et eaea
2,2,4,4~Tetramethylpentane .. 0. 26 0.26
Toluene .. .. ...0o v e vennn 0.22 0.13
2,2,3,4-Tetramethylpentane . 0.09 ..., .
2, 6-Dimethyl-1, 4-heptadiene. . | .......... 0.02
p-Xylene .......... e e 0.04 0.03
m~-Xylene . . . .0 v 0.01 0.08
o-Xylene ....... e e ae e 0.02 0.10

- e o e
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Figure 1. - Chromatogram of Tar Acids From Tar

Figure 2. - Countercurrent Distribution of Tar Acids
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PRESENT AND FUTURE SUPPLY OF COAL CHEMICALS
FROM PETROLEUM SOURCES

Vladimir Haensel and Nick Mechales

Universal Oil Products Company
Des Plaines, Illinois

In a discussion of the chemistry and the supply of coal chemicals from petroleum sources, it is
essential to define the terminology . In this discussion, coal chemicals will include:-

| The light oil fraction boiling up to 200°C and including primarily benzene, toluene and
the mixed xylenes.

Il The middle oil fraction, boiling point (BP) 200-250°C, one of the major components of
the total liquid fraction, consisting of tar acids such as phenol, cresols, xylenols as well
as higher tar acids. This fraction also contains tar bases such as quinoline. The major
component of the middle oil fraction is naphthalene and methyinaphthalene.

1l The heavy oil fraction, BP 250-300°C, containing dimethylnaphthalenes and acenaph-
thene. ’ i

1V The anthracene oil, BP 300-350°C, containing fluorene, phenanthrene, anthracene and
carbazole.

A. Light Oil - Supply Aspects
1. Benzene

Until 1950, benzene produced from coke-ovens and by tar distillers was sufficient for chemi-
cal requirements, with imports helping to supply peak demands. When military requirements in-
creased rapidly during the Korean "emergency" and by-product coke-oven capacity was inade-~
quate, petroleum refiners stepped in to take up the slack. The first benzene produced from pe~
troleum appeared in 1950, and in 1961 petroleum benzene accounted for better than 75% of the
total production. Table 1 presents historical data on the production and sales of benzene.

The end-use pattern of benzene given in Table 2 is quite extensive, with the main markets be-
ing in styrene, phenol, synthetic fibers and synthetic detergents. There will be some market
changes, however. Use of benzene to moke nylon and detergents has been levelling off at.an
annual growth rate of 3 to 5%. In the future, the big markets will be styrene and phenol.

In 1967, benzene production and sales were 545 and 431 million gallons, respectively. It is
expected that by 1971, production will amount to approximately 840 million galions, a 4.4%
annual increase. The past and estimated future benzene production figures are presented graph=
ically in Figure 1. .
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Table 1 ~ BENZENE PRODUCTION AND SALES, 1950~1961

Year
7950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961

Table 2 ~

2. Toluene

Toluene from petroleum sources has attained a very important status in the past decade. Of the
260 million gallons of toluene produced in 1961, 88% were petroleum derived, with the remainder
supplied by coke-ovens and tar distillers. In 1950, petroleum toluene accounted for only 54% of

Millions of Gallons

Production

Tar Dist. Coke-Oven " Petroleum Total
22.0 162.2 10.1 194.3
19.0 178.0 32.4 229.5
19.0 155.1 35.5 209.6
19.0 178.8 63.0 260.8
15.0 142.8 91.9 249.7
15.0 174.2 98.6 287 .8
15.0 174 .4 111.6 301.0
13.0 181.1 116.2 310.2

9.0 119.8 142.1 270.8
10.0 120.3 208.8 339.1
12.8 135.3 309.2 457 .3
12.4 120.2 412.8 545 .4

-9-
BENZENE END-USE PATTERN AS OF 1960
Percent of Total

Aniline 4.1
Benzene Hexachloride 0.4
DDT ‘ 4.1
Maleic Anhydride 2.8
Nylon 7.8
Phenol 23.4
Styrene 47 .4
Synthetic Detergents 7.0.
Dichlorobenzene 2.3
Other Non-Fuel Uses 0.5
Motor Grade 0.2

100.0

Sales
172.6
239.2
217.0
232.7
202.0
264.8
284.5
276.5
243.3
330.5
377 .4
431.0

the 84 million gallons produced. Table 3 presents historical production-sales trends for toluene .

The fargest end-use for toluene as of 1940, as shown in Table 4, is as a high octane blending
agent in motor and aviation gasolines. This outlet, however, is declining ropidly because of the
advent of jet aircraft and the emphasis on regular-gasoline economy . These facts, along with a
benzene shortage, combined for a time to create a disposal problem for refiners and made the
conversion of toluene into benzene by hydrodealkylation an attractive process. This has resulted
in an increase in benzene production which has satisfied the present. demand. Other uses of

. o
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Toble 3 - TOLUENE PRODUCTION AND SALES, 1950-1961

Millions of Galions
Production

Year Tar Dist. Coke-Oven Petroleum Total Sales
1950 7.7 30.7 45.5 83.9 70.3
1951 11.4 34.3 55.7 101 .4 82.4
1952 10.8 30.5 64.0 105.3 87.5
1953 4.7 36.0 115.5 156.2 90.9
1954 2.9 33.4 122.9 159.2 126.2
1955 3.9 38.2 143 .4 185.5 138.3
1956 5.6 37.2 130.8 173.6 135.2
1957 4.7 38.0 154.9 197 .6 130.0
1958 4.2 - 28.0 207 .4 239.6 136.6
1959 3.7 26.9 251.0 281.6 166.8
1960 3.2 30.4 240.8 274 .4 200.1
1961 3.1 28.5 228.3 259.9 162.9
-9-
Toble 4 - TOLUENE END-USE PATTERN AS OF 1960
Percent of Total

Motor Gasoline 50.5

Aviation Gasoline 18.6

Solvents (chiefly for Nitrocellulose Lacquers) 13.6

TNT . 2.3

Detergents (Toluene Sulfonates 1.8

Toluene Diisocyanate » 1.4

Benzene* 0.4

Miscellaneous Chemicals (Benzoic Acid, Benzaldehyde,
Benzoyl Chloride, Phenol, etc.) 11.4
100.0

* In 1961, with the installation of many hydrodealkylation units by various companies, the con-
sumption of toluene for benzene production was expected to increase to 60 million gallons.
1960 consumption was 1 million gallons.

-8~

toluene shown in Table 4 are in the manufacture of chemicals, such as toluene diisocyanate and
toluene sulfonate, and as a solvent for paints and nitrocellulose lacquers.

The present requirements of toluene also appear to be met. However, the development of ad~
ditional processes, such as Dow's phenol~from-toluene process and DuPont's caprolactam-from-
toluene process may play a major role in increasing the demand for more toluene . It is expected
that by 1971, toluene preduction will amount to 450 million gallons, a 5.6% yearly increase.
The past and estimated future toluene production figures are also presented in Figure 1.

3. Xylenes

The xylene aromatics are coal-tar chemicals which are also derived from petroleum and are
being extracted by refiners and separated for chemical consumption to an increasing extent. Of
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the 257 million gallons of mixed xylenes produced in 1961, 96.9% were derived from petroleun,

2.9% from coke-ovens and 0.2% from tar distillers, as will be seen-from Table 5.

Table 5 -

Year

1950

1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961

MIXED XYLENES PRODUCTION AND SALES, 1950-1961.

Mil

T

lions of Gallons
Production
ar Dist. Coke-Oven Petroleum
1.5 8. 62.4
2.2 9.1 64 .4
2.1 8.1 61.6
0.7 9.9 102.9
0.5 10.0 99.7
0.6 11.3 96.1
1.9 10.3 124 .1
1.3 10.8 115.1
0.6 8.4 191.5
0.5 7.5 233.5
0.4 8.1 274.0
0.5 7.6 249 .2
-9-

Total

NN N
—_ -
m\|~o

13. 5
110.2
108.0
136.3
127.2
200.5

2415

282.5
257.3

Sales

EERERIRBUSY
Lo~ owoLomihe

124.0

The mdior outlets for xylenes are in fuels, solvents and chemical uses, shown in Table 6.

Gasoline octane improvement is the largest outlet for xylenes, and nothing will change this for a
long time . Xylenes face the same problems as toluene, with aviation gasoline demand decreasing

and motor gasoline needs being somewhat indefinite at the present flme
proximately 17% of the mixed xylenes production.

Table 6 -

Solvent uses claim ap=~

XYLENES END-USE PATTERN AS OF 1960

Percent of Total

Gasoline

Solvents

ortho-Xylene

meta-Xylene

para-Xylene

Miscellaneous Chemicals (Herbicides, Plasticizers,
Chlorinated Xyl ene, etc.)

-9-

For chemical synthesis, the xylenes fraction is separated into the pure isomers —- ortho, meta,
Ethylbenzene is also

and para -- the consumption of which is shown in Table 7 for 1959 -1961.
obtained during the separation process.

Ethylbenzene 8.6-13.2%
para-Xylene 17.1-20.3%
‘meta-Xylene 45.5-52.2%
ortho-Xylene 18.0-24.4%

Composition of a petroleum derived mixed-xylenes stream
is variable but generally contains the three isomers and ethylbenzene in the following proportions:

4
j
1
1
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Table7 - XYLENE ISOMERS CONSUMPTION 1959 - 1961

Millions of Gallons
Consumption .

Year ortho-Xylene meta-Xylene - para-Xylene

1559 8.4 2.1 22.0

1960 16.3 4.4 24.8

1961 22.3 5.5 26.5 '
-0-

a. Para-Xylene

Para-xylene is currently the most important of the xylene isomers. Recent production of para-
xylene is 280 million pounds (39 million gallons) per year. It is used primarily to make
terephthalic acid which is usually sold as the dimethy! terephthalate ester for the production of
polyesters such as DuPont's Dacron fiber and Mylar film.

b. Ortho-Xylene

Qrtho-xylene is the second-most important isomer and could become another major feedstock
for phthalic anhydride, now that improved catalyst and plont designs have increased yields to a
respectable level. In the past, ortho-xylene was considered a poor substitute for naphthalene be-
cause the yield was only half of the theoretical of 1.39 Ib/Ib of feed, while naphthalene yielded
three-fourths of the 1.16 Ib/1b theoretical . Present ortho-xylene capacity is 650 million pounds
per year. About 80% of the future production from these facilities is destined for export to
Europe and Japan where it will be used to make phthalic anhydride .

¢. Meta-Xylene

The most plentiful isomer, meta-xylene, which makes up about 50% of the xylene isomer mix-
ture, is the least useful. Meta-xylene is used to make isophthalic acid, which competes with
phthalic anhydride for the reinforced plastic and plasticizer market. One refiner separates meta-
xylene for isophthalic acid production and another produces isophtholic from mixed xylenes along
with terephthalic acid. The chief use for meta-xylene is for solvent and gasoline blending after
the more valuable xylenes have been extracted.

The past ond estimated future production figures for xylenes are shown graphically in Figure 1.

B. Light Qil .- Chemistry and Chemicol Engineering Aspects

The chemistry and chemical engineering of the production of light oil aromatics from petroleum
are of considerable interest. The problem is that of the conversion of a suitable raw material and-
the seporation of the aromatics from the residual paraffinic and naphthenic hydrocarbons. Although
the chemistry of the production of benzene from petroleum sources is very similar to that of the
productiop of toluene and xylenes, some subtie differences do.exist in both chemical and the
chemical engineering aspects of the problem.

In the case of bénzene, a suitable raw material is one which cantains substantial proportions
of cyclohexane and methylcyclopentane. Table 8 shows the composition of the fraction which
contains the two benzene precursors in various straight-run gasolines®'/ It will be observed that
the total naphthenes will vary from approximately 20 to about 55 percent of the total fraction and
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this fraction in refurn ranges from about 10 to 18 percent of the total Cg to 360°F gasoline. This
table indicates that the potential benzene production from straight=run gasoline is extremely high,
to say nothing of the substantial amounts of methylcyclopentane and cyclohexane being currently
produced synthetically by the hydrocracking processes which are now coming into commercial
operation . - ’ )

Table 8 - COMPOSITION OF 140-185°F FRACTIONS FROM
VARIOUS STRAIGHT-RUN GASOLINES
Source
Ponca City East Bradford Greendale Winkler Midway Conroe

Hydrocarbon, Vol .-% Okla. Texas Pa. Mich. Texas Calif. Texas
2-Methylpentane ? 15 22 7 17 14 11
3-Methylpentane 8 12 13 5 42 10 8
n-Hexane 41 31 37 63 n 16 17
2,2 & 2,4-Dimethylpentane 2 6 é 2 8 4 3
Methylcyclopentane 20 23 9 ? 15 34 2]
Cyclohexane 16 12 12 N 6 21 31
Benzene 4 1 1 3 1 1 - ?
Total Naphthenes 36 35 21 20 21 55 52
Percent of 140-185°F Fraction

Based on C5-360°F Gasoline 13 16 15 18 10 12 14

-6~

As mentioned earlier, some benzene is also produced by the hydrodealkylation of toiuene.
Various processing schemes have been proposed. The Hydeal* process is a catalytic operation
which converts toluene concentrates into benzene in the presence of recycled hydrogen. Since
the process consumes hydrogen in the formation of benzene and methane, as shown by the

equation:
CHg A
+ Hy ——> V + CH,
the units are equipped with internal hydrogen enrichment facilities so that the available hydrogen
in the make-up gas can be utilized efficiently.

Another possible source of benzene is represented by the normal hexane which is a substantial
component of the straight-run fractions. [n fact, some of the early work in catalytic reforming
has been directed on the dehydrocyclization of normal hexane to benzene and normal heptane to
toluene. However, it should be pointed out that under conditions which induce a very high con-
version of the naphthenic hydrocarbons to benzene, the conversion of hexane to benzene is very
slight. Consequently, the bulk of the benzene is derived at the present time by processing
fractions containing methylcyclopentane and cyclohexane. :

The chemistry of the conversion of cyclohexane and methylcyciopentane is of considerabie in-
terest. Cyclohexane can be converted to benzene in the presence of a platinum-containing
catalyst at exceedingly high rotes. However, under the same conditions, methylcyclopentane is
virtually unreacted. The reason for this lies in the need for rearrangement of the methyicyclopen-
tane molecule to a cyclohexane intermediate prior to the conversion.to benzene. This.rearrange=
ment reaction requires a bond breckage and the formation of a new bond as shown in the following:

* Trademark

|
|
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In detail, the carbonium ion mechanism which is involved in such a rearrangement calls for the
formation of a tertiary carboriium ion with the subsequent shift to a primary carbonium ion and its
addition at the second ‘carbon atom, thus effecting the ring closure:

. C+
C C+
f]z N
—— ——— ——
- —-——— -

It will be observed that a cyclohexyl carbonium ion is produced. .1t is converted to cyclohex-
ane in the reverse manner of the initial formation of the methylcyclopentane carbonium ion:

c c

c
c
+ HX —Aﬁmw

As pointed out above, in the absence of an acid catalyst no reaction of methyicycliopentane
will take place, and a so-called bi-functiona! catalyst is required. This bi-functional property
implies the balanced presence of both dehydrogenation-hydrogenation and acid activities. The
proper balance is quite critical; otherwise, methylcyclopentane may be converted directly into
hexane instead of cyclohexane.

We have found that a balanced catalyst is obtained by a specially prepared composite of alu-
minum, platinum and halogen, such as fluorine or chlorine. The conversion of methylcyclopen~
tane is then readily carried out at about 450-500°C and about 20 atmospheres pressure in the pre-
sence of recycle hydrogen. The dehydrogenation under pressure in the presence of recycle hydro-
gen is now well-established in petroleum technology . Under these conditions, a clean catalyst
surface is maintained so that long on-stream times are readily achieved.

It should be further pointed out at the conditions of operation the thermodynamic equilibrium
among the three species, cyclohexane, methylcyclopentane and benzene, are such that the end
product should contain a substantial amount of benzene, a very small amount of cyclohexane and
an intermediate amount of mefhylcyclopenfane Therefore, it is imperative that there be a rapid
conversion of the cyclohexane to benzene, so that methylcyclopentane may be converted into
.cyclohexane and the latter removed from the sysiem in the form of benzene as rapidly as possible.
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Unless this is done, methylcyclopentane cannot be converted into cyclohexane and will undergo
undesirable side reactions such as the formation of hexanes.

The argument may be raised regarding the existence of the cyclohexane intermediate in the
conversion of methylcyclopentane into benzene. In connection with this, we have carried out a
study which provides a reasonable answer to the problem. This study involved the poisoning of
the catalyst system by means of sulfur and observing the effect of the poison upon the conversion
of cyclohexane and methylcyclopentane. The rate of cyclohexane conversion is normally much
greater than that of methylcyclopentane. Therefore, if the cyclohexane rate is poisoned, the
methylcyclopentane rate should not be affected until the cyclohexane rate is poisoned to the ex-
tent that it falls below the normal methylcyclopentane rate. This is essentially what has been
found experimentally, as will be observed from Figure 2. Thus the indications are that at least
the same intermediate is involved in the conversion of both cyclohexane and methylcyclopentane.

As might be expected, the conversion of C; and Cg naphthenes into toluene and xylenes, re-
spectively, also proceeds very readily over the bi-functional catalyst. It should be pointed out
that, as the molecular weight is increased, the rate of the conversion of Cs ring naphthenes rises
rapidly . This is quite understandable on the basis of a considerably increased number of possible
carbonium ions. The same is true for paraffinic hydrocarbons, so that higher aromatics are
readily obtained from higher paraffins by the dehydrocyclization reaction.

it should be mentioned that under the usual operating conditions, the bi-functional catalyst
will effect an equilibration among the isomers of the higher aromatics, so that the product will
exhibit a compasition closely approximating the thermodynamic equilibrium. However, it is pos-
sible to reduce the extent of equilibration by a proper selection of charging stock and operating
conditions. Although ethyibenzene is not truly a coal chemical, it is an impartant intermediate
for the production of styrene, and is normally prepared by the alkylation of benzene with ethyl-
ene.

With almost half of the benzene market going to styrene manufacture, refiners are taking a
closer look at ethylbenzene separation from xylene by super-fractionation to compete with ben~
zene alkylation as a styrene intermediate. Ethylbenzene from this source has a maximum potential
of only 70 million gallons (505 million pounds) per year based on present xylene production and
cannot replace benzene as a styrene feedstock but could take a share of the market. Economics

of ethytbenzene separation depends greatly on the concentration of ethylbenzene in the mixed

aromatics, which varies from crude to crude.

In one of our studies on ethylbenzene, we have investigated the possibility of producing ethyl-
benzene in high concentrations from straight-run fractions. Ethylbenzene is unique in one respect
and that is that its direct precursor, ethylcyclohexane, is the highest boiling Cg nophthene. Thus,
by proper selection of the charging stock and operating conditions which do not cause excessive
equilibration, it is possible to attain high ethylbenzene concentrations in the product.

The following procedure was employed. A so~called pre-xylene fraction in the Engler boiling
range of 123 to 132°C was hydrogenated and subsequently distilled into 20 cuts. Each cut was
processed over the bi-functional catalyst and the aromatic product distribution was determined.
The following is the summary of the results:
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Percent Distribution of the Aromatic Portion
Cut No. BP, °C p-Xylene m-Xylene o-Xylene Ethylbenzene
1 116.8 249 58.3 16.8 0
5 ) 12270 21.6 55.9 20.3 2.2
10 126.5 13.2 - 34.7 33.1 19.0
14 131.1 2.5 4.1 13.5 79.9
15 132.6 2.6 0.3 14.0 83.1
16 133.9 1.1 1.9 7.6 89.9
17 134.9 1.6 2.0 8.5 87.9

-0~

It will be observed that very high concentrations of ethylbenzene may be produced directly.
Since ortho-xylene is the main impurity at the high concentrations of ethylbenzene, it can be
readily separated to produce ethylbénzene fractions having a purity in excess of 95%. The above
example serves to demonstrate the high versatility of a method involving variations in charging
stock, catalyst and operating conditions.

The presence of a substantial number of hydrocarbons which may be converted into specific
aromatic compounds has as one drawback the variable amounts of other charging stock components
which remain in the aromatic product. Thus, the extremely rapid rise in the rate of production of
lower aromatics would not be possible without the concurrent development of methods of separation
of these aromatics from the other hydrocarbon components. These methods involve extraction b;/
liquids and solids. One method which has received wide commercial acceptance is the Udex®
process,'“) which employs a glycol-water mixture os a selective solvent. Originated by Dow
Chemica! Company and developed by Universal Oil Products Company, this process combines a
high selectivity with a minimum utility requirement. Aromatics are recovered as a hydrocarbon
type with a subsequent fractionation to produce pure benzene, toluene and mixed xylenes. It is
interesting that the selectivity of separation is highest for benzene and decreases with increasing
molecular weight .

C. Hydrocarbon Components Of Higher Boiling Fractions

Petroleum sources represent a virtually unlimited supply of polynuclear aromatics. The widely
used catalytic cracking process produces, along with gasoline and gaseous hydrocarbons, a higher
boiling fraction called cycle oil. This fraction is characterized by a high resistance to further
catalytic cracking and cantains a substantial amount of polynuclear aromatics. These aromatics
are formed through a series of reactions involving removal of larger side chains, isomerization and
dehydrogenation. The last reaction is in reality a hydrogen transfer reaction, wherein the hydro-
gen content of the lower boiling fraction is enriched at the expense of the higher boiling fraction.
The usual composition pattern of the aromatic portion of cycle oil is extremely complex from the
standpoint of the number of isomers; however, the actual composition by broad hydrocarbon class
is much simpler in that the bulk of the material is represented by methylated poiynuclear compounds.
This is due to the fact that the less stable species are eliminated in catalytic cracking to give
lower boiling compounds, leaving behind an equilibrated, highly stable structure. Typical com-
ponents are mono- and dimethylnaphthalene followed by the methylated derivatives of tri- and
tetra-ring condensed structures.

The removal of methy! groups followed by proper separation procedures represents a reosonable
way of obtaining a variety of polynuclear compounds from petroleum sources. Such methods be-
come particularly attractive when other sources cannot meet the demand. In the case of naphthal~
ene, the coal-tar industry has dominated the market for many years, with an annual production of
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500 million pounds. [t should be remembered, however, that naphthalene, like ortho-xylene, is
closely tied to the phthalic anhydride industry, with three=fourths of all naphthalene going to
phthalic anhydride manufacture. Phthalic manufacturers have been hard-pressed at times to meet
their phthalic demand because of a naphthalene shortage resuiting from low steel production rates.
In times of naphthalene shortage, ortho-xylene has been substituted in naphthalene~designed
plants. This situation has also created a sizeable petroleum-naphthalene market. Thus, the hydro-
dealkylation route is expected to become a major source of supply of this important chemical .
Petroleum-naphthalene's high purity has provided an unexpected bonus in higher phthalic yields,
making petroleum-naphthalene a much sought after chemical. Dependability of supply is another
factor that has helped petroleum-naphthalene sates.

Despite ortha-xylene's invasion of the phthalic anhydride market, naphthalene consumption is
expected to increase, reaching a figure of approximately one billion pounds by 1971, as illustrated
in Figure 3. The naphthalene production and sales statistics are shown in Table 9.

Table 9 - CRUDE NAPHTHALENE STATISTICS
Millions of Pounds - (74 - 79°C)

Production :
Year Coke-Oven Tar Dist. Total Sales

1950 99.7 188.8 288.5 206.7
1951 131.1 224.6 355.7 255.3
1952 106.9 215.6 322.5 29.8
1953 112.9 162.9 275.8 200.1
1954 100.1 195.1 295.2 224.2
1955 184.2 292.9 477 .1 338.7
1956 177 .3 314.2 491.5 289.0
1957 N.A N.A 420.3 276.0
1958 N.A. N.A. 345.1 212.6
1959 N.A. N.A. 425.3 266.5
1960 N.A N.A 517.0 310.3
1961 N.A N.A 497.2 2991

PRODUCTION AND SALES OF THE THREE GRADES AS OF 1960

Millions of Pounds

’ Production . Sales
Solidifying at less than 74°C 24.7 26.0
Solidifying at 74°C to less than 76°C 21.5 - 10.2
Solidifying at 76°C to less than 79°C 470.9 274.1

-6~
As pointed out above, other coal hydrocarbons can be ?éoduced from petroleum when the de-
mand arises. The newly developed methods of separation, )based on differences in carbon~to-
hydrogen ratios, can be used to provide hydrocarbon classes which can subsequently be demethyl-
ated and further purified by conventional means, such as distillation and crystallization.

D. Tar Acids
The tar acids are represented by phenol, cresols, cresylic acids and xylenols. The production

of phenol from petroleum sources has grown very rapidly and five different processes are currently
used: :

¢
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Chlorobenzene Hydrolysis
Benzene Sulfonation
Cumene Peroxidation
Raschig Method
Two-Step Oxidation

O h wN —

Of these, the first three supply the bulk of the market. The cumene peroxidation process has
been gaining in popularity and most of the new plants will employ this procedure. The two-step
oxidation method is of considerable interest in that the starting material is toluene, which is
oxidized to benzoic acid follawed by the copper catalyzed axidation to form phenylbenzoate and
subsequent hydrolysis to produc(e phenol and benzoic acid. The reactions are believed to take
place in the following manner: 4

2Cu (OBz)2 _ C6H5COOC6H5 + 2 CuOBz + C02

2CuOBz + 2820H + 50, —= 2Cu (OBz), + H,0

C6H5C00C6H5 + HZO —_—> CéHSOH + BzOH

Overall Reaction:

BzOH +-5502 —_ CéHSOH +,CO2

The reaction can also be applied to the production of various cresols starting with toluic acids,
as well as 2-naphthol using 1- or 2-naphthoic acids as raw materials. Synthetic phenol capacity
in the U. S. is presently about 940 million pounds per year. If all announced plans for expansion
and new plants materialize, capacity will be over 1.2 billion pounds by the end of 1963. Table
10 presents -historical production and sales data.

Table 10 - PHENOL PRODUCTION AND SALES, 1950-1961

Millions of Pounds
Production

ST

Synthetic Natural _
Year Cumene  Other Processes  Total Coal Tar  Petroleum  Total Total Sales
1950 - 291.9 291.9 - - 20.2 312.1 199.8
1951 - 364 .6 364.6 - - 23.8 388.4 244.0
1952 - 316.2 316.2 - - 21.6 337.8 187.6
1953 - 356.8 356.8 - - 25.6 382.4 199.5
1954 19.2 377 .5 396.7 - - 20.8 417.5 218.6
1955 69.7 405.3 475.0 37.9 3.8 41.7 516.7 280.3
1956 93.8 415.6 509.4 34.5 5.3 39.8 549.2 302.6
1957 100.7 413.8 514.5 33.8 8.0 41.8 556.3 289.5
1958 98.8 365.0 463.8 36.8 5.8 42.6 506.4 281.1
1959 137.7 514.0 652.0 32.2 7.8 40.0 692.0 414.3
1960 173.2 557.5 730.7 30.5 11.5 42.0 772.7 423.7
1961 188.6 542.7 731.3 35.2 12.5 47 .7 779.0 334.1
-0-

The market for phencl is dependent to a considerable extent upon the fortunes of phenolic -
resin manufacture, as indicated in Table 11. These resins account for roughly 60% of the phenol
consumption. About one-third of all phenol produced is used as a chemical intermediate in the
manufacture of alkyl phenols, bisphenol-A, polycarbonate resins and caprolactam. Phenol, in
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the chlorinated form, is used in the manufacture of herbicides, the most important of which are
2,4-D and 2,4,5-T acid derivatives. The balance of phenol goes to the petroleum industry for
solvent refining and additives and some for specialty products.

Table 11 - PHENOL END-USE PATTERN AS OF 1940
Percent of Total
Phenolic Resins 58
Bisphenol-A 7
Caprolactam 7
Adipic Acid 6
Petroleum Sol vent Refining 5
Pesticides 4
Alkylphenols 4

Miscellaneous {Aspirin, Polycarbonate Resins,
Chlorinated, etc.)

8o

-9~

The actual production of phenol from 1950 through 1961 and estimated production through
1971 are shown in Figure 3. In 1961, 779 million pounds of phenol were produced with a pre-
dicted production of one billion pounds by 1965 and 1.4 billion pounds by 1971. If the present
85% ratio of production to capacity is maintained, 1,650 million pounds of phenol capacity will
be needed at the beginning of the next decade.

E. Tar Bases

At the present time, petroleum sources are not utilized commercially for the production of tar
bases, such as pyridine, picolines, pyrrole, quinoline, etc. The most important reason for not
using petroleum sources is the absence of a substantic! market. If such a market should develop,
petroleum sources will undoubtedly be used. These sources should be considered as providing a
large volume, low cost reactive hydrocarbon which can be converted into the desired tar bases.
There are indications that various pyridines and indoles have attracted the attention of the petro-
chemical industry .\2/

F. Miscellaneous Coal Chemicals

A number of sulfur and oxygen compounds derived from coal have presented interesting
synthesis problems for the petrochemical industry. For example, considerable work has been done
on the synthesis of thiophene using butadiene, butene and butane with sulfur and sulfur dioxide .\
Again, in this case, the raw materials derived from petroleum are available and can be used when
a suitable market potential is developed.

-9-
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Chemicals from Coal Hydrogemation Products
M. D. Schlesinger

Pittsburgh Coal Research Cemter, Bureau of Mines, Pittsburgh, Pa.

.

INTRODUCTION

' Coal has been the source of large quantities of useful chemicals and will con-
tinue to be for a long time to come. Because coal is a major rescurce of cur coun-
try, the Federal Buresu of Mines is vitally concerned with its development and ef-
ficient utilization. Although millions of pouhds of coéal chemicals are marketed
each year, people working with coal envision an even greater potential as new proc-
esses are developed. The discussion that follows will consider some of the methods
that have occupied the minds of men for some time and some of the recent develop-
ments pioneered by the Bureau.

The coal hydrogenation process for making liquid fuels has been investigated in
detail since its application as an industrial process almost 40 years ago. As time
passed economic and technical changes have taken place that justify a reevalua\!:ion of
existing knowledge. Under present quasi-peaceful world comnditions where a copious
supply of natural petroleum is available at low cost, hydrogenation of coal cannot
be considered as a major source of liquid fuels.(5)Hovever, coal is an abundant raw
material, and its application to other processes, exclusive of power and heat gener-
ation, presents a real challenge. Orgenizations in the United States and abroad have
investigated the hydrogemation of coal and other coal utilization processes for many
years. This work is still in progress in varying degrees; and in the following dis-
cussion are some of the gaseous, liquid, and solid chemicals that can be derived from
the hydrogenation of coal. Assoclated with these technical developments are many
design problems and an ever changing economic situation.

DISCUSSION

When considering the utilization of coal, it is natural to think in terms of
thousands or even millions of tons a year. If the potential chemical products from
coal are estimated, the quantities of chemicals must be evaluated in terms of pres-
ent and potential markets. The tonnages of possible products are high and in some
instances are greater than the current usage. Table 1 is g list of the more vol-

. uminous products that could be produced in a single 30,000-bbl/day coal hydrogenation
plant thet reacts about 12,000 tons of coal per day. These facts are fairly well
kmnown, and rather than recite comparative flgures, consideration will be given to
some of the more plentiful chemicals. It should be mentioned that there is con-
siderable process flexibility to change the product distribution.

The potential yield of most chemicals from hydrogepation is several times
greater than from carbonization since most of the carbom is converted to liquid and
gaseous hydrocarbons. The list of potential chemicals from coal hydrogenation is
extensive and generally can be categorized by the type of compounds shown in figure
1. Products of coal hydrogenation contain appreciable quantities of aliphatics,
aramatics (si_ngle-ring and polycyclic), substituted aromatics, heterocyclic com-
pounds, and hydroaromatics. Many of the products that can be produced in quantity
have only limited markets, and their disposal could be a problem. (4}, (7)
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TARLE 1.- Chemicals from a Coal Hydrogenation Plant
(30,000 barrels per day from Illinois coal)

Aromatics Million pounds per yea.ri/
BENZENE +uvvrvnnrerencnans 22k 4,000)2
TOLUENE eeveuavscenansnass 372 1,875)
Xylene ceeecescorcrrnanens 425 1,880)
Ethylbeazene soeecisccesce T3 -
Naphthalene eveeeeecvessss 10k ( 97
Mixed aromatics «ccceeceses ’ 17

TOLAL seennreeannnns 1,373

Tar acids
Phenol covevosaccessoanses 51.8
0=CresSOl cieeececsiscsanna 5.8
M-, D-CTESOL cecrronresies 63.3
Xylenols seesecsccocecssse 44,8

Total cecerancccnsns 165.7

Ammonium sulfate, tons/year ... 148,500

Sulfuric acid, tons/year «..... 29,400

8/ 330 stream days. .
l:/ 1961 production from all sources in parentheses, million pounds
per year. i

It would be desirable to be able to proriuce and separate only compounds for
which there is a ready mdrket. In this way, salable products would not have to bear
the burden of chemicals that have only fuel value.

At the present time the most useful products from ccal are the low-molecular-
welght members of each series; benzene, toluene, xylene, naphthalene, and phenol.
These are the preferred elementary building blocks used to make well-defined products.
Plastics, synthetic fibers, resins, detergents, and elastomers consume 7.3 billion
pounds & year of benzene, toluene, and xylene, 520 million pounds of naphthalene, and
780 million pounds of phencl. The consumption of these five major raw materials that
can be made from coal is still growing. So far, no one has been able to justify the
jnvestment in a coal hydrogenation system to produce the few marketable products. In
fact, the direction in recent years has been to dealkylate substituted aromatics from
petroleu?, producing benzene and naphthalene for consumption in synthesis indus-
tries.(l Here is a case where knowledge of the product composition and process xnow-
how were applied to supply a need as the market developed beyond the capacity of the
primary sources.

In 1952 Chemical and Engineering KRews (3) described studies by Carbide and Carbon
Co. and its "coal hydrogenation unit designed to manufacture aromatic chemicals.” :
Carbide and Carbon did much work on the primary liquefaction products and found a
large number of chemicals worth up to several dollars a pound. Some of the products
visualized as finished products of intermediates were the light products B-T-X, naph-
thalene, and tar acids and heavier useful materials such as indan, fluorene, anthra-
cene, phenanthrene, indanols, guinoline, carbazole, furans, and many others. These
are indicated in the figure described previously. Markets have not developed for most
of the high-molecular-weight products that could be separated. Instead, the demend con-
tinues to increase for lower-molecular-weight chemicals as mcnomers for designing com-
plex molecules thet have no structural counterpart in the hydrogenmation products.
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Condensed arcmatic structures such as pyrene and coronene, which may be con-
sidered as useful products, are resistant to mild hydrogenation conditions. They are
recovered in the heavy oil product from hydrogenation of coal and cam be isolated im a
crystalline form. The greatest amount of condensed arommtics are recovered inm "kiln
oil" produced by roasting the plant residue. Actually, condensed aromatics are formed
in the kiln through cracking and dehydrogenation during carbonization. Other com~
ponents of the recovered oil are methylpyrenes, carbazole, and some 1,12 benzperylene.

Pyrene, which may be in 10 to 12 percent concemtration in the kiln oil, can be
concentrated further by distillation and isolating the mid-hO-percent fraction. Car-
bazole 1s concentrated in the low-bolling fraction, and the vacwum residue contains
the coronene concentrate. The pyrene fractionm is distilled into narrow fractions
separated from the oll and mixed with a solvent such as benzene-alcchol that dissolves
only oil. When the solvent is centrifuged or filtered off, pure pyrene remsins.

Carbazole 13 very resistant to hydrogenation, and most other aromatics in the low
boiling fraction of the kiln oil can be hydrogenated to lighter distillable oils. The
remaining carbazole is insoluble and can be separated by filtration and distillatiom.

Coronene can be isolated from the kiin oll residuum after vacuum distillation to
remove pyrene. The fraction boiling at 350° to 400° C is slurried with benzene and
filtered. Coronene is 1lnsoluble and is recovered in pure form.- Contaminating hydro-
carbons can be hydrogenated to lower boiling liquids by catalytic refining. Coronene
is not hydrogenated and is recovered as a precipitate. Further purification can be
done by vacuum distidlation or recrystallyatiocn from o-dichlorobenzene.

Small-scale studies on the hydrogenation of coal have been limited in the past
by the relatively long time, 3 to I hours, required to heat and cool in eutoclave.
The influence of temperatures, especially above 350° C, on the experimental results
has always raised questions concerming the validity of the data. The reaction system
shown in figure 3 wvas developed with two main objectives, rapid heating and cooling
and small charge size. Passing a low voltage and high current (about 700 amps at
15 v) through the type 304 stainless steel reactor raises the temperature to 800° C
in about 2 minutes. Pressures as high as 6,000 psig could be maintsined for over anm
hour before metal fatigue occurred. When an experiment is completed, the resctor is
cooled about 10 seconds by a water jet. Details of this apparatus have been pub-
lished.\d Experiments on the hydrogemation of coal could then be made at more severe
conditions for the production of methane and light hydrocarbens, and from these
studies a new synthesis of polycyclic aromatics was found.

If dry coal is hydrogenated at 6,000 psig and 800° € for zerc and 15 minutes and
hyd.ro% - rate of 100 scfh (0.5 fps), the results shown in figures 4 to 6 are ob-

In general, the conversion of all coals is most rapid within the first 3
minutes and thereafter .proceeds at a steady, slower rate. The yield of gas is sim-
1liar but there 1s no change in the yield of liquids which are produced in the early
stage of the reaction and swept out of the apparatus. This reaction is substantiated
by the comparative exXperiments shown in figure T, where two sets of experimental data
made at two gas velocities are shown. At the lower gas rate of 20 sefh the hydro-
carbon vapors have more time to be hydrocracked to additional hydrocarbon gases.

The concentration of methane in the (3 to C3 fraction of the gas calculated from
the spectrometer analyses increased with coal rank as shown in table 2. Although the
gas formed from low-rank coals contained less methane, there were more higher hydro-
carbons present which gave a higher heating value. This trend extends to the oils
produced; that is, the low-rank coals produced more liquid product as showm 1n
figure 6. Anthracite and char produced no liquid products.

N
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TABLE 2.- Distribution of light hydrocarbons in the gas

Composition, vol pct
Methane Ethane Propane

Lignite soeevenncaccnsns 82 15 3
High volatile C .....un 88 10 2
High volatile A «.ev.nn 0 S 1
Anthracite cceecesveces 92 T 1
High volatile C .char .. 92 8 0

An "analysis of the liquid product from a Wyoming co=l (hvcb) is shown in table 3.
The mass spectrum indicates a complex mixture of products containing aromatics and tar
acids. Analyses of the liquids from lignite and Pittsburgh seam coal (hvab) were al-
most identical to the results shown for the hveb Wyoming coal.

TABLE 3.~ Mass spectra of oils from hydrogenation of a Wyoming coal (hvcb)
(6,000 psig, 800° C)

E
!,,
|
L
}
|
}

] Possible compound types Volume~-percent
[2 including alkyl derivatives of total oil
h

Benzene, toluene, efc. ccece. 23
Phencls ceeecveccccsnnsassone 21
Naphthalenes cceececesccseces - 18.
1
3
22

JE—
e cord

Indanols cececscccocccseacvane
Phenanthrenes, anthracenes ..
BalaNCe secececscsssscoansscns

The next subject describes same work that falls in the category of unexpected
findings. When anthracite coal was hydrogenated for making high-Btu gas, the cold
! trap contained a yellow p6wder identified by ultraviolet analysis as a high concen-
4 tration of coronene.

L it -

? The experimental data shown in table 4 indicate the limits for temperature and
pressure - 5,000 to 8,000 psig and T00° to 800° C. The maximm yield of coromene was
0.8 wt pct of the low-volatile (4.2 percent volatile matter) anthracite. The product

\ was a low-density, porous yellow-orange solid that was about 7O percent coronene by
\ ultraviolet analysis. Some samples contained over 80 percent coroneme. The balance
L is mostly 1,12-benzperylene and pyrene. Most of the coronene was recovered in the cold
, trap, but some was obtained from the connecting lines and reactor by washing with warm
b benzene. (oronene in the wash is included in the yield.
»
'b TABLE 4.~ Coromene from hydrogenation of asnthracite
( 30 minutes at - Coronene, weight-percent
. Temperature, C Pressure, psig in solid product Of maf coal
[ 600 6,000 0 0.01
| T00 6,000 L 0.5-0.8
NS 800 6,000 37 0.3
: 600 8,000 o 0
- 700 8,000 kg 0.5-0.7
8ocL/ 8,000 38-54% 0.5-0.5
: 700 3,000 50(est) 0.08

1/ 15 minutes.



188.

Coronene could also be produced from Pittsburgh seam coal (hvab), but from the
few experiments made it appeared that the higher temperature of 800° ¢ at 6,000 psig
was required to yleld the same amount of coronene - about 0.5 wt pet of the maf coal.
However, no dry solids were recovered in the cold trap, and the ylelds are based on
an analysis of the benzene washings. Equal quantities of coronene and pyrene were
found when a hvab coal was used.

Other materials such as asphaltenes and centrifuge residue from the hydrogen-
ation of coal were also examined. The yields of coromene were lower amd 4 to 10
times more pyrene were present. Thus, no other coal or coal hydrogenastion product
was as good -as anthracite for this synthesis. Since the yleld of coronene from
coal is only 0.5 to 0.8 percent, a use must be found for the resulting hydrocarbon
gases and char., It has been estimated that if the gas and char are sold for fuel
value, the corcnene could be sold for less than §1 a pound.

Another product that can be considered is the mixture of closely related chem-
icals that may be used as fuel for supersonic aircraft. The distillable oil from
the hydrogenation of coal contains blcyclic aromatics that could be hydrogenated to
naphthenes that are thermally stable and have many desirable properties. An oil
produced in the pilot plant of the Bureau of Mines was distilled to 325° ¢ end point
0il for feed stock. This oil was then desulfurized and partimlly hydrogensted over
cobalt-molybdate catalyst at 2,500 psig, %00° C, 50 scf Hy per pound of oil, and at
a space velocity of 3 vol oil/hr/vol catalyst. A 180° to 280° C fraction of the de-
sulfurized oil was saturated over a nickel catalyst to produce a naphthenic preduct.

A similar fuel for supersonic jet aircraft has been produced from a distillable
fraction of tar made by low-temperature carbonization. Results of this work have
been published in a Report of Investiga.ticns.(lo) In figure 8 the narrow distri-
bution of products indicated by mass spectrometer analysis is shown. Practically
all of the oil is in the Cjo to C15 range with a maximm at Cyjp or C33. This fuel
met all but cne of the specifications established tentatively for this type of fuel.
For some as yet umexplained reason, this oil was not stable in the high-temperature
test unit. However, recent laboratory tests indicate that the oil is more stable
after rehydrogenation.

A plasma jet unit is now being used for experiments with coal at very high
temperatures. If the temperature of the coal approaches the plasma temperature, ex-
tremely severe hydrogenation conditions can be established.

At the present time only limited results are available. .When coal is heated in
an argon plasma, the products are a very fine residue, carbon monoxide, methane, acet~
ylene, hydrogen, and nitrogen. The composition shown in table 5 was obtained with
slow cooling of the products. Quenching with gas or ligquids will give other products.
Also, the products will vary with other operating variables such as the working gas
composition, gas and coal rates, and power input.

Other forms of energy such as microwaves, corona discharge, and maser and laser
beams have also been considered as an active enviromment for coal hydrogenation ax-
periments. However, manpower and financial limitations are keeplng these in the
paper stage at the present time.

Several important factors are becoming evident as work om hydrogenation of ccal
continues. The system is being modified to yield fewer products. Instead of a wide
range of liquid fuels we have been making hydrocarbon gases and light arcmatics, rel-
atively pure polycyclic products, and relatively narrow fractions. Hydrogenation
ylelds more of these desired products tham a carvorization or coking process. Thus,
hydrogenation provides us with a potential for providing large quantities of useful
products when a profitable demand develops. Many people envision a2 ccal hydrogenstion
product "tree" as extensive as the popular "tree” published for coal tar. The Bureau
of Mines will continue to do its part in providing an atmosphere in which the hydro-
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genation tree will come to fruition.
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TABLE 5.~ Gas composition from coal in a plasma Jet
(5 kw net power input, hvab coal 7O x 100 mesh)

ATEON +eescnorcscas 84.5 -
HydTOgen eesessscss 9.3 60
Nitrogen seeecsssss 0.9 6
CHy cevecvnnenecnne 0.3 2
Colp sevevssonnanen 2.3 15
CO seevccccnsanssne 2.7 17
COD eeeesesseacancse tr -

Coal comversion -~ 15 percent
Residue (<325 mesh) - 6 percent of coal feed
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COAL CHEMICALS FROM CCAL OXIDATION PRODUCTS -

R. S. Montgomery

The Dow Chemical Company
Midiand, Michigan

Coal can be oxidized in various ways to yield mixtures of organic
ac‘ds. The product obtained, of course, depends to some extent on
the specific process. The process that The Dow Chemical Company has
felt to be the most promising involves the oxidation of a suspension
£ bituminous coal in agueous sodium hydroxide by means of gaseous
oxygen under high pressure. Thils process requires about three pounds
of sodlum bydroxide for every pound of coal oxidized. The Dow Chemical
Company as you know is a large producer of chlorine and sodium hydro-
xide. Since we have large Ilnternal requirements for chlorine without
the equivalent requirements for the sodium hydroxide produced as a
co- orodaou, this process would seem ideal for us. The process that
we used is basically the process developed by The Coal Research
Lezooratory of The Carnegie Institute of Technology We did, however,
refine this process somewhat by using a more sophisticated, multiple-
chamnber, stirred reactor so that the process could be carried out
continuously. The Coal Research Laboratory had used a simple stirred
autoclave, but of course recognized that this reactor would probably

o}

be modified to allow continuous operation in an actual commercial

process.

The oxidation products obtained by thls process are sodium carbonate,
a relatively small amount of the base-soluble, water-insoluble, humic
cids, and the most important product, a light-yellow colored, water-
solutle mixture of aromatic acids. The average molecular and eguiva-
ient welghts of these so-called "coal acids" are about 270 and 82
respectively, resulting in an average carboxylic acid functionality
of 3.,3. The main components of this mixture are the various benzene,
naphthalene, and biphenyl polycarboxylic acids; 1,2,4 benzenetricar-
boxylic acid, which constitutes about 21% of the mlxture is the most
important single ccmponent.2’32%’5 The separation or even fractlona-
tion of this mixture is difficult and expensive® and so any commercial
use for it will probably, at least initially, be a use for the mixture
as a whole without any extensive separation.

There are many potential uses for the coal acids, and some of them
appear to have a great deal of promise. This product 1s quite unique
in that these acids are almost completely aromatic but have sufficient
polyfunctionality so that they are readily soluble in water, and
instead of crystalliizing, form an amorphous fllm on the removal of the
vater. This great difference between the coal acids and currently
available aromatic acids is both a strength and a weakness. It is

a2 strength because there is the possibllity that very large amounts
could te required for applications where virtually no substitutes
could be found. It is a weakness in that there is no ready-made
market for az material of this kind, and it 1s difficult to assess
aczurately the volume that could be sold and the value that it would
have to the consumer.

The acids themselves and their salts have been suggested as substitutes

for other water-soluble acids in various applications,! and in addition

P S

. A L

Y N




195. .

have been used as corrosion inhibitors” and as a set retarder for
gypsum®. One application for these acids that is certainly not obvious
is their use as a warp size for synthetic fibers. The coal acids were
found to be an excellent warp size for nylon, polysster fibers, and
cellulosics.®?19211 The reason for this is that these polyfunctional
acids interact more and more strongly by hydrogen bonding as their
aqueous solution becomes more and more concentrated until finally they
form, to all intents and purposes, a "high polymer" at very low water
contents. These crosslinking hydrogen bonds are cleaved by water

and so this "high polymer" is still perfectly soluble in water.
Although the coal acids make an excellent warp size, they do have a
very real disadvantage. Textile mills are naturally reluctant to use
a colored size on an expensive fiber even if they are assured that it
can be entirely removed affter weaving.

Pernaps the most obvious derivatives of an organic acid to be investi-
gated are the esters, and it was found that the various esters of the
coal acids could be used as plasticizers,?! synthetic lubricants,!®
hydraulic fluids,!® and corrosion inhibitors.:? Here again their color
mitigated against their use in plasticizers and they did not possess
any property, including potential price, that would make them extremely
interesting for these applications. If they were available there would
doubtless be some sold for these purposes, but a production plant would
not be constructed on the strength of these applications.

The most promising application for the coal acids 1s their use in
thermosetting resins. They can be reacted with an alkandlamine, 5
alkylene oxide, polyhydroxyl compound®®, or polyaminel? to give a wide
spectrum of resins with varying properties. The polyamide, polyester,
or combination of functional groups possible in these resins are
illustrated in the following examples:

R(COOH) s + HN(CH2CH20H) 2 —> R(COOCHz-) 2( CONCH2-) (1)

R(COOH) 2 + HOCH-CHo0H — > R(COOCHz") 2 (2)

R(COOH) 2 + HzN(CHz) \NH2 ——> R(CONCHz™)2 (3)

1 eq. R(COCH) + 1 mole HN(CH2CHz0H)z ——> REON('CHaCHzOH)a (1)

R(COOH)z + CH2CHz0 ——> R(COOH) (COOCH2CH2OH) (5)
|

It is advantageous to prepare a partially cured but still water-soluble
resin. Heating equivalent amounts of the coal acids and monoethanol-
amine at 170°C. for 3 hours gave 85% esterification, but very little
amide formation. Other partially cured but water-soluble resins can
be prepared by heating the coal acids with pentaerythritol, or ethyl-
ene, propylene, or butylene oxides. These partially cured resins

are in the form of viscous aqueous solutions. They can be stored
indefinitely in this form without any danger of further polymerization.
This partially cured material will completely cure to a strong, inso-
luble, crosslinked structure when it is heated at elevated temperatures
(over 200°C). In addition, these partially cured coal acld resins are
compatible with the water-soluble phenol-formaldehyde prepolymers, and
are incorporated in the phenol-formaldehyde polymer structure. The
physical properties of the cured coal acid resins compare favorably
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with those of other thermosetting resins, and in addition at a suit-
ably large volume theilr cost should be less than the other thermosets.

These coal acid resins could be used for many purposes such as plywood,
hardboard, and chipboard binders®, binders for fiberglass, and shell
molding and foundry core resins®®., There has been a great deal of
work done especially in the field of foundry resins, and these resins
have shown considerable utility. The extremely long pot life is a
definite advantage for many uses, but the attendant relatively high
curing temperature i1s a disadvantage when the resin is used to bind
thermally sensitive materials. In any case the coal acld resins are
very promlsing and appear to represent the best possibility for a
large-scale use for the coal aclds.

The final portion of my talk will be concerned with the question of
the economics of producing a product such as this and why The Dow
Chemical Company has not begun commercial production. Basically, the
coal acids are a low-priced product. If they are to be ¢ommerclally
successful they must compete pricewise with the products which will

do a similar job in a particular application, and in general these
are high-volume, relatively low-priced chemicals. In addition to
being a low-priced product, the coal aclds also requlre a large
capital expenditure for production facilities. For a product of this
kind requiring a large capital expenditure, there is a characteristic
volume-cost curve. At high production rates the cost is low, but
where a high production rate is not justified, the product is very
expensive té produce. Therefore a company embarking on the commercial
production of a product such as this must take a calculated risk and
construct a large production plant and price the product low in the
hope of developing a large market for it which will justify this large
plant and low price. If the market does not develop as hoped, a great
deal of money could be lost. Therefore, what 1s needed to stimulate
interest in the commercial production of coal chemicals from coal
oxidation products 1s a single large-scale use which seems certain
enough to Justify the construction of a large production plant. At
the present time the coal aclid resins appear to represent the best
possibility of obtaining this large-scale use.

Literature Cited:

(1) Franke, N. W.;-Kiebler, M. W.; Ruof, C. H.; Sovich, T. R.;
Howard, H. C.; Ind. Eng. Chem. 44, 2784 (1952)

3

uel 35, 49 (1956)

a

(2) Holly, E. D., and Montgomery, R. S.,

6

[@x

(3) Holly, E. D., Montgomery, R. S., and Gohlke, R. 3., ibid

(

{
\

s
956
>

—~ O Ul
O

I—'I\yl l—‘l\_;l
Ve

(4) Montgomery, R. S., Holly, E. D., and Gohlke, R. 3., ibid

(
(

2 .
56

I

)  Montgomery, R. S. and Holly, E. D., ibid 36, 63 (1957)

o

) Montgomery, R. S. and Sienknecht, P. J., Ind. Eng. Chem. 47, 1274
1955)
(7) Montgomery, R. S., U.S. 2,873,191 (1959)




197.

(8) Montgomery, R. S. and Tobey, H. M., U.S. 3,054,687 (1962)

(9) Rickert, H. B.; Bozer, K. B.; Montgomery, R. S.; and Duke, M. W.
U.S. 2,826,515 (1958)

(10) Bozer, K. B.; Montgomery, R. S.; and Archer, W. L.;
U.s. 2,875,099 (1959)

Bozer, K. B.; Montgomery, R. S.; and Archer, W. L.;
U.s. 2,875,100 (1959) _

-
—
[
-
~—

(12) 'Montgomery, C. W.; Gilbert, W. I.; and Kiine, R. E.;
U.S. 2,516,640 (1950)

(13) Montgomery, C. W.; Gilbert, W. I.; and Kline, R. E.;
U.S. 2,512,255 (1950)

(14) Montgomery, R. S., U.S. 2,878,296 (1959)
(15) Archer, W. L. and Montgomery, R. S., U.S. 2,895,934 (1959)

“(16) Archer, W. L.; Bozer, K. B.; and Rickert, H. B.; ? .S. 2 895,935

3
(
(18) Louch, J. B. and Archer, W. L., U.S. 3,005,743 {19
(

(17) rcher, W. L.; Montgomery, R. S.; and Lang, J. L.; 2,895,936

1959

U.S.

1959)

61)

19) Archer, W. L.; Montgomery, R. 3.; Bozer, K. B.; and Louch, J. B.;
Ind. Eng. Chem., 52, 849 (1960)

g
b

=

g



198.

INDENOLS IN COAL TARS. THE FIRST PREPARATION OF INDENOL.

Sidney Friedman, Marvin L, Kaufman, Bernard D. Blaustein,
R. E. Dean, and Irving Wender

U. S. Bureau of Mines, 4800 Forbes Avenue,
Pittsburgh 13, Pennsylvania

R. E. Dean, Coal Tar Research Association,

Oxford Road, Gomersal, Near Leeds, England

Indenes have long been known to be major constituents of coal tar, but only recently
evidence for the presence of indenols has come from examination of several coal tars
by low ionizing voltage mass spectrometry.l This evidence is based on the appear-
ance of a series of peaks at mass units corresponding to the molecular weights of
indenol and its homologues in coal tar phenolic fractions. This series of peaks
parallels the corresponding indanol series of mass unit peaks. These ubiquitous

but elusive compounds may be responsible for much of the gum formation in coal tar,
particularly in the tar acid fraction.

The parent hydrocarbon, indene, has been a chemical of commerce for several years,
and recently a series of indene derivatives has been made available for development
purposes. The commercial importance of these compounds stems from their high chem-
ical reactivity. In the case of indenols, which appear to be major components of
certain coal tars, the presence of a phenolic group as well as an olefinic bond in
conjugation with an aromatic ring would be expected to provide even greater oppor-
tunity for reaction. -

While indene and several of its derivatives are thus readily available, indenols
have escaped g th synthesis and isolation. Two derivatives of indenol, an indenol-
O-acetic acid=’ and a methoxyindenez=’ have been reported in the literature, but no
reference exists for any preparation of the parent phenol. It should be pointed
out that l-indenol is known, but this compound is not phenolic.

In order to study the properties of the indenols, and even to prove their presence
in coal tar, it appeared necessary to first isolate or synthesize at least ome
member of the series. The synthetic approach proved to be more rewarding.

We have now developed a successful procedure for preparing both 4~ and 5-indenol
by catalytic dehydrogenation of the respective indanols which are available from
coal tar. Initially, a procedure developed by Webb and Corson®/ for the dehydro-
genation of substituted ethylbenzenes to the corresponding styrenes was adapted.
The method involves passing steam and indanol over a chromia-alumina catalyst at
570° C. The procedure was not always reproducible, and analysis of the product by
mass spectrometer and gas chromatograph showed that unchanged indanol was usually
the major constituent.

Subsequently, this procedure was modified, resulting in higher and more repro-
ducible yields. In addition, several techniques have been developed for purifying
the product. In the dehydrogenation itself, nitrogen has beem substituted for
steam as a carrier gas. The pyrolysis temperature has been increased to 650° C.

In this way, we have succeeded in preparing sizeable quantities of indenols in good
yields from both 4- and 5-indanol. The same procedure has been used to dehydro-
genate indanol trimethylsilyl ethers to the corresponding indenol trimethylsilyl
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ethers. This latter method is more convenient, since the trimethylsilyl ethers
are liquids and thus more readily fed to the pyrolysis columm. In addition, the
ethers give somewhat better conversions to the dehydrogenation product and appear
to be more stable during storage. Gas chromatography of the indenols as their
trimethylsilyl ethers has certain advantages. In general, the ethers can be
chromatographed at lower column temperatures than the parent indenols. The non-
polar nature of the ethers is an additional advantage, allowing a wider choice of

column packing and giving better separation and less tailing of peaks.

Both the indanol and indenol trimethylsiiyl ethers are readily prepared by reflux-
ing the phenols with hexamethyldisilazane,é/ and the indenmols are easily regener-
ated from the ethers by refluxing with ethanol.

The initial isolations of pure indenols required repeated recrystallizations from
petroleum ether to obtain pure, indanol-free samples. Purity was readily determined
by gas chromatographic analysis, and checked by low ionizing voltage mass spectrom-
etry which gives a measure of the ratio of mass 132 (indenol) to 134 (indanol).

Subsequently, several chromatographic procedures were developed which allowed

cleaner separation of indenol from indanol. The first chromatographic separation

was carried out using a glass column packed with Chromosorb on which was adsorbed
aqueous AgNO, solution.8:7/ Crude indanol-indenol pyrolyzate mixtures were dissolved
in heptane and put on the column. Elution with more heptane removed only indanol.
The indenol was eluted with methyl isobutyl ketone.

The second, more efficient chromatographic separation was a similar procedure,
called "ligand exchange."2/ This procedure combines ion exchange and coordination
chemistry to accomplish a task that neither could do alone. An ion exchange is
prepared from an ion exchanger resin and a suitable metal ion (in this case Ag%t)
which can complex with the appropriate ligand (in this case an olefin). 1In the
procedure used, a Dowex cation exchanger resin was washed with an aqueous solution
of silver nitrate and then air-dried. The silver impregnated resin was packed into
a chromatographic column and an indanol-indenol mixture in acetone poured onto the
column. Elution with petroleum ether removed the indanol. The indenol was eluted
with chloroform. When the column was deliberately overloaded with indenol, the
excess came off with the indanol, resulting in pure (99+ percent) indenol in the
chloroform eluate. This proved to be the best way to obtain analytically pure indenol
samples.

The initial gas chromatographic analysis of the indenols was used to determine
ratios of indanol to indenol in pyrolyzate products and later in purified material.
It was evident at an early stage of this problem that dehydrogenation of an indanol
did not produce a single product, since the indenol peak on a gas chromatogram was
readily resolved in each case into two peaks. The dehydrogenation product from
4-indanol was separated on a column to give two different peaks, which have the same
mass and almost identical ultraviolet spectra. It is believed that these two com-
pounds are the isomers, 4- and 7-indenol, both of which can be formed by dehydro-
genation of 4-indanol.
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The ease with which these two compounds isomerize is not known. However, the indi-
vidual isomers appear to be stable with respect to each other, since freezing out a
given isomer and re-injection in the columm fails to show any evidence of isomer-
ization of the given material. This isomeric pair phenomenon also has been found in
the product of dehydrogenation of 5-indanol. The 5- and 6-indenol so produced are
less readily separated by gas chromatography (Figure 1).

BO_ " o HO _(/i\__‘
: i { H % >
L\\\;:;i\\\v//J NG~ =
5-Indenol 6-Indenol

Ingold,3/ in his investigation of the 5-(6-) methoxyindemes, came to the conclusion
that the material behaved as though it were a mixture of the two isomers. Wheland3/
has referred to the compounds as tautomers. However, this is based om observations
of experiments which could have given rise to isomerization. -Whether true tau-
tomerism exists has yet to be demonstrated. In fact, the gas chromatographic
behavior reported here implies a stability great emough to deny the title of
tautomers to these pairs of isomers.

Various spectral techniques have been applied to this problem to verify the struc-
ture of the indenols. The nuclear magnetic resonance spectra of both indenol
samples is consistent with the proposed formulas in that there are two olefinic
hydrogens having the same chemical shift as those in indene.18/ Ultraviolet spectra
of the indenols and their trimethylsilyl ethers bear the same relationship to the
spectrum of indene as do those of the indanols and their trimethylsilyl ethers to
the spectrum of indane. The infrared spectra of the samples are comsistent with
indenol structures.

EXPERIMENTAL

The 4~ and 5-indanols used in this work have been obtained from Aldrich Chemical
Co. and Rutgerswerke A. G. (Germany).

Design of Pyrolysis Column

The colum used for dehydrogenation of indanols is a stainless steel tube, 100 cm.
long, with an 0.D. of 25 mm. The lower 90 cm. of the tube is wrapped with 33 feet
of #20 B&S nichrome wire covered with porcelain insulator beads. The furmace portion
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of the tube is jacketed by a piece of asbestos pipe insulation. To the bottom of
the tube is welded an outlet tube of 8 mm. 0.D. stainless steel leading to one or
more cold traps by means of rubber tubing. The top of the column has a rubber
stopper containing a needle-valve controlled addition funnel, a stainless steel
thermocouple well extending approximately 50 cm. into the tube, and a hypodermic
needle for admitting nitrogen. The packing consists of a lower layer (10 cm.) of
glass beads, a layer of catalyst approximately 60 cm. in length, and a top layer of
glass beads. Preheating tapes are wound around the top 10 cm. of the tube and also
around the addition funnel.

Preparation of Catalyst

A solution of 225 grams of ammonium dichromate and 450 grams of aluminum nitrate
nonahydrate in 1500 milliliters of distilled water was warmed to 80° C. Ammonium
hydroxide was added until precipitation was complete. The precipitate was filtered
and dried at 110° C and then decomposed at 500° C. The powder was pelleted with &
percent aluminum stearate to 1/8-inch diameter pellets. The catalyst was activated
by heating to 570° in a stream of air.

Preparation of 4-Trimethylsiloxyindane

A solution of 20 grams of 4-indanol in 30 milliliters of hexamethyldisilazane was
refluxed overnight under nitrogen. The excess hexamethyldisilazane was removed by
distillation and the trimethylsilyl ether distilled under vacuum (bp 86-88 at 5 mm.).

Dehydrogenation of 4-Trimethylsiloxyindane

While a stream of nitrogen was flowing through the pyrolysis columm, 30 grams of 4-
trimethylsiloxyindane was allowed to drip onto the column at a rate of 30 grams per
hour. The columm temperature was kept at 650° C. The product was collected in

three traps, the first of which was.cooled in acetone/dry ice and the other two,
which contained a mixture of benzene and petroleum ether, were cooled in ice water.
The solvent was evaporated from the combined trap contents to yield over 25 grams of
crude product. Gas chromatographic examination showed the presence of some 4-indanol
(as its trimethylsilyl ether) as well as traces of solvent. The major portion of the
material appeared to be 4- and 7-indenols (as their trimethylsilyl ethers). This was
confirmed by mass spectrometric analysis.

A portion of the crude indenol trimethylsilyl ether was refluxed overnight in ethanol
to hydrolyze it to the indenol. The indenol was recrystallized from carbon tetra-
chloride and from petroleum ether to give needles, mp 77.5-79° C. Calcd. CgHgq0: C,
81.79; H, 6.10. Found: C, 82.07; H, 6.46.

A sample of this indenol was converted to its trimethylsilyl ether for gas chromato-
graphic analysis. This showed the complete absence of indanol. Two gas-chromato-
graphically separable components were present in a ratio of about 4 to 1.

Dehydrogenation of 5-Trimethylsiloxyindane

In a similar manner, a mixture of 5- and 6-trimethylsiloxyindane, having a gas chrom-
atographic peak ratio of 4 to 3, was prepared by dehydrogenation of 5-trimethyl-
siloxyindane (bp 97-99 at 6-7 mm.). The material was converted by refluxing in
ethanol to the indenol, mp 78-79.5° C. Calcd. for CgHgO: C, 81.79; H, 6.10.

Found: C, 81.92; H, 6.20, ’

Dehydrogenation of 5-Indanol

While a stream of nitrogen was flowing through the pyrolysis column, molten 5-indanol
was dripped onto the columm at a rate of 30 grams per hour with the column temperature
at 650° C. The product was collected in an ice cooled trap. Gas chromatographic
examination of the trimethylsilyl ethers of the product showed it to be largely 5-

and 6-indenols.
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Gas-Liquid Chromatography of Indenols 3

Figure 1 is a chromatogram of a synthetic indanol-indenol-TMS ether mixture run om a
150-foot x 0.0l-inch 1.D, capillary column coated with Ucon LB-550-X (a polyalkylene
glycol containing an oxidation inhibitor). This capillary column is mounted in a
Perkin-Elmer 154 Gas Chromatograph equipped with a hydrogen-flame ionization detector.

The compounds shown in Figure 1, in order of emergence, are: 4-indanol-TMS ether,

5-indanol-TMS ether, 4- and 7-indenol-TMS ethers, and 5- and 6-indenol-TMS ethers.

Previous work on a 20-foot by 1/8-inch packed columm containing DC 550 silicome oil
showed that the 4- and 7-indenol-TMS ethers could be separated, but not the 5- and

6-indenol-MS ethers.

The conditions used to obtain the results showmn in Figure 1 were: column tempera-
ture, 151° C; flash vaporizer temperature, 212° C; inlet pressure of N, carrier gas,
17.9 psi gauge.

In addition, larger samples were run on a column made from a piece of copper tubing,
610 cm. x 0.30 em. I. D., coiled as a helix, and containing 12.4 grams of packing,
made up in the weight ratio of 8 parts of D.C. 550 silicone oil to 92 parts of 60-
80 mesh aqua regia washed Chromosorb. This was mounted in a Burrell K-3 Gas Chroma-
tograph.

Figure 2 is a chromatogram of an indanol-indenol trimethylsilyl (TMS) ether mixture
obtained by liquid-liquid chromatography run on this 20-foot silicone column. On the
basis of relative retention-time measurements, peak A in Figure 1 is 4-indanol-TMS
ether. Peaks B and C are believed to be the 4- and 7-indencl-TMS ethers.

Liquid-Liquid Chromatography of Indenols
The packings for the liquid chromatography experiments were made by absorbing an
aqueous AgNO; solution onto dry Chromosorb. The AgNO; solution in a polyethylene
squeeze bottle was sprayed in small increments onto the Chromosorb (in a flask),
which was rotated and mixed between successive additions of the AgNO;solution.

The "wet" packing (which is still free-flowing) was then put into a glass columm
69~inches long and of 3/4-inch inside diameter for the top 30 inches and 1/2-inch
inside diameter for the bottom 39 inches. The glass columm was jacketed to allow
for passing cooling water or refrigerant around the chromatographic column.

The liquid-liquid chromatographic separation on an indanol-indenol mixture was made
using a packing which contained 46.3 grams of AgNO;solution (60 grams AgNO, /100 grams
solution) per 110 grams of 80~100 mesh Chromosorb. This "wet' packing, 114.2 grams,
was packed into the glass column described above. The sample of 0.60 gram of 4-
indanol pyrolyzate (recrystallized from heptane) was dissolved in 40 milliliters of
heptane, put onto the column, and eluted with 400 milliliters of heptane. During
the run, the column was at room temperature. Selected l2-milliliter fractions
(chosen on the basis of their refractive index) of the eluate were combined and
evaporated to dryness (35° C maximum temperature). The phenolic residues were con-
verted to their trimethylsilyl ethers, and analyzed by gas chromatography. The only
substance eluted from the column was 4-indanol; the indenols were held on the column
packing. After the heptane-eluted indanol had come out of the column, methyl iso-
butyl ketone (MIBK) was used and the indenol was then eluted in the MIBK-containing
fractions. ,

The solvent from the indenol-containing fractions was evaporated off, and the tri-
methylsilyl ethers prepared from this phenolic mixture. This preparation contained
a fine blackish precipitate, which sugzgests that the indenol was eluted from the
column as a silver complex or salt, which was then decomposed during the preparation
of the trimethylsilyl ethers, depositing metallic silver.



20k.

Preparation of Ion Exchange Columm Containing Ag+

A chromatographic column was filled with 200 grams of 50-100 mesh Dowex 50-X8 cation
exchange resin. An aqueous silver nitrate solution containing 95 grams of silver
nitrate was poured through the resin filled colum. The resin was washed with water
and then air-dried. The silver impregnated resin was packed into the chromatographic
column.

Separation of 5-Indanol and 5(6)-Indenol

A mixture containing 2 grams of 5-indanol and 5(6)-indenol was dissolveﬁ in a

minimum amount of acetone and poured into the prepared column which had been wet
with 60-68° petroleum ether. Elution was carried out with petroleum ether. Gas
chromatographic examination of the eluate showed that only 5-indanol was present.
Elution with chloroform removed the 5(6)-indenol, along with a small quantity of

5-indanol.

When larger amounts of indenol were put on the column, some indenol eluted with the
indanol fraction. Elution with chloroform then gave pure indenol.
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The Design and Operation of Fluidized-Catalyst
Phthalic Anhydride Plants.

Z. L. Riley

Urnited Coke and Chemicals Company, Limited,
Rotherwood Laboratories,
Sheffield, 13.

The catalytic oxidation of naphthalene to phthalic anhydride by
atmospheric oxygen is a reaction admirably suited for a fluidized reactor. Barly
attempts to produce pnthalic anhydride on a commercial scale by this means ran into
serious d;ffioult%gs. This was because of mistzkes in design and a lack of
appreciation of may of the factors involved. It is proposed in tinis paper to
describe how these difficulties have been overcome and also to indicate the
essential features in design and operation for the trouble-free manufacture of
phthalic anhydride oy this method. '

Fluidized-bed v. Fized-bed.

Phthalic anhydride has been manufactured by the oxidation of naphthalene
in fixed-bed reactors for more than forty years. During this time considerable
design and operational experience has been accumulated. Nevertheless, it is widely
known that such reactors have inherent defects which make lupossible the desired
control of reaction conditions. The advent of the fluidized-bed reactor has made
possible not only a much closer approach to these ideal reaction conditions but also
several other important advantages wnich favourably influence the economics of the
process. Fig. 1. is a flow diagram of a fluidized~catalyst phthalic anhydride
plant and below are listed some of -the important advantages gained by this method of

manufactures

(a) Greater Safety. The presence of finely divided catalyst in the reactor
prevents explosions and so permits operation well inside the explosive range of
air:naphthalene ratios.

(b) More precise control of reaction conditions. The high thermal conductivity
and good heat-exchange characteristics of this fluidized-catalyst bed permits
an exact control of reaction temperature without the formation of hot spots.
Temperatures varying only by one or two °F. can be held throughout a fluidized
bed containing up to 30 tons of catalyst or more. Pressure, temperature, air:
naphthalene ratio and contact time can each be varied, independently and quickly,
s0 permitting a rapid and exact adjustment of operating conditions to meet
particular requirements.

(¢) More efficient condensation of phthalic anhydride. A substantially lower air:
naphthalene ratio makes possible the more efficient condensation of the reaction
product because of its greater partial pressure in the product gases.

Operating the reactor at increased pressure permits the condensation of 50% or
more of the product directly as liquid, the balance being condensed as solid in
switch condensers. The lower concentration of oxygen in the product gases,
compared with that obtaining in fixed-bed plants, reduces the hazard of fire
and explosion down stream from the reactor.

vy
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(d) Liguid naphthalene feede TFixed-bed phthalic anhydride reactors are fed with a
mixture of air and naphthalene vapour involving the use of a separate
evaporator. This can give trouble. With a fluidized-catalyst reactor
liquid naphthalene is rumped- directly into the reactor.

(e) Catalyst charging. The tedious operation of charging catalyst pellets into
the tubes of the fixed bed reactor is avoided. On the fluidized-bed plant
catalyst can be moved pneumatically from the reactor to the catalyst storage
vessel or in the opposite direction, even whilst the plant is operating.

(f) Operation at increased pressure. = The operation of fluidized-catalyst reactors
at increased pressure (1 to 2 atm. gauge) permits a substantial increase in the
output of a particular unit compared with its capacity at atmospheric pressure.
Air compression cost must be balanced against higher throughput in order to
determine the optimum operating pressure. The removal of the additional heat
liberated as throughput is increased presents no serious design problems.

(g) High purity product. The precise control of reaction conditions in a
fluidized catalyst reactor results in the formation of a crude product of high
purity. The redistillation process is thereby consideravly simplified, and a
final sales product of a high standard of purity is obtained. Table 1. gives
the results of the analyses of a number of commercial samples of phthalic
anhydride all taicen independently and amalysed blind. The higher quality of
the samples from the fluidized-catalyst plants is apparent.

R. Landau and H. Harper (7) Have given a critical, historical review of
the development of phthalic anhydride technologye. They mention the difficulties
that have troubled the pioneers of the fluidized catalyst process. How these
difficulties have -been overcome is described belows

Condensation

The early fixed-bed phthalic anhydride plants were small and operated witn
nigh air:naphthalene ratios. The product was condensed in the so-called baraus or
nay boxes, which were large vessels, usually several in series. They served to
slow down the gas velocity and wire net in the boxes provided additioral surface for
the condensation of the needle-shaped crystals of phthalic anhydride. The natural
cooling of the boxes was usually sufficient for efficient condensation. With large
production units, however, such barns are impracticable on the grounds of cost,
danger and difficulties in handling the solid product. In modern plants they have
been replaced by tubular heat exchangers operated as switch condensers. ring
condensation the tubes are cooled by water or oil at 35 to 40°C, Lower temperatures
would promote the condénsation of excessive amounts of water vapour with the
concomitant formation of phthalic and maleic acids. For melting out, the cold water
is replaced by high pressure steam and the cold oil by hot oil. A temperature hign
enough to denydrate phthalic acid is essential otherwise it will accumulate inside
the cordenser reducing its efficiency and capacity and finally causing blockages.

Different types of tubular switch condensers have been described (3, 12);
some are too complicated to be practicable in large production units. Besides simple
heat-exchange considerations, other factors are involved in the design of efficient
switch condensers. e.g., (1) Spare capacity is necessary to permit veriodic cleaning
of the tube.bundles without interrupting production. (2) The capacity of the
individual condensers must be such that the switch operation is relatively infrequent,
otherwise there would be an excessive thermal load due to the relatively high heat
capacity of the condensers which could be even more than the heat required to melt
the phthalic anhydride. (3) The construction of the condensers should be such that
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he heat capacity is kept to a mirimum. The oil system for cooling and melting is
herefore preferred rather than the water/high pressure steam system, (4) Tze design
hould b2 such as to minimize or eliminate fire and explosion hazards. This caz be
chieved by the use of a closely packed gillad tube bundle. (5) It is not sufficient
in condensers of this type merely to provide adeguate cooling surface. Provision
must also be made for ensuring that the product gases have the opportunity of
contacting preformed phthalic anhydride crystal surfaces, otherwise even with more
than adequate cooling, solid deposition will not necessarily occur. Fig. 2. shows

a 6 ft. length of finned tube enclosed in glass pipe-line. The tube was cooled by
passing water through it. Air saturated with phthalic anhydride vapour at 140°C

was passed downwards through the annulus between the finned and the glass tubes.
301id phthalic anhydride was deposited on preformed crystals rather than cn the
cooler base vortions of the finned tube. Vapour super~saturated with pnthalic
anhydride will leave the tube if the speed of the gas exceeds a low minimum value.

i o cf

W

Fige 3. shows diagramatically a switch condenser which meets these
requirements (14, 15). It consists of a relatively light gauge steel box packed
with rows of vertical gilled tubes connected to manifolds. During the condensation
part of tke c¢ycle, cold oil (40 C) is passed through these tubes. The product gases
from tne fluidized reactor enter the condenser and at first pass at relatively low
velocity, more or less straight through the banks of gilled tubes. Hassive, solid
phthalic anhydride condenses or the first banks which become blocked and an increasing
amount of the product gas passes through the gaps at the ends of the banks of gilled
tubes. These gavs at opposite ends of adjacent rows prevent excessive build up of
back rressure before a substantial guantity of pnthalic anhydride is condensed.

The increasel gas velocity as the gas flows parallel to the rows improves heat
exchange and gives good contacting of the product vapours with preformed phthalic
anhydride crystals. As the product gases progress through the condenser the
concentration of phthalic anhydride decreases and condensation occurs on the later
barks of gilled tubes in tne form of long needles. The close packing of the tubes
no doubt also has a filtering action or any gas borne particles of pnthalic achydride.

At a predetermined time a condenser 1s taken off stream and the cold oil
replaced oy act. The phtialic anhydride melts ard is runtc storage. The hot cil
is then switched back to coldjafter a period for cooling the empty condenser is

TL 3

again put on stream. It is =ssertial to use a thermally stable oil for this purposee.
The United Coke and Chemical Company's plant operates on eignt of these
switch condensers together wita a ninta stand-by for periodic special cleaning.
At pormal throughput a seguence of six condensing and two melting is employed. The
capacity of the boxes is such that switching is carried out at long intervals and
little or no advantage would ve gained from automatic operation. Analyses have
shown that 2 small amount of slip takes place af the commencement of the condensation
i.e., when the tube surfaces are clean and cooling must be at its best, but when
there is little or mo solid phthalic anhydride to promote condensation. Long
intervals between switching reduces the loss by slip to a very low value.

These condensers have been tested for long periods with air:inaphthalene

‘ratios as high as 30:1 and the results obtained indicate that they could be used

advantageously with fixed-bed reactors.

Fluidized-catalyst reactors, operating with low airinaphthalene ratios and
at increased pressure can advantageously condense an appreciable proportion of the
product directly as liguid (2) and so decrease the thermal load on the switch
condenserse
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Filtration

In orfder to prevent contamination of the Droaact and loss of an
ex talyst it is essential in a fluidized-bed phthalic anhydride plant
effici v to filter the product gases. Early desizrn provosals (4) suggested the
use of cyclon=s. In tie first production unit, the Sherwin williams Com“any {&)
devalcped the use of porous ceramic filters for the complete 2limination of the
cztalyst dust at hizh tamgerature. Porous stainless steel filisrs nave been used
in pilot plants. The United Coke and Chemicals Company {13) have developed a
fivre-glass filter. It consists essentially of a perforated steel cylinder
(Fig. 4)-having a spigot at each end. The usper spigot is threaded and serves to
connect the filter to a collector box. The lower spigot is closed and serves to
protect ¢ lter. It also acts as a journal wnilst the filter is being wracped.
The wrag cn is done on a simple machine, consists of alterrating layers of
continuous-filarent zglass cloth and super-fine fibre-glass mat. The first 5 layers
( 5 cloth and 2 mat) are held in position by an open wound helix of glass tape.
Another similar series of cloth, super-fine mat, clotn and tape, is added followed
by an overlapping spiral wrap of zlass tape and the whole btound firmly bu: not too
tizhtly with jubilee or similar metal clips at 18" intervals. The over.apping ends
of the glass cloth are secured in grooves at the two ends of the filter tube, by means
of fibre-glass cord. This is an additional precaution to prevent end leakage. Four
ssparate collecter boxes are used, each carrying several of these fibre-gliass filters.

3y means of a rrocess controller each bank of filters can be blown back in turn to
detacn filter czke from the outer surface. More than ten years of ozerational
axperience nas shown tnat these filters are a reliable means of obtaining 100%
filtration of catalyst dust from the product gases at a temperature of about 200
They have advantages over porous ceramic filters in that they are not brittle, they
can be gquickly and relatively cheaply re-wrapped and if necessary, can be made %
operate at low back pressure. On blow-back, the slight "give" in the fibre-zlass
wrazping tends to cause better removal of the accumulated filter cake, The back

r

0)'

vressurz across the filters depends, of course, on the surface area of the filter
and the volume of gas passing. It is customary to operate fluidized—catalyst
phtnelic anhydride plants under pressure so a filter pressure drop of 4 to 5 Ib.
PeSele or more can be accommodated. Filter candles up to 12 ft. in length have
oeen successfully used. zZxperiments have also been carried out in which these
filters have been opzsrated at 10 to 20 ins. w.ge back pressure for vrolonged periods
at 300°C.

The positioning of the filtration unit in the plant is important and is
discussed oelow.

The Fluidized-bed Catalyst.

The ghysical and chemical nature of the catalyst is of great importance
for the trouble-free operation of a large fluidized-bed phthalic anhydride plant.
Hot only must it have high and specific reactivity but also good fluidizing rrogperties,
high attrition resistance and long life. The catalysts used in the early days of
s new technigue were formulated on the grounds of their catalytic activity with
ittie or ro attention to their fluidizing vroperties and attrition resistance.
iz ible ir laboratory apcaratus and small pilot plants to obtain reasonably
dization ané sxcellent conversions of naphthalene into phthalic achydride
a ide range of catalysts. Nevertheless, in full scale reactors troubles can
2 from the use of friable catalysts with the concequent rapid accumulation of an

e sive oropcrtion of fines in the fiuidized bed. This may bring about uneven
fluidization and an undesirably high concentration of fines in tne expanded phase.
Soth e ive rise to trouble; the latter is probably a contributory

oth tnese siates can g

cause to "after burning" (see below), whilst the former may bring about the formation
of static pockets of catalyst. Such pockets in contact with the reactor walls can
act as naphthalene ccndensers. The mixture of solid naphthalene and catalyst so
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formed, if suddenly disturbed and ignited can react very vigorously with the
productlon of excessively high temperatures within the fluidized ved.

Fluidized-bed phthalic anhydride catalysts must have a fairly aig
specific surface and a relatively large pore diameter. These properties are not
compatible with high atiriticn resistance so it is necessary to compremise. It
has beer fcued possible to formulate a highly specific catalyst with the required
atirition resistance and long life. In a favourably designed reactor, size
degradation is surprisingly slow and present indications are that it should be
possible to maintain the act1v1tj and good fluidizing properties of the catalyst with
a replacement level as low as 10% per annum.

After Surning

Ore of the most serious ard dangerous difficulties which beset pioneers
in this field was "after burninz', i.e. the ignitior of the product vapours above
the fluidized-catalyst bed with a consequent excessive and sometimes disastrous
rise in temperature. This has alrsady ceen described in some detail (0. In the
avsence of effective temperature control in the expanded phase, temperatures as
high as 750 to 1000 C or more may be reached with consequent serious damage to the
filters, catalyst and reactor. The most likely explanation of this phenomenon is
excessive slip of naphthalene through the fluidized catalyst dense phase occasioned by
peor fluidization, particularly slugging, spouting, rat-holing or an excessive
proportion of bubble phase in the boiling bed. A small amount of particularly active,
static catalyst lodged somewhere above the fluidized-bed possibly starts the
exothermic oxidation of this naphthalene. (11) and with a relatively rapid rise of
temperature initiates the after burning. Whatever the cause, after bturring can be
vrevented by keeping the temperature-of the expanded pnase well below that of the
ted. Various methods of doirg this can be usedi-

(1) Coccling tubes in the expanded dhase. Although the teat-exchange coefficient on
the gas side of the tubes is not favourable, the dust coucentration in the zas
increzases the amcunt of cooling cver that which would ottain with a clear gas.

(2) quench Zone. A specially cooled extension ci the fluidized bed to cool the
gases leaving the reaction zone has deen describved by the American Cyanamid
Company (1). It necessitates the use of an additional distributor plate,
special cooling coils and a standpipe. This upper part of the fluidized bed
is termed the "quench zone" and it is recommended that the temperature of this
zone is kept at least 350 C below that of the mair fluidized bed. Such an
arrangenment could, if not properly designed and operated, lead to an increased
rate of catalyst attriticn (see telow).

(3 guench Gas. e temperature above the bed can be effsctively controlled by ‘
the introduction of cold air, or better, cold inert gas. This simple and
practicable method has the advantage of reducing the concentration of phthalic
annhydride in the product gases, which, of ccurse, is mot good from the

condensation angle.

(%) Recycling cooled catalyst. Recycling cooled catalyst tharough the expanded
phase can be used to cool the gases leaving the boiling bed. This, however, .
may result In incrsasing catalyst atirition to an objectionable rate.

(5) Zxternal coolinz. If the catalyst filters are housed in separate vessels, then
it is pecssible to cool the product gases by utilizing the surface of the
interconneciing ripe-lines. This is effective in preventing after burning but
izvolves catalyst c1rcu;at-cn at high velocity, which may contribute to catalyst
attrition (see balow).
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Anotner factor which makes an important contribution to minimising the risk
of after burning is low oxygen partial pressure in the product gases. This is
achieved by operating at the lowest possibls air:naphthalene ratio compatible with
crude product purity and bed temperzture,

Trouble from zfter burning has been virtually eliminated from modern
luidized~catalyst pathalic anhydride plants by the use of one or more of the above
S

Reactor Design and Catalyst Attrition

There is an upper limit to the attrition resistance which can be built into
an acceptable naphthalene oxidation catalyst. Reactor design should thesrefore de such
as to keep catalyst attrition %o a minimum; otherwise excessive catalyst replacement
will be necessary in order to prevent a udil up of an excessive proportion of catalyst
fines. This also places a limit on the fluidizing gas velccity and emphasises the
important advantage of operating fluidized-catalyst reactors at -ncreased rressure in
order to obtain the necessary contact time and eccnowmic throughputs

eztures are involved in minimising cauaﬁyst attrition viz., ( ) uué(haOObl io of the
atzlyst cooler, (2) the disposition of the filters and (3) the distributor plate.

These are discussed below.
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atents (16) descrive fluidized
g external neat exchangers. These reguire the nneumatic
nigh velociiy through transfer pipes 2and the narrow
The action of the fricticnal and impact forces
y3t particles, particularly so when sudder changes in
irection are invclved, must increase the rate of attrition. The consequernt
mors ragid build up in the concentration of catalyst fines not only gives rise
to the difficulties mentioned above but must also dkcrease the efficiency of the
cooling system. R. . Braca and A. A. Fried (5) nave described the attrition
which occurred in a fluidized-catalyst phthalic anhydride plant. No catalyst
make up was used and after two years operation the proportion of catalyst
particles less than 20 « had increased from 9 to L8 per cents This fine
material plated out on the tubes of the catalyst cooler and about half of them
sradually vecame blocked. The installation of cocling tubes within the
fluidized~catalyst bed overcomes this drawback. The excellent thermal
conductivity of the fluidized catalyst and the good heat-exchange characteristics
of the system make this possible. .
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(2) The Filters. Commercial phthalic anhydride plants differ in the disposition
of tze catalyst filterse. Some of them house the filters in a number of
separate vessels, each conmnected to the top of the reactor by a pipe-line.

Trhe catalyst fines which accumulate on the surface of the filters are
pericdically blown off and conveyed back into the base of the fluidized-bed by
means ¢f some of the fluidizing air. The attrition to the catalyst fines
thereby caused will, »f course, be much less than that which would obtain if
coarser particles were involved. Nevertheless, it will make some contribution
to the rate of catalyst attrition.

] Cther phthalic anhydride plants have the filter units located in the
top of the reactor itself. On blow-back, the catalyst filter cake falls

tack into the reactor and the transfer of catalyst at high velocity through
pipe~-lines is thus avoided. This simple arrangement of filters, however,

makes somewnat more difficult the problem of cooling the product gases issuing
from the boilinzg catalyst bed. An increase in the height of the knock-out zone
above the fluidized bed overcomes this difficulty.



The Distributer Plate. In the fluidized-catalyst reactor it is important to
establish reasonably uniform distridution of air and naohthalene vapour across
the whole bed, otherwise the airinapnthalene ratio would vary from place to
place and hinder the attainment of optimum reaction conditionss The aeizht:

diameter ratic of the fluidized-catalyst ted and the low density of the catalyst

are toth favourable to good fluidization. Nevertheless, in a large fluidized
reactor, say 1C ft. diameter or more, it is essential tc cperate with an
appreciable gressurs drop across the distributor rplate, otherwise thesre is a
danger of uneven air distribution. Varilous methodsof attaining sven
distribution have been Troposad. 2.g., (@) the use of multi-jets instead cf
noles (§); (b) the gas is introduced through a flared, conical-shagped zore at
the base of the reactor, 2igh turbulence being maintained in this zome and a
distributor plate is not used (8).  Another vroposal (17) is to subject the
reactor, which has a conical bottom, to vertical linear oscillations, 100 per
5ec., With an amplitude of 1.5 mm. These methods would lead to additional
catalyst attritiom, particularly tne one using high velocity jets. T.J.P.

Pearce and I.C.I. Ltd., (10) have suggested the use of a suitable porous ceramic

plate. Its maintenance in a large reactor would possitly be difficult. A

method of ocbtaining any desired pressure drop across a distributor plate without

high velocity air streams increasing catalyst attrition would be by use of the
device saown in Fige 5. Instead of a simple hole the small conical filter

elements are insertec in the distributor plate. The entry holes to the filters
could be made small enough to give back pressure necessary for good distribution.

The air used for fluidization would have to be filtered to prevent the slow
clogging of the small filters from the underside.

It is not difficult in a laboratory fluidized reacter, or in a pilot
lant reactor to cbtain relatively uniform fluidization and conseauently a
igh degree of control of reaction conditions. This is evidenced by the
results given in Table 2,

b
1.
i

TARLE 2.

Results obtained in a 2 in. diam. laboratory fluidized-catalyst
reactor using pure nachthalene {0.07% S).

‘ we o/
On Air:Naphthalene Yields % w/w.

ieMpPe v Ratio . . P.A. Medo I‘Ec’go
350 1534 04,5 1.7 0.7
330 1133 104k .1 Tel 0.9
320 k0 104.2 1.5 Ta2

Pilot plant results obtained in a 6" diam, fluidized-catalyst reactor
. ) - o~
using petroleum nayhthalene (S free) c.p. 79.4 C.

Analysis of Crude &

. o, Air:Naphthalene Crude

=2Ep._ Ratio Yield % 2.A. Meha Hege
335 15:1 100.2 98.0 0.09 1.6
340 1521 93,7 38.5 0s13 0.7
350 13:1 59.8 57+5 Te19 11

It is possible that the quality of fluidization and distridution in a
full scale plant can be assessed by their approach to liaberatory results.

{
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Sulphur in Naphthalene

The principal 1mpur1ty in phthalic grade, coal tar naphthalene is
thionaphthene which boils only 4°C above the b. +«ps of naphthalene. Jdaphthalene
derived from tar from sulphurous coals may contain 1% sulphur, which is equivalent
to 4.19% thionaphthene. Catalysts which have been used in the past in fluidized~
bed reactors have tended to deactivate when sulphurous naphthalene is used as the
feed (6). It has been stated that sulphur-free naphthalene (sodium treated) is
reauired for optimum conversion to phthalic anhydride. This is no longer so as a
sulphur-resistant fluidized-bed catalyst is now available. It has also been claimed
(48) that the presence of sulphur in the naphthalene is advartageous in preventing
catalyst deactivation. The oxidation of thionaphthene, however, cannot yield
phthalic anhydride, so its presence in naphthalene must mean en eqguivalent loss of
phthallc anhydride yield.

In order to determine whether or not excessive amounts of thionaphthene had
any deactivating action on the new fluidized-bed catalyst the following work was
carried out. Naphthalenes were prepared containing increasing proporiions of
thionarhthene (O to'4.73% S) as the principal impurity. These were oxidized with air
in a laboratory fluidized catalyst apparatus. The results obtained are showr in
Fig. 6. There is a proportionate falling off in the phthalic anhydride yield as tae
thionaphthene content of the napnthalene feed increases and there is also a steady
increase in the maleic anhydride yield. A final oxddation using again a sulphur~
free naphthalene feed gave results quite close to those obtained inztially,
1'nc’d.ca..:.ng that the excessive proportion of sulphur nad not deactivated the catalyst.
A sulphur frze naphthalene gives a Droport onztely higher yield and probably also, less
corrosion in the condensation system. The lower maleic anhydride ccntent of the
crude product will probably reduce distillation losses during tne final purification.
Yetnher or not pure or sulphurous naphth-lene should be used as feed for a fluidized
pnikalic anhydride plant is a question to be answered by the economics of the
operations,

Pilot plant experiments in a 6" diam. fluidized catalyst reactor were
carried out using two different ccke-oven napnthalenss (a) c.p. 77.6C; S, 0.87% and
(5) cepe 79.8°C; S, C.31% and Ashland petroleum raphthalene c.p. 79,4 C; S, 0.00%.
A4 range of operating conditions was used for each naphthalene. Table 3 gives the
yields obtained under the optimum operating conditions. These results indicate
that the preseance of thionaphtiene in the naphthalene feed does not wholly account
for thne reduction in yield.

TABLD 3.
Reaction nverage Analysis of Product %
Temp. °G Yield of PLhs M.A H.g
—_— Crude % s — %t
Coke Cven 0.37% § 350 9143 97.5 0.56 066 -
Coxe Oven 0,31% S 340 96.1 98,5 0.18 trace
Petroleum 0.,00% 5 335 100.2 97.9 0.19 1e1

Conclusion

- hpart from the catalytic cracking of petroleum, the developmert of the
fiuidized-catalyst technigue in the chemical manufaciuring irndustries has been
¥ ) g
relatively slowe This has beer largely due to the state of our fundamental xnowledge
7 3
£ the propsrties- of fluidized beds and of heterogenecus catalysis in such beds.
Pror
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The methods adorted for overcoming the difficulties in devsloping the fluidized-
bed method for naphthalene oxidation descrived above are already being successiully

(-]
avplied to other srocesses, particulzrly to sxotnermic oxddations. Thers is little

the wider industrial use of fluidized-bed catalysis.
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Antioxidants from Tar Acids
Gerd Leston

Koppers Co., Inc., Research Department, Monrceville, Pa.

Before delving into the subject at hand, namely the manufacture of
antioxidants from tar acids, it would be wise for us to define our terms and the
sccpe of this discussion. By tar acids we mean the "acidic" or base-soluble
?raction of coal tar. These same tar acids are also available from petroleum
sources. Furthermore, both phenol, parent ccmpound of the tar acids, and p-cresol
re made synthetically. While phenol is the major constituent of tar acids, the
ynthetic material accounts for over 90% of the market. Its precursors, benzene
or toluene, are also coal chemicals which are again mostly derived from petroleum

ources, Benzene is also the starting material for styrene, an important chemical
ntermediate in the antioxidant field. As far as the end products are concerned,
we shall limit our discussion to the phenolic antioxidants, realizing at the same
time that there are non-phenolic antioxidants prepared from tar acids as there are
phenolic antioxidants not prepared from tar acids. It is apparent tkat the coal
tar industry coes not enjoy an exclusive position as supplier of raw materials for

[TV Y)

U

tre manufacture of phenolic antioxidants.

Despite the fact that the coal tar industry was at one time the only
producer of tar acids, the early work on phenolic antioxidants was not done by this
industry. Rather, those industries manufacturing items subject to oxidative degrada-
tion saw 2 need to stavilize their products and therefore investigated the use of
antioxidants. Such industries include gasoline, food and animal feed, rubber and
plastics, lubricating and transformer oils. As a result, most of the researck, both
that dealing with the theoretical aspects of oxidation and inhibition, and that deal-
ing with the development of new and better antioxidants, wascarried out by the poten-
tial users of antioxidants. BEven the manufacture of antioxidants has been almost
exclusively in the hands of the users and a few chemical manufacturers.

The application of phenolic antioxidants in the wvarious fields was based
on the finding by Moureu and his co-workers () that acrolein could ve stabilized
by the addition of certain phenols in small amounts. The use of stabilizers such
as tannin and hydroquinore in rubber was described by Helbromner and Bernstein (=).
At the Tlst meeting of the Americal Chemical Society at Tulsa, in April of 1926,
Smith and Weod (s) presented a paper entitled "Inhibiting Agents in the Oxidation
of Unsaturated Organic Compounds” dealing with the oxidation inhibition in soaps,
fats and oils. In the gasoline field, an initial emphasis on color stabilization
zave way to gum prevention by inhibitors (4,s).

Closer scrutiny of the type of substances used in these and other appli-
cations led to theories on the mechanism of the oxidative degradation, its inhib-
ition, and subsequently, to a more systematic study of the types of compounds which
may be used advantageously to perform this function.

Here are several recent references which may serve as a starting point
for those who wish to pursue this phase further.
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Lundberg(s) recently edited a monograph entitled "Antioxidation and
Antioxidants.” Ingold (7) also reviewed the literature in 196l. A recent paper
presented before the Division of Petroleum Chemistry at the last ACS meeting at
Atlantic City was that by Hedenburg (a) of the Gulf Research Laboratories.

In the studies performed to find a correlation between the structure of
an antioxidant and its activity, whole groups of substituted phenols were prepared
and tested (g-15) as antioxidants. This led to the finding that sterically hindered
phenols, i.e. phenols in which the hydroxyl group is sterically hindered, gave the
desired properties. In general, it was found that the more hindered the phenol was,
the better was its antioxidant activity. However, only last year it was found by
Spacht and his co-workers at Goodyear(ie) that too much steric hindrance had a
deleterious effect on antioxddant activity.

Let us consider the commercial phenolic antioxidants and the modes of
their manufacture. Of primary interest is 2,6-di-t-butyl-p-cresol (I). Some 17
million pounds of this compound was produced in 196l. . Even at that, it may not
be the phenolic antioxidant made in greatest quantity, but it has been used most
widely including all the applications mentioned earlier. It is known in the food
industry as BHT (which stands for butylated hydroxy toluene) and the various
manufacturers have their own trade name for it.

When we look at the structure we immediately realize that it is the reaction
product of p-cresol and a source of t-butyl groups, such as isobutylene, t-butyl
chloride or t-butyl alcohol. Of these, the olefin is preferred for ease of operation
and for reasons of economics. While synthetic p-cresol is available and is the source
of most of the BHT produced, those active in the coal tar field will have realized
immediately another source of p-cresol, namely the tar acids. There is one difficulty,
however - p-cresol occurs along with its more abundant isomer, m-cresol, from which
it cannot be separated by fractional distillation; the two isomers boil within one
degree of each other. Various physical means of separation have been investigated
but it turns out that conversion to the desired compound, BHT, is one of the simplest
means of separating meta- and para-cresol (i, 18,19). This 1s made possible again by
a phenomenon which was mentioned before, nemely sterlc hindrance. When a mixture
of meta- and para-cresol is alkylated with isobutylene, the initial products are
mono t-butyl derivatives. In the case of p-cresol (II), the t-butyl grour enters
the position ortho to the hydroxyl group as expected by the stronger ortho-para
directing influence of the hydroxyl group over that of the methyl group. Since both
ortho-positions are identical, only one compound will be formed. This compound is
2-t-butyl-p-cresol (III). In the case of m-cresol (IV), there are three choices, two
dissimilar eortho positions as well as an open para.position. However, steric hindrance
prevents the introduction of the t-butyl group in the ortho position between the
hydroxyl and the methyl groups. As a matter of fact, steric hindrance between a methyl
and an adjacent t-butyl group makes the normally more stable position para to the
hydroxyl group thermodynamically less stable so that -the t-butyl group positions
itself ortho to the hydroxyl and para to the methyl group to give us 6-t-butyl-m-
cresol (V). Unfortunately, the compound described in the literature for meny years
(18:20521,22) 25 4-t-butyl-m-cresol was actually 6-:-butyl-m-cresol (a3-zs). The
resl L-t-butyl-m-cresol was not made until about 1948 (27,28,2a3). The two ortho-t-
butylated cresols which are thus obtained as the first reaction products from the

treatment of m,p-cresol with isobutylene, are also inseparable by fractional distil-
lation.

Further alkylation produces the dibutyl derivatives; on the one hand, the
desired compound, 2,6-di-t-butyl-p-cresol, and, as the m-cresol derivative, the para
alkylated U4,6-di-t-butyl-m-cresol (VI). These two compounds, the first, an ortho-
ortho dibutylated cresol and the latter, an ortho-para dibutylated cresol have boiling
points sufficiently far apart for easy separation by fractional distillation. The
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distilled ‘BHT can be further purified by washirg and crystallization. When p-cresol
is made synthetically, it is not admixed with its meta isomer. The alkylatien of
pure p-cresol is the same as that described for the mixed isomers.

No mention was made of any conditions for the alkylation nor was the
catalyst identified. The reason for these apparent omissions is that a variety
of alkylation catalysts,such as sulfuric acid, sulfonic acids, thosphoric acid,
boron fluoride and solid catalysts, is possible even if we restrict ourselves to
isobutylene as the alkylating agent. Purthermore, each catalyst may be used in
various concentrations. These factors permit great latitude in the choice of the
other reaction conditions such as time and femperature.

A second antioxidant, which has been known for its activity, but which
is not widely used in the U.S., is 6-t-butyl-2,4-xylenol (VII). I specified the
American market, because it is a commercial product of long standing in Great Britain.

Looking at its structure, one will immediately realize its close struc-
tural relationship to BHT. The difference between the two compounds is the replace-
ment of one of the o-t-butyl groups in BET by a methyl group. -

As in the case with m,p-cresol, one of the precursors for 6-t-butyl-2,4-
xylenocl, namely 2,4-xylenol (VIII), occurs, in tar acid along with its isomer, 2,5-
xylenol (IX). The ratio of the two is roughly 2:1 in favor of the 2,lL-isomer.
While other xylenols are separable from the desired isomer by dlstlllatlon, the
above two isomers boil within one degree of each other.

Again, one can resort to t-butylation not only as a means of obtaining
our desired antioxidant but also as a means of separating the two xylenol isomers.
The same principles which have been discussed in the m,p-cresol alkylation apply in
the present case. As a matter of fact, the mixture of 2,4~ and 2,5-xylenol may be
viewved as a mixture of ortho-slkylated m,p-cresols, the 2,l-xylenol being the ortho-
substituted p-cresol, and the 2,5-xylenocl, the ortho-substituted m-cresol. This
makes them comparable to the mono-butyl m,p-cresol, each of which can only be %-
butylated further with one group. In the one case, the second group entered the

ree ortho position to give BHT, and in the second, the para position. In the

xylenols, one also finds that 2,4-xylenol t-alkylates in the accessible 6-position
to give the desired compound, 6-t outyl-2,4-xylenol while in the case of 2,5-xylenol,
the L- position is alkylated to give k-t -butyl 2,5-xylenol (X) (19)

The isolation of the desired compound may be accomplished in various ways.
One means, which is also applicable to the di-t-alkylation of m,p-cresol, takes
advantage of the difference in the reactivity of the two isomers. Therefore, by
using a limited amount cf the olefin, choosing reaction conditions mild enough to
erhance the selectivity, and limiting the reaction time to suppress or at least
reduce equilibration,it is possible to alkylate 2,kb-xylenol in preference to the
2,5-isomer (ag).

The unreacted xylenols, now predominantly the 2,5-iscmer, are removed by
distillation from the 6-t-butyl-2,5-xylenol.

Another method of isolating 6-t-butyl-2,L-xylenocl made from 2,4-2,5-xylencl
is to carry the reaction further than in the previous example so that L-t-butyl-
2,5-xylenol is formed in appreciable amounts. The reaction mixture is then added
to dilute caustic which dissolves only the non-hindered phenols, namely any unreacted
xylenols and the L-t-butyl-2,5-xylenol, but does not react with the hindered 6-t-
butyl-2,4-xylenol, Steam distillation of the mixture then carried over this product(zz).
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Work carried out during recent years has led to selective ortho alkylation
of phenols with open para positions. Based on selective ortho alkylation(ss) Neuworth !
and his. co-workers (ss) have devised another route to 6-t<butyl-2,lk-xylencl, start-
ing with o-cresol (XI). t-~Butylation under these conditions gives 6-t-butyl-o-cresol
(XII) and a Mannich reaction on this with formaldehyde and dimethylamine yields L~
dimethylaminomethyl-6-t-butyl-o-cresol (XIII). This is then treated with hydrogen,
to give 6-t-butyl-2,k-xylenol and dimethylamine as the products of the hydrogenolysis.
The amine is then recycled to the Mannich reaction.

The work by Kolka, Ecke and their co-workers in this country (a4, ss) and
by Stroh in Germany (ase,a7) has led to an economical synthesis of 2,6-di-t-butyl-
phenol (XIV) which had been known for some time (as,as). This compound is presently
marketed by BEthyl and it serves as starting meterial for a number of derivatives
which are antioxidants in their own rights. .

Besides the t-alkyl derivatives, specifically t-butyl derivatives, of
tar acids, the o{-methylbenzyl or styryl derivatives of the phenols are of great
commercial importance as antioxidants. Specifically, styrenated phenol itself (XV)
is probably the alkylated tar acid made in greatest amount for use as antioxidant. ,
This material, however, is not a pure compound, and not even a mixture of pgsitional
isomers. Rather, it is the reaction product of the styrenation of phenol, and, .
therefore, could contain, along with mono-, di- and tri-styryl phenols, phenol sub-
stituted with low molecular weight polymers of styrene such as dimers and trimers. ;
These would be the results of a preliminary polymerization of styrene followed by R
alkylation of phenol with the resultant oligomers. It is obvious that a complex
mixture is possible. So-called "alkylated styrenated phenols” are also commercial
products. While styrenation may be considered a special form of alkylation, the
designation "alkylated styrenated," probably denotes the fact that these products
contain both styryl and t-alkyl side chains on phenolic nuclei.

A second major group of phenolic antioxidants include those produced from
phenols, especially sterically hindered ones such as t-alkylated phenols, via subse-
quent reactions. The most important subdivision of these is the group in which two
or more phenolic nuclei have been linked together. The bridging of these nuclei may
consist of a number of groups, predominantly alkylidene, such as methylidene, or
thio groups. On the other hand, the phenolic nuclei may be directly linked %o each
other. While two routes present themselves for the preparation of these compounds, 7
namely alkylation of the tar acids followed by coupling, and the reverse order, it
is the first which is usually practiced to give industrially important antioxidants.

Usually, only two phenolic groups are linked. The advantage of these higher molec-
ular weight materials is low volatility, a desirable property both during the pro-
cessing of polymers in which they find major use, ard during the remainder of the
life of the articles made from the polymers. '

If pure p-cresol rather than a mixture of m- and p-cresol is alkylated
with isobutylene, the monobutyl-p-cresol (III) can be readily separated by distil-
lation from the other materials in the reaction mixture. These would ve the
unreacted p-cresol and BHT. The 2-t-butyl-p-cresol is then reacted with formaldehyde -
under acidic conditions to give.2,2'-methylenebis (lL-methyl-6-t-butylphenol) (XVI)

(40)-

In a similar fashion, 2-t-butyl-4-ethylphenol can be prepared from L-ethyl-
phenol and then converted to its methylenebis derivative. -

In the m-cresol series, the most important alkylidene derivative is &,L'-
butylidenebis (2-t-butyl-p-methylphenol) (XVII) obtained as the product from the
condensation of 6-t-butyl-m-cresol (V) and butyraldehyde (41). However, since the
only source of m-cresol is that admixed with its isomer, p-cresol, and since the two
monobutyl derivatives of these could not be separated by distillation, the only
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pcssible source of 6-t-butyl-me-cresol is the dibutyl-m-crescl (VI), which we obtained
along with 2,6-di-t-butyl-p-cresol. Partial deslkylation of L,5-di-t-butyl-m-cresol
gives & mixture high in the desired 6-t-butyl-m-cresol along with m-cresol (IV) and
unreacted starting material. The dealkylations in the presence of various catalysts

take place under more severe temperature conditions than do the reverse alkylations.

Two other bisphenols namely 4,4'-methylenebis (2,6-di-t-butylphenol) (XVIII) and b k'-
methnylene (6-t-butyl-o-cresol) (XIX) are now commercial products as a resul: of selective
ortho alkylaticn., The latter is, of course, a derivative of o-cresol. The preparation
of these bisphenols is carried out under basic conditions (42,43,44):

Trisphencls have also been made. However, only one (XX) derived from p-cresol,
2-t-tutyl-p-cresol and formaldehyde, seems to be of commercial importance. The prepara-
tion of trisphenols is more complex than that of bisphenols. 1In the latter case only
one compound is possible. In the preparation of trisphenols, a number of products are
possible, and therefore, the reaction is carried out stepwise (45).

Almost all of the alkylidenebis compounds have thiobis counterparts, i.e.
compounds in which the two phenol rings are coupled by a sulfur linxage. This coupling
is accomplished bty the reaction of the monomuclear phenolic compound with sulfur di-
chloride, Catalysts have been used in this reaction (4¢) but are not necessary. OfF
greatest imporsance is 4,4'-thiobis (6-t-butyl-m-cresol (XXI) (47). Others are the
thiobis derivatives of 2-t-butyl-p-cresol (XXII) and 6-t-butyl-q-cresol (XXIII).

Several other phenolic antioxidants derived from tar acids nave recently
veen introduced. All are the products of the reactions of ortho alkylated vhenols.
Starting with 2,6-di-t-butylphenol (XIV), oxidative coupling and reducticn yields
Lohr =25 (2,6-di-t-butylphenol) (XXIV) (4a). This is a biphenol in which the two -
phenolic rings are linked directly to each other. Two other antioxdidants based cn
2,6-di-t -butylphenol are the p-methoxymethyl and the p-dimethylaminomethyl derivatives.
The former (XXV) is the product of the reaction of the phenol, formasldehyde and meth-
anol (43,48,49,50). The amino (XXVI) compound results when the phenol, formaldenyde
and dimethylamine are reacted in a Mannich reaction (4a,s1)-

In summary, alkylation, especially t-butylation and styrenation of tar azids’
to give sterically hindered phenols is the most important chemical reaction. for the
vreparation of antioxidants. Secondly, the jolning together of two ar more phenolic
nuclei with each other via a phenol-aldehyde condensation, a phenol-sulfur dichloride
condensaticn, or an oxidative coupling is of major importance. To a much lesser
degree, the reaction of a phenol, an aldehyde and a third compound with a replaceably
nydrogen leads to anticxidants.

When the major antioxidants are broken down according to the starting tar
acids, it becomes apparent that phenol, o-cresol, m,p-cresol and 2,4-2,5-xylenol are
the acids used to make the phenolic antioxidants. Phenol yields styrenated phenols,
2,6-di-t-butylphenol and its derivatives. o0-Cresol yields the o-t-butyl derivative
which is then converted to the methylenebis and the thiobis compound. p-Cresol is
alkylated to 2-t-butyl-p-cresol as an intermediate for the manufacture of its methyl-
enebls and thiobls derivatives, and to BHT. The monobutyl-p-cresocl and the parent p-=
cresol are also reacted with formaldehyde to give 2,6-bis(2'hydroxy-3'-t-butyl-S'-
methylbenzyl)-p-cresol, a trisphenol. m-Cresol is converted to its monobutyl derivative,
6-t-butyl-m-cresol, via the dibutyl derivative. The monobutyl cresol is then converted
to its 4,4' -butylidenebis and its thiobis derivatives. Finally, a mixture of 2,4-
and 2,5-xylenol is butylated and the 6-t-butyl-2,4-xylenol is isolated.

While this is a survey of tar acid-derived phenolic antioxidants, it must
be remembered that there are other phenolic antioxidants, not derived from tar acids
(just as there are non-phenolic antioxidants derived from tar acids). Even within
the realm presented here, hundreds of structures have been prepared for antioxidant
evaluation. Some of these are good antioxidants but have not been brought to com-
mercialization for one reason or another.
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Solvent Extraction of Tar Acids From Various Sources
D. C. Jones and M. B. Neuworth

Consolidation Coal Company
Research and Development Division
Library, Pennsylvania

Solvent extraction of tar acids from tar acid containing oils is of
interest because of the potentiel savings in investment and operating costs over
the conventional batch caustic extraction process. A relatively large number of
solvents have been evaluated for this purpose. For the most part, preferred
solvents contain a polar oxygen group 1) and include water, methanol, ethanol,formic
acid, acetic acid, glycerine, triethylene glycol, and diethanolamine‘'l’/., Most of
the previous studies involved countercurrent extraction with a single solvent. At
high tar acid recovery levels, there is a significant carryover of neutral oil,
requiring secondary purification of the polar solvent extract. Fractional ex-
traction with two solvents provides a technique for the recovery of one component
of a mixture both in high yield and in high purity.

Aqueous methanol-hexane were investigated in our laboratory(e) as a
solvent pair, based on their high selectivity for tar acids, low cost, ease of
recovery, and stability. The yield and quality of tar acids produced by solvent
extraction of the three most important commercial sources, coke oven tar, petroleum
derived cresylic acids, and low temperature tar will be discussed. In additionm,
separation of tar acid isomers and homologues by solvent extraction will be de-

scribed.

Experimental

Extraction studies were carried out in a 1" x 8' extraction column of the
Scheibel type. A schematic diagram of apparatus is shown in Figure 1. The solvents,
aqueous methanol and hexane were stored in 5-gallon borosilicate bottles. Gravity
feed was used, flow rates being measured with rotameters. The temperature of the
solvents was maintained by passage through coils heated or cooled in a water bath.
Tar acid oil was pumped into the extraction column by means of a precision motor
driven syringe. The tar acid oil feed point was the sixth stage of the twenty-eight
stage extraction column. The methanol extract was freed of solvent by distillation
on a 1" x 4' Vigreaux column. The residue consisted of a mixture of water and re-
fined tar acids. The water was separated by decantation and analyzed for dissolved
tar acids by butyl acetate extraction. The wet tar acids were analyzed for water,
neutral oil, and pyridine bases by standard methods. In the case of the tar acids
derived from petroleum, aromatic thials and disulfides were determined\5/. The
hexane raffinate was similarly distilled. The solvent free residue was analyzed
for tar acids by a modified caustic contraction method.

The detailed procedure for laboratory scale refining o§ a methanol ex~
‘tract with anion and cation exchange resins has been described(6 .
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Discussion

Low Temperature Tar Acids

A tar acid oil (b.p. 160-230) derived from fluidized low temperature car-
bonization of a %i tsburgh Seam coel was refined with aqueous methanol-hexene.
Previous studies'\®/ narrowed the optimum concentration of methanol to 60 to T0%,
using feed:methanol:hexane ratios of 1/1.5/5.0. The extraction conditions and re=-
sults are shown in Teble 1. The observed recovery of tar acids in the methanol
extract wvas 92%. Neutral oil contamination was 0.08%, well below the acceptable
level for commerciasl tar acids. ’

Tar base content was determined as 0.6%, which is 3 to 6 times higher
than current specifications. This carryover of tar beses is a limitation of the
solvent extraction approach to tar acid refining and is characteristic of all
organic solvents considered to date. Removal of tar bases from tar acids by ex-
traction with sulfuric acid or by distillation with sulfuric or phosphoric acids(l)
has been proposed. An ion exchange technique, using a strong acid catiorn resin,
for removal of tar bases from e}ha.nol extracts was developed in our leboratory
and has already been described 2),

Low temperature tar acids produced by solvent extraction or caustic
extraction are conteminated with small quentities of eliphatic acid, ranging from
acetic through butyric acid. These aliphatic acids are concentrated in the phenol
fraction and impart a foul odor. Purification of the methenol,extract with an
anion exchange resin and a cation exchenge resin in series 2,’7), results in the
. recovery of tar acids of satisfactory quality with respect to neutral oil, ali-
vhatic acids, and pyridine bases.

_ A schematic flow dlagram end the chemical reactions involved in this

ion exchange purification are shown in Figure 2. The methanol extract is pumped
over an enion exchenge resin. The quaternary emmonium hydroxide groups combine
with tar acids to form phenolate salts. The aliphatic acids by virtue of their
higher acidity gradually displace the phenols until the resin is saturated with
aliphatic acids. Breakthrough of aliphatic acids follows and regeneration is
required. The methanol extract then comtacts & cation resin where pyridine bases
are removed as pyridinium sulfonates. The purified methanol extract is treated

as before for the removal of methanol and water. The analysis of the fully refined
tar acids is presented in Figure 2. The neutral oil and tar bases values of 0,08% and
0.05%, respectively, are well within commercial specifications. Aliphatic acids
could not be detected by amalysis or by odor.

Coke Oven Tar Acids

Solvent extraction of tar acids from coke oven tar presents & number of
unique problems. A narrow boiling tar acid oil contains sufficient naphthalene
to raise its freezing point well sbove ambient temperature, winich necessitates
diluting the tar acid oil with one of the solvents or extracting above ambient
temperature, The concentration of tar acids is about 1/3 the concentration of the
corresponding fraction from low temperature tar, and the ratio of tar bases is
quite high, 0,11 as compared to 0.0l3 for low temperature tar acid oil. The low
concentration of tar acids imposes an economic penalty, since throughputs and sol=-
vent ratios are proportional to the tar ecid oil volume rather than absolute tar
acid concentrations, The relatively high concentration of tar bases will result
in a correspondingly large contamination of the recovered tar acids, since wmost

i
|
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oxygenated solvents will extract pyridine bases, The detailed solvent extraction
conditions and extraction results are shown in Table 2, A 90% recovery of tar
acids waes obtained. The neutral oil content .of the recovered tar acids was well
under C.1%, which meets current specifications. The tar base contamination was

4,1% as compared to published specifications of 0.l to 0.2%. Ioh exchange puri-
fication would reduce the tar bases to an acceptable level, However, the costs
for such a secondary purification would be quite high because the consumption of

ion exchange regenerant is proportional to tar base concentration. The added re-
Tining costs mignt be justified if by-product credit could be taken for the tar
bases, which can be recovered from the resin, free of tar acids and neutral oils,

Petroleum Cresylics

1

Crude tar acids produced by the caustic washing of gasoline have beccme
an important source of refined cresylic acids in the U. S. DNormally, these are
available =25 caustic solutions containing 10 to 50% tar acids and from 1 to 20%
aromatic mercaptans and disulfides. The conventicnal method of separating the
sulfur compournds from tar acids is oxidation of the sulfur compounds to disulfides
and separation of the caustic insoluble disulfides, While a significant purifi-
cation can be effected, sufficient disulfides remain dissolved in-the alkaline
solution to be objectional, and there is a loss of tar acids during the oxidation
step.

(8) Fractionel extraction of a feed of this type with aqueous methanol-
hexane ucder optimum conditions results in a recovery of 95% of the tar acids
and simultaneous elimination of 99.35+% of the mercaptesns and disulfides in the
feed, The effectiveness of this separation is quite unexpected when one considers
phenol and thiophenol as prototypes of the mixture. Although thiophenol is almost
e thousand times stronger an acid than phenol, thiophenol is rejected by aqueous
methanol, the more polar solvent, The distribution behavior of thiophenols cen
be explained as a result of their inability to hydrogen bond with oxygenated
solvents.

The details of an actual laboratory extraction of a crude tar acid mix-
ture from petroleum is shown in Table 3. Using a tar acid/60% methanol/hexane volume
ratio of 1.0/2/k,5, the recovery of tar acids in the extract was 97% and the sulfur
compound contamination was 0.012%. WNeutral oil contamination is C.05%, Tar acids
derived from catalytic cracking of gas oils contain very low concentrations of
pyridine beses because chemical combination of basic compounds with the acidic
cracking catalyst occurs during cracking. Maximum pyridine contamination is about
0.05%, which is acceptable.

Pitt-Consol Chemical Company, a subsidiary of Consolidation Coal Company,
has operated a commercial extraction unit for the refining of petroleum derived
tar scids for 6 years. Compcsite crude tar acids from at least 35 petroleum re=-
fineries are being processed, The performance of the commercial extraction column
duplicates our laboratory unit in terms of yield and purity of refined tar acids.

Miscellaneous Refining Applications

Separation of Monohydric - Dihydric Phenol Mixtures

Tar acids boiling above 230°C from low temperature tar contain dihydric
phenols, which turn pink when alkaline solutions of the tar acids are oxidized.
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This discoloration is objectionable when disinfectant applications are contemplated.
Removal of the pinking components has been effected by alr-blowing alksline solutiong 7
or extraction with borax, requiring consumption of chemicals and loss of some tar :
acids due to oxidationm. S ' . o

Fractional solvent extraction of the high boiling tar acids, (230-330°C)
produced from low temperature tar with more dilute methanol-hexesne 1°), will sepa-
rate the dihydric phenols. The results are summarized in Tsble 4. Using 30%
methanol, 11% of the feed is recovered es a methanol extract, the raffinate boiling
up to 260°C containing no dihydrics. An increese in the methanol concentration to
35% removed more of the dihydrics, the tar acids boiling up to 280° veing free of
pinking, When the methanol concentration was increased to 40%, a hexane raffinate
of T79% was obtained, which showed no dihydrics in the tar acids boiling up to 300°C.
Extraction of a synthetic mixture containing 50% catechol with 35% aqueous methanol- -
hexane produced & hexane raffinate, containing 76% of the monohydric phenols com-
pletely free of caetechol. This method has the advantage of complete recovery of
tar acids in two fractions, one of which contains no dihydric phenols.

Separation of 2,6-Xylenol From Mixed Cresols

(’,.
An interesting application ‘of aqueous methenol-hexane extraction is the .
separation of 2,6-xylenol from mixed cresols. 2,6-Xylenol occurs in low concene
trations in the cresol fraction and is very difficult to recover in high purity
because it boils quite closely to both o-cresol and m,p-cresol.
Fractional extraction of ‘a mixture corresponding in composition to a ;

fracticzn boiling between o-cresol end m,p-cresol was tried, using dilute methanol-
hexane 9). The results are presented in Table 5. When 45% methanol was tried,
2,6-xylenol was recovered in 53% yield and &7% purity. Dilution of the methanol

to 35% resulted in increased selectivity, and 2,6-xylencl was recovered in 91%

purity and 54% yield. It would require several precision distillations to ac=- )
complisk the same result. Apparently, aqueous methanol, when sufficiently diluted, 4
can separate tar acids on the basis of both acidity and molecular weight,
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Table 1

3alvent Zxtraction of Low Tempersture Tar Az2id il

Teed Tomposition {B.P. 150-230°C)

Wt.%
Tar Acids +4,5
Neutral Oil 34.8
Tar Basés C.6
Aliphatic Acids 0.2

Extraction Conditions
Vol. Ratio

Tar Acid 0il 1.0
60% Methanol LS
Hexane 3.0

Composition end Yield of Methanol Extract

Yield of Tar Acids ' 92 Wt.%
Purity §Wt.%)

Neutral Oil . 0.

Tar Bases (Pyridine) : 0.38

Aliphatic Acids (Butyric Acid) 0.36

Table 2

Solvent Extraction of Coke Oven Tar Acid QOil

Feed Composition (170-230°C)

Wt.
Tar Acids 14.3
Naphthalene 60,1
Neutral Oil 2k,0
Tar Bases 1.6

Extraction Conditions

Vol. Ratio

Ter Acid Cil 1.0%
70% Metnanoi 1.0
Heptene 3.00¢

Purity of Tar Acids

Neutral 0ils
Taxr Bases

*¥2d 3s 2 1:1 sclution in aeptiare.
#*Inciudes aeptane used to dilute tar =zid oil.
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~ Solvent Extraction of Patroleum Cresylic Acids

Feed Composition (160-240°C)

. . ' We. %
’ Tar Acids . 2.2

’ Mercaptans ) myjgcresols ‘ 16

! Disulfides ) B -3
Neutral Oils 1.5

» : Extraction Conditions

Vol. Ratio

b Tar Acid Oil 1.0
. 60% Methanol 2.0
Hexane Lk,s5

‘ Purity of Tar Acids

4 Wt.%
Neutral Oils 0.05
/ Tar Bases (Pyridine) 0.05

Mercaptans )
) Disulfides )

(Thiocresols ). 0.012
, Table &

/ Removal of Dihydric Phenols From High Boiling Tar Acids
N 230-350°C

Extraction Conditions

Exp. No. _ 1 ’ 2 3

R Feed Rates (ml/min.)

Tar Acids L,5 k.5 k.5
Aqueous Methanol 12.0 (30%) 12,0 (35%) 18.0 (L0%)
Hexane 10.5 10.5 10.5

Yieids (Wt.% Tar ‘Acid Feed)

, Methanol Extract 11 I 21
] Hexane Raffinate 89 88 79
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Table 5

Separation of 2,5«Xylenocl From Mixed Cresols

Extraction Conditions

Tar Acids
Aqueous Metnanol
Jexane

Feed Composition
0-Cresol
n-Cresol )
p-Cresol )
2,6-Xylenol

Naphtha Raffinate Yield,
(Wt.% Feed)

Composition, Wt,%*
2,5-Xylenol

o=Cresol
m, p~Cresol

*Based on IR anelysis..

Vol, Ratio

1
5 (b5%)
10

L3.0
Lo.o
17.0

16.1

1
10 (35%)
2

k2.2
k2.5

15.3
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Utiitization of Coal Tar Bases
Francis E, Cislak

Reilly Tar & Chemical Corporation, Indianapolis, Indiana

The carbonization of coal gives rise to a complex mixture of hun-
dreds of chemical compounds. Most of these compounds fall into one of
three groups: hydrocarbons, acids, and bases. The coal tar bases are
nitrogen compounds. The nitrogen atom is in the ring, as in pyridine,
or it is attached to the ring as in aniline. Of the large number of
compounds that are included in the category of coal tar bases, only
pyridine and its simpler homologs are considered in this presentation.

Narrating the actual uses to which pyridines are put would be one
way of discussing the utilization of coal tar bases. PFerhaps a more
stimulating approach is the one adopted herein, that is, a presenta-
tion of an outline of some chemical reactions of pyridines which are
involved in their utilization.

Quaternization. Pyridine and the alkylpyridines react with aitkyl
haitides, acid chlorides, and with aitkyl or aryl sulfonic esters to form
pyridinium salts. The rate of quaternization is influenced by the na-
ture and position of the substituents on the pyridine ring. Methyl

roups adjacent to the nitrogen decrease the rate of quaternization
?127 . The tendency to quaternize decreases in the order L-picoline)
2-picoline) 2,4 -1lutidine) 2,6-1utidine. A method of purifying 2,6~
iutidine from such contaminants as 3-picoline and Y-picoline, is based
on the fact that 2,6-lutidine quaternizes much more slowly than do the
picolines. The presence of a carboxyl group on the pyridine ring
greatly retards the rate of quaternization. On the other hand, the
?stggs of pyridine carboxylic acids are quaternized rather smoothly
118).

Pyridyl-pyridinium salts wherein the nitrogen atom of a pyridine
nucleus is connected to a carbon atom at the 2-, 3-, or l- position
of a second pyridine molecule are known. N-pyridyl-i-pyridinium di-
chloride, made by the reaction of thionyl chloride upon pyridine (87)
{(21)(11), had been utilized in the preparation of Y- substituted pyri-
dines (75). The recent contributions to the chemistry of pyridine~-N-
oxlde have made N-pyridyl-ij-pyridinium dichloride of less importance
in the preparative methods (30).

2-Vinylpyridine reacts with pyridine hydrochloride to give an al-
most quantitative yield of 2-pyridylethylpyridinium chloride. The re-
action is a general one, similar quaternary compounds are formed with
pyridine thiocyanate, with quinoline hydrochloride, etc. L-Vinylpyri-.
dine reacts in like manner (35).

Quaternary salts of pyridine, of alkylpyridines, as weli as of
other pyridine compounds may be oxidized by potassium ferricyanide to
1- substituted 2-pyridones (123). The nature of the substituent in
the 3- position of a pyrldinium salt determines whether ferricyanide
oxidation gives a 2-pyridone or a 6b-pyridone. If the 3~ position is
occupied by phenyl, 3-pyridyl, carboxy, or carboxy ethyl, 6-pyridones
are formed. If the substituent is bromine, methyl, or ethyl, the oxi-
dation occurs mainly at the 2- position. 3-Cyanopyridine methyl
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fodide appeared to form both 2-, and b-pyridones (22)(141). A more
recent study of the ferricyanide oxidation of the quaternary of l-
phenylethyl-3=-cyanopyridine does not confirm the presence of a 6-
pyridone (14Y).

Methyl iodides of isonicotinic acid esters are oxidized with al-
kaline potassium ferricyanide to h-carboxy-N-methyl-2-pyridone in
yletds up to 96% (55).

5-Alkyl-2-picolinium salts upon oxidation with iodine and pyri-
dine and subsequently treating the resulting compound with dilute
caustic give 1- substituted S-alkyl-2-pyridones (1l4).

The pyridine-N-oxides aiso form quaternary compounds (82)(49).
These compounds are important in the preparation of 2- and L~ substi-
tuted pyridines.

Oxidation. The inertness of pyridine towards oxidizing agents is
one of its outstanding characteristics. Pyridine is not attacked by
fuming nitric acid nor by chromic acid, and even potassium permanga-
nate has but little effect on it.

In spite of its resistance to oxidation, pyridine may be oxidized
quite readily to pyridine-N-oxide. The reaction is usually carried
out with a mixture of hydrogen peroxide and acetic acid (67)(113)(215 )
The formation of the N-oxide linkage is a fairly general behavior of
compounds containing the pyridine nucleus. Alkylpyridines form pyri-
dine-N-oxides; so do alkanolpyridines (31)(17); and acetylpyridines
(82)(129). Nicotinic acid, isonicotinic acid, and picolinic acids

ive the corresponding N-oxides (43)(59)(10), and so do their esters
82)(18), but 2,5-pyridine dicarboxylic acid is not oxidized to the N-
oxide while its dimethyl ester is (118). The pyridine carboxamides
atso form N-oxides in the usual manner (57).

2-Bromopyridine~N-oxide and 2-bromo-6-methylpyri dine-N-oxide are
formed in good yields (3), and so are 3-bromopyridine-N-oxide and 3,5-
dibromopyridine-N-oxide (57). 2-, 3-, and L~pyridine sulfonic acids
are resistant to oxidation by hydrogen peroxide and acetic acid. How-
ever, the sodium salts are readily converted to the corresponding N-
oxides (47). :

In contrast to the stability of pyridine, the alkylpyridines are
attacked by a variety of oxidizing agents. The oxiAs*ion of the pico-
lines, especially of the 3- and L~ isomers, to the’éorrespondlng pyri-
dine carboxylic acids is one of their commercially more important re-
actions.

Potassium permanganate is used to convert the picolines to pyri-
dine carboxylic acids (15)(98)(139). It is aiso useful in preparing
2-aminopyridine carboxylic acids from 2-aminopicoline (53) and L~amino-
nicotinic acid from L-amino-3=-picoline (142). Potassium permanganate
may be used to oxidize selectively a pyridine compound having more than
one oxidizable group. An alkyl group in the 3- position is more
readily oxidized than is one in the L~ position. 3,4,5-Trimethylpyri-
dine oxidized with a 2% aqueous KMnO, gives l,5-dimethylnicotinic acid
and 4-methylnicotinic acid. 3,5-Dimethyl-i=-butylpyridine forms Y~
butyl-5-methylnicotinic acid and L4-butyl dinicotinic acid (148).

L-Methyl picolinic acid can be made from 2-styryl-i-methylpyri-
dine by KMnO, oxidation at 0° to 5° C. (42); L,5-diethyl picolinic
acid from 2-styryi-},5-di ethylpyridine (91); l-isopropyl-5-ethyl pico-
linic acid from 2-styryt-l~isopropyl-5-ethylpyridine (122). Treatment
of 2-styrylpyridine at 200° C. with selenium dioxide gives l-phenyl-2-
(2-pyridyl)-1,2-ethane dione (24).

Nitric acid is an important commercial oxidizing acid. The pico-
lines resist oxidation by nitric acid. Even at {ts boiling point
nitric acid does not oxidize 3-picoline (121). Nitric acid at a tem-

perature of about 230° C, and about 35 atms pressure oxidizes 3-
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plcoline to nicotinic acld (5u% yield) and L-picoline to isonicotinic.
acid (90% yleld)(13). .

A mixture of nitric acid and sulfuric acid or phosphoric acid
gives good yleids of pyridine carboxylic acids from picolines. The
reaction proceeds at atmospheric pressures (39).

Sulfuric acld, with selenium as a catalyst, may also be used to
oxldize picolines to pyridine carboxylic acids (155). The oxidation
of 2,4~1lutidine with sulfuric acid plus selenium gives 29% of 2,L-
pyridine dicarboxylic acid and 18% of 2-methylisonicotinic acid (116)

Pyridine carboxylic acids can be produced by the catalytic vapor
phase alr oxidation of picolines (37). The position of the methyl
group determines the ease of oxidation; the methyl group in the 3=
position is the most resistant to.oxidation (36).

Vapor phase oxidation of picolines with air in the presence of
ammonia or an amine yields cyanopyridines. This method of making
cyanopyridines was first observed in the vapor phase oxidation of
nicotine wherein 3-cyanopyridine was made (38). 3-FPicoline i{s con-
verted to 3-~cyanopyridine by oxidation with sulfur in the presence
of ammonia (143).

_Recent studies on the oxidation of picolines with selenium di-
oxlde show the ease of oxidation to be li-picolined 2-picoline) 3=
picoline.” In fact, 3-picoline is not affected by SeO, and hence is
used as a solvent for carrying out the oxidation of the other pico-
lines. 2,5-Lutidine gives 79% of 3-methyl picolinic acid. 2,4~
Lutidine gives a mixture of 2-methyl isonicotinic acid (44%) and 2,4~
pyridine dicarboxylic acid (76).

Picolinic acid has been prepared by the liquid phase oxidation
of 2-picoline with gaseous oxygen in the presence of a copper salt of
a fatty acid (05); similarly isocinchomeronic acid was made from al=-
dehyde collidine and isonicotinic acid from l-picoline (134).

(89) 3-Picoline has been oxidized electrolyticaily to nicotinic acid
9).

Alkylpyridines may be oxidized to the corresponding aldehydes by
vapor phase oxidation in the presence of a large excess of water vapor.
2-Picoline gives 2-pyridine aldehyde (106); 2,6-lutidine may give b=~
methyl2-pyridine aldehyde, 2,6-pyridine dialdehyde (107) and 6-carboxy
2-pyridine aldehyde (103); 3,5-1lutidine forms 5-methyl-3-pyridine al-
dehyde (105). .

It has been reported that 2-picoline may be oxidized to 2-pyri~
dine aldehyde by means of selenium dioxide (99)(e06)(20).

Useful laboratory methods for the preparation of pyridine alde-
hyde involve the oxidation of pyridyl carbinols with manganese di-
oxide (oi1), selenium dioxide (77), or lead tetracetate (111). 2,6-
bis-Hydroxymethylpyridine is oxidized by SeO, to 2-hydroxymethyl-6-
pyridine aldehyde (104). The 3-pyridylaldehyde has been prepared by
vapor phase oxidation of 3-pyridyl carbinol (69).

3-Pyridine aldehyde, L~-pyridine aldehyde, and 6-methyl=3-pyridine
atdehyde were prepared in good yield by reducing 3-cyanopyridine, U~
cyanopyridine, and o-methyl-3~cyanopyridine with semi-carbazide hydro-
chloride and Raney Nickel, and liberating the aldehyde from the re-
sulting aldehyde semicarbazone by acid hydrolysis in the presence of
meta nitrobenzaidehyde (50). 3-Pyridine aldehyde in 83% yleia has
?ls? been made by the reduction of 3-cyanopyridine with NaHAL1(CEt)s

73).

Isonicotinaldehyde has been made by the ozonlzation of L-styryl-
pyridine (152); 2-pyridine aldenyde by the ozonization of 2-vinyl-
pyridine (25).

Hydrogenation. In contrast to its inertness towards oxidation,
pyridine is rather easily hydrogenated. The complete reduction of
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pyridine to piperidine, i.e. Its hexahydro derivative, iIs a commercial
operation of many years standing. .

‘Various catalysts are useful {n reducing pyridine with hydrogen.
Mickel catalysts, especially Raney Nickel, are suitable for the forma-
tion of piperidine (5). To avoid hydrogenolysis with the formation of
high-boiling by-products, the temperature is kept as low as possible
(7%). The alkylpyridines are readily reduced by hydrogen (Raney Nickel
catalyst) to the corresponding alkylhexahydropyridines (5)(130)(80).

Platinum oxide is a useful catalyst for the laboratory hydrogena-
tion of pyridines. Pyridine poisons platinum oxide catalyst. However,
the hydrogenation of pyridine hydrochloride, or of quaternary salts of
pyridine proceeds very well (61). The slow rate of hydrogenation of
the base itself may be due to the free electrons on the nitrogen.
Through these electrons the pyridine forms a compound with the catalyst
thereby withdrawing the platinum from its role of a catalyst. In the
quaternary salts, the pyridine electrons are tied up, thereby permit-
ting the hydrogenation to proceed many times faster than if free pyri-
dine were used (108). The pyridine when dissolved in acetic acid can
be hydrogenated with platinum oxide (54). v

Piperidine manufactured by the electrolytic reduction of pyridine
contains substantial quantities of tetrahydropyridine; the piperidine
procduced by hydrogenation over Raney Nickel contains no appreciable
amount of the 1,2,5,6-tetrahydropyridine (45). Electrolytic reduction
of 2-methylpyridine gives 2-methylpiperi dine and 2li.4,% of 2-methyl-
1,2,3,b-tetrahydropyridine; 3-methylpyridine gives 3-methyl-1,2,5,6=-
tetrahydropyridine in addition to 3-methylpiperidine; and L-methyl-
pyridine gives Y-methylpiperidine and Y~methyl-1,2,3,6~tetrahydropyri-
dine (51). The electrolytic reduction of quaternary pyridinium salts
gives the same types of products so far as the position of the double
bond is concerned (52).

In the laboratory, sodium and absolute alcochol are frequently
used to reduce pyridine to piperidine (102). This reaction was dis-
cussed in 1884 by Ladenburg (90). It is important that the alcohol
be dry. If 95% ethanol is used, little or no piperidine is produced
but instead the pyridine ring is ruptured and ammonia evolved (136)
(137). Reducing 3-methylpyridine with sodium and absolute butanol
gives in adédition to 3-methylpiperidine, 28.4% of 3-methyl-1,2,5,6-
tetrahydropyridine; h-methylpyridines gives L45% of l-methyl-1,2,3,6-
tetrahydropyridine in addition to L-methylpiperidine (S51). A number
of l-alkylpiperidines were prepared from l~alkylpyridines by reduction
with sodium and butanol followed by hydrogenation with hydrogen in the
presence of palladium. The sodium-butanol reduction gave mainly the
?eir?hydropyridine which was converted to the piperidine by hydrogen

1491}, - .

Reduction of pyridine with LiAlH, gives 1,2-dihydropyridine (19).
LiAlH, reduction of quaternary salts of alkylpyridines gives only the
tetrahydropyridines (51). :

Pyridine carboxylic acid esters are reduced, in good yleld, by
L1ALH, to the corresponding hydroxymethylpyridines (79)(112)(815; but
their quaternaries with LiAlH, give l-alkylhydroxymethyl-tetrahydro-
pyridines (51). '

Catalytic hydrogenation {Ni catalyst) of pyridine in various ali-
phatic alcohols (1 to 16 carbon atoms) gives the corresponding 1-
alkylpiperidine in yields in excess of 70% (133).

Amination. Because of the difficulty of nitrating pyridine, the
usual methods for the synthesis of aromatic amines are not available
for the preparation of aminopyridines. The nitration of pyridine pro-
ceeds only under drastic conditions, fuming sulfuric acid and potassium
nitrate plus a temperature in excess of 300° C.; the nitro group enters
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the 3- position; the yield is only 15% (84). When especially high
temperatures are used, the nitro group occupies the 2- position (Lv).
Poly-alkylpyridines are somewhat easier to nitrate, the reaction con-
ditions are milder, and the yields are better (120).

while pyridine is difficult to nitrate, pyridine-N-oxide is
readily nitrated; the nitro group enters the [~ position (115), The
nitration can be carried out at water-bath temperatures with a mixture
of nitric and sulfuric acids; the yield is above 80% (83). The ease
of nitration extends to the alkylpyridine-N-oxides and to various de-
rivatives of pyridine-N-oxide.

The l-nitropyridine-N-oxides are readily reduced and deoxygenated
to the corresponding li~aminopyridines. Various reducing agents have
been used, e.g. iron and acetic acid (115), hydrogen with Raney
Nickel (L1)(63), hydrogen with palladium in acetic anhydride (48). l-
Nitropyridine-N-oxides offer a good route to l-aminopyridines.

Prior to the l-nitropyridine-N-oxide approach to the synthesis
of Lh-aminopyridine, it was prepared by the Hofmann degradation of iso-
nicotinamide (93)(11l) or from h-pyridyl pyridinium dichloride and am-
monium hydroxide (87)(6). The latter method has also been used for
making j-amino-3-methylpyridine (Ll).

The most convenient method for preparing 3-aminopyridine is from
nicotinamide (7); it may also be prepared from 3-btromopyrldine and
aqueous ammonia in the presence of copper sulfate (97).

In 191l the Russian chemist, Chichibabin, discovered a most in-
teresting and useful reaction for i~troducing an amino group onto the
2- vosition of the pyridine nucleus. He found that pyridine reacts
with sodamide to form 2-aminopyridine (92). The amino group goes al=
most exciusively into the 2- position, only a trace of ly~aminopyridine
is formed; no 3-aminopyricine is found.

2-Aminopicolines may be prepared by reacting the picolines with
sodamide (135). In the case of 3-picoline, the two carbon atoms ad-
Jacent to the nitrogen are different because of their relation to the
3-methyl group. Sodamide gives two aminopicolines when it is reacted
with 3-picoline, that is, 2-amino-3-picoline and 6-zmino-3-picoline;
the former predominates (3l).

Pyridine and 2-picoline have been aminated in the alpha position
with alkylamines by ref:iuxing the pyridine with a slight excess of
the alkyliamine and a stoichiometric amount of sodium (88).

Alkylation. There are several interesting reactions available for
the alkylation of the pyridine ring. Arens and Wibaut found that an
alkyl group may be introduced onto the lj- position of pyridine by the
action of zinc dust on a mixture of pyridine, an organic acid anhydride
and the corresponding organic acid (9)(56). This reactionis not ap-
plicable to alpha substituted pyridines; it cannot be used to introduce
an alkyl group onto the lj- position of 2-picoline, 2-aminopyridlne,
picolinic acid, nor of 2-chloropyridine {153). The reaction proceeds
in a “normal* manner with 3-picoline (140). Iron powder may be used

in place of zinc dust (i15h4). :

At the Reilly Laboratories we found that pyridine as well as
atkylpyricines may be alkylated by the use of aiiphatic acid salts of
tetravalent lead (128). By this means alkyl groups containing one
less carton atom than the acid radical of the lead salt are produced;
the alkyl group enters both the 2- and the !- positions {f they are
open. The reaction of 3-butyipyridine with lead tetra-acetate gives
a mixture of 3-butyi-2-methylpyridine (15%), 5-butyl-2-methylpyridine
(5%), 3-butyi-2,6~dimethylpyridine (1.5%), and 3-butyl-l-methylpyri-
dine (5%) (e2). .

Lithium alkyls and phenyl lithium are used to introduce an alkyl
or phenyl group onto the 2- position of pyridine (156), of 3-picoline
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(1), of 3-aminopyri{dine and 3~methoxypyridine (2)}.

In 1936 Chichlbabin described the alkylation of 2-picoline and of
y-plcoline by reacting the picolines with sodamide to form picolyl-
sodium and reacting the latter compound with an alkyl halide (29). The
activity of the hydrogen atoms in the methyl groups of 2- and L~pico=--
Line 1Is ascribed to the ability of these picolines to take part in
resonance with the azomethine linkage of the pyridine ring. Since 3-
picoline cannot participate in such resonance, it was long believed
that 3-picoline could not be alkylated by the Chichibanin method. In
1951 Brown and Murphey (23) showed that 3-picoline may be alkylated
by the sodamide method.

The Chichibabin method of alkylating picolines is of general ap-
plicability, both the lower alkyl halides as well as long chalned ones
Tay)be used (86). Substituted picolines may be alkylated (101)(8)(132)

26).

2,4,6-Collidine presents an opportunity of attaching an alkyl group
on either of the aipha methyl groups or onto the methyl group in the
lj- position. We found that the sodamide method introduces the ailkyl
onto the L-methyl group (33). 2,4-Lutidine is also alkylated at the
L- position (95¥.

Zlegler and Zeiser (156) showed that phenyl-lithium reacts with
2-picoline to form 2-picolyl-llthium which may be reacted with alkyl-
hal ides to attach an alkyl group onto the 2-methyl group. This re-
action has been applied to the preparation of a number of 2-picolyl
compounds. with 2-bromopyridine there is formed 2,2'-dipyridylmethane
(117). wWith chloroacetylenes, 2-pyridylacetylenes are prepared {53).
1-(2-Pyridyl)-ii~chloro-3-pentene was made from l,3-dichloro-3-butene
E?i;. 2-Pyridylmalondinitrile was made from N-methyl-N-cyanoaniline

94 . .

In contrast to the ease of introducing groups onto the l-methyl
group through the intervention of sodamide, attempts to use the lithium
method have not been tawsatisfactory (117)., The usual manner of making
2-picolyl-lithium is to prepare a solution of phenyl 1lithium and then
add 2-picoline to this solution. In the alkylation of L-picoline,
better results are obtained when the phenyl-lithium is added very slowly
to the L-picoline (151),

Alkylation of 2,l,6-collidine by the sodamide process proceeds
mainly at the - position. Alkylation by the lithium method gives
mainly 2,6-dialkyl-4~methylpyridine and a lesser anount of 2,4,6-tri-
atkylpyridine (74).

Alkali metals are used as catalysts in the alkylation of 2-pico-
line and lY~picoline with compounds containing an ethylenic double bend.
A mixture of 2-plcoline, sodium, and ethylene under 60 atms. pressure
heated to.120-130" gives a mixture of 2-propylpyridine (23%) and 2~
(3-pentyl)pyri dine ?126)(119). Under similar conditions 2-picoline
and butadiene give 2-{3-pentenyl)pyridine and 2-(5-nondienyl-2,7)
pyridine; styrene and 2-picoline give l-phenyl-3-{2-pyridyl)propane
{(150). Acrylonitrile reacts with 2- and L-picolines in the presence
of a bit of sodium to give pyridyl-butyronitriles and dicyanopyridyl
pentanes (32)(20). _ .

Picolines with methyl groups in the 2- or - position may be
alkylated in the vapor phase by reaction with ailphatic aldehydes (4,0).

Condensation. The reaction of picolines with aldehydes may be
consi dered a classic in the pyridine series. The methyl groups in
the 2- and the - position are reactive, whereas a methyl group in
the 3- position is not.

2-Picoline condenses with formatdehyde to give 2-ethanolpyridine
(8); Wh-plcoline gives l-ethanolpyridine (124).

2,4,6-Collidine presents a situation wherein the formaldehyde
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must decide whether it will react with the methyl group in the 4-
position or with one of the alpha methyl groups. Ia the presence of
a large excess of 2,l,6-collidine, the formaidehyde condenses almost
exclusively with a methyl group in the 2- position; only a trace of
the L~ethanolpyridine is formed (109). In the presence of a large
excess of formaldéhyde, the lL-~methyl group as well as both al pha
methyl groups react (96)(16). 2,4-Lutidine also reacts with formal-
dehyde, preferentiaily at the 2- position (110)(42).

4-Ethylpyridine has been condensed with formal dehyde (excess) to
give a mixture of dimethylol-ii-ethylpyridine (65.5%) and of monomethyl-
ol-i-ethylpyridine (26.6%)(131).

The introduction of the -N-oxide group enhances the activity of
picolines towards condensation reactions. Neither 2- nor l-picoline
will condense with ethyl oxalate, but their -N-oxides readily con-
dense with ethyl oxalate to glve the corresponding pyruvates (l).

Studies in our laboratory show that the presence of a chlorine in
the 2~ position of L-picoline retards the condensation activity of the
methyl group. U~Bromo-2=picotine reacted with formaldehyde to give
only a 9% yield of the corresponding ethanolpyridine 025¥.

To improve the yield of 2-(2-hydroxyethyl)=-3-picoline, the 2=
lithio derivative of 2,3-lutidine was reacted with paraformalidehyde.
2-Picolyl=-lithium reacts smoothly to give 2-ethanolpyridine (54).
2,6=Lutidine through its 2-lithio derivative has been condensed with
propionaidehyde to give a good yield of 2-(2-hydroxybutyl}6-methyl-
pyridine (68).

2-Picoline and L-picoline readily condense with benzaldehyde and
with substituted benzaldehydes. With benzaldehyde, it is difficult
to stop the reaction at the ethanol stage because of the ease with
which this alkine dehydrates to stilbazole. If it is desired to stop
at the alkine stage, it is suggested that the picoline be condensed
with the benzaldehyde in the presence of water and that no condensing
agent be used (138). The yield of alkine is increased by replacing a
hydrogen of the methyl group of 2-picoline with magnesium and conden-
sing the resulting 2-picolyl magnesium chloride with benzal dehyde (100).

Stilbazoles are the products usually obtained by the condensation
of aromatic aldehydes and 2-picoline and L-picoline. In general, the
reaction is carried out by refluxing a solution of the aromatic alde-
hyde, the picoline, and acetic anhydride (138)(28)(6u). Yields above
90% are not uncommon (7i).

Since 3-picoline does not condense with aldehydes, 3-stilbazole
cannot be made as are the 2- and L-stilbazoles. 3-3tilbazole has been
made by condensing 3-pyridyl acetic acid with benzal dehyde and then
decarboxylating the resulting beta-phenyi-alpha-3-pyridyl acrylic acld
(12). The methyl iodide quaternary of 3-picoline condenses with benz-
aldehyde in the presence of plperidine to give a smail yield of the
alkine (75).

Benzal dehyde condenses with 2,4~lutidine by adding a molecule of
the aldehyde to each of the methyl groups to give 2,4~distyrylpyridine
(60)(110) and also to give 2-styryl-i-methylpyridine (42). 2,6-Luti-
dine condenses with benzaldenyde to give a mixture of 2-methyl-5-
styrylpyridine and 2,6-distyrylpyridine (70).

The hydrogens of the methyl groups in 2- and h-picoline are com-
parable in reactivity to those of the methyl ketones. And, as would
be expected, the Mannich reaction applies to these compounds. 2~FPico-
line condenses with formaldehyde and diethylamine to give 2-{beta-
diethyleminoethyl)pyridine (145).

Formaldehyde in an alkaline medium reacts with 3-hydroxypyridine
to yield 2-hydroxymethyl-3-hydroxypyridine (146); 2~methyl-5-hydroxy-
pyridine cgives 2-methyi-5-hydroxy-6~hydroxymethylpyridine, indicating
the influence of the hydroxyl group is more dominant than that of the
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aipha methyl group (147). With Penzaldehyde, 2-methyi-3~hydroxypyri~
dine in an acid medium gives-2-styryl-3-hydroxypyridine (75).

. Clark-Lewis and Singh, J. Chem. Soc. 1962, 2379-82.
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Tar Acid Extraction in a Rotating Disc Contactor
John V. Fisher, Johnstone S, Mackay, Rudolph J. Weiss:

Pittsburgh Chemical Co., Pittsburgh 25, Pennsylvania

The extraction of coal tar acids from tar acid oils by means of caustic
solutions was investigated in a 1 in, I.D. Rotating Disc Contactor extraction column,
This investigation was one rphase of a program directed towards the modernization of
the coal tar processing plant at Pittsburgh Coke and Chemical Co, Subsequent changes
in the economic picture for coal tar derivatives led to a cancellation of the projected
nodernizaticn,

Two feed stecks from independent manufacturing sources each containing
1L-16 wt.? tar acids in neutral oil were émployed in the test series, The extracting
solution was fresh 9 wt,% caustic in water, These represented the projected plant
operating conditions near capacity operation. The tar acid in neutral oil system is
chemically indeterminate, Tar acid is a generic name for 2 mixture of phenol, cresols,
Xylenols etc. WNeutral oil is 2 mixture of methyl naphthalene, naphthalene, alkyl
benzene etc. The acid-oil ratio and the individual constituent ratios are functions
of the coal and the coking conditions. Wide variations were normally encountered using
local feed stocks which variaticns were expected to be compounded when outside sources
were employed as capacity operation was approached., The lL-16% acid content represented
the maximum likely to be encountered over any extended period.

The study also covered the benzene-acetone-water system in order to grovide
a reference base fcr the column performarge. :

The performances of the RDC colunn are reported for both ternary. systems,
Certain aspects of the results must be viewed with caution. The measured relative
changes in column performance with changes in the levels of the operating varizbles
are believed to be accurate., However, uncertainties with respect to the tar acid
equilibrium phase data and its interpretation coupled with the proximity of the
operating line to the equilibrium line in these studies make the absolute values of
the transfer stage height for this system rather doubtful,

Ternary phase equilibrium data have been published for the benzzne-acetone-
water system!. WNo data concerning the tar acid oil-aqueous caustic system have been
published. The detailed development of the ternary thase diagram for the tar acid oil-
caustic system is not reported in this paper., [However, same discussion of the approzch
and the results is essential to the evaluztion of the results of the columnh tests.

Experimental

Absolute analytical techniques for both the tar acid content of,_ and the
species distribution in the feed stock, have not been developed to the pgmt where they
are practical on a semi-routine basis. An infrared technique for measuring the:

(1) Briggs, Conings, Ind. Engr. Chem. 35, L1l (1943).
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concentration of the OH groups was doveloped which is believed to be fairly rellable .
The tetal weight of acid is then calculated by usmg an arbitrary molecular weight
wmvh agrees ~q1th 1ong term plant experience,

Tar acids in the caustic phase were determined by potentlometmc titration
with HCY to a i of § m‘alCQholzc solution,

. The phase boundaries in part and the tie lines were obtained by mixing known
weichts of tar acid oil and 9 wt,% caustic and analysing the phases for acid :
distribution, The vhase boundaries for a number of feed stocks abtained over a two
nenti. Period were determined by cloud point titrations accerding to the method of
Cthmer®, The rhase beundary locations for some four feed stocks and a synthetic feed
f thenel in naphihalene were very similar over the temperature range between 30° and
35°2. Tie line data scatter rather badly., HNo positive trend in slope or location as
2 resull of composition or temperature differences could be seen.” These data suggest
: acrmal in-plant variations of feed composition should not affect the extraction
an verformance significantly. A gereralized phase diagram was synthesized from
hese data, : :

all L

The coluan tesis were carried out at a later date using two feed stocks
which were not a part of the above study. However, the generzlized diagram was assumed
Lo a2pply to the new feeds, This approximalion is reasonable in view of the similarity
of thenol and cresols with respect to their reactions with caustic, This apprommatz.on
n2y nol be safe if the concentration of the caustic changed apprec1aoly

The basic unit of the Rotating Disc Contactor is a cylindrical cell baffled
at zach end and stirred by a centrally located solid disc., The cells of the pilot
colunn had the following dimensions:

1D - L in.

Height 2 in.

ind paffles Yin. 0D, 3 in. ID, L1/8 in. thick
Retating disc 2 /4 in. D, L/L in. thick

he e2arly benzere-acztong-water studies and the tar acid extraction studiess were

izd out in 2 glass walled cclumn containing 2k cells, . The later benzene-acetone-
studies were cexecuted in a stainless steel column containing 35 cells, -

=
o
&
Qo
"o

Thne 2ffluent rates
e'xt The solids
meters nzarly opague

tanks was ac.optea.

luent rates were controllad by rotamelters,
iies e2re paszd on continuous weight measurem
ing the acid extraction quickly renderad the rot
causzd some sticking, As a result the use of weigh
N

Thg interface was sensed and contreolled by means of _capacitance prebes
sition on the probes during the tar a..ld extraction ferced some ”IOOlflcat

Selids depo

to the detestor system. Twe side mounted sight glass chambers wers installed with t
Trobz wWires wrapped around the outside of the alass at the desired level, A“,fﬁat?
cleaning o nsice of the glasses every 20-3C minutes was found to be satisfactery.

i
etion of the column studies a flow system interface detzctor was
, was nob subject co the problems associated with solids depositicn.

column and 3uxiliary equipment were stzam traced throughout,

'

, . ¥ L. ational
(2) Franc, H.F., Ka.javv, D J.,. Fass:.nger, L{.L'.., Paper presented at A.C.S. N

ileeting, Wew York, Sept. 8-13, 1957.

e

(3} Othmer, D. F. et al, Ind. Zngr. Chem. 33, 12L0 (l9h})-
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Discussion

The initial dispersion of the phases is generally achieved with the aid of
a mixing nozzle. The intensity of interfacial turbulence is probebly a maximum at’
this point, The mean droplet size may be a minimum. The excess mechanically imiuced
turbulence dies cut very rapidly and constant relative -vzlocities are approached
within a few inches up the column, ¥here only a few transfer units are attainsble in
the extraction column 2 significant fraction of the transfer can occur over this
stage., Coalescence of the droplets begins almost immediately after leaving the nozzle,

Performance of the mixing System is one reason why 2 decrease in the height
of a transfer stage is chtained with increasing total throughput when the number of
total stages involved is small. -

The coefficients of heat or mass transfer pzr unit area of interface have
been shown to depend primarily on the settling rate of the dreplets?, In stirrsd
systems of this nature the accelerations imposed by the stirrer are a small fraction
of that due to gravity. The rate of the stirrer in an RDC column or packing in a

packed tower, is therefore the maintenance of a minimum droplet size spectrum, Stirring

brealts down the droplets to 2 size spectrum which appears to depend on the power input
per unit volumed, The coefficient of mass transfer per unit area falls off at 2 slower
rate than the surface area increases with ingreasing stirrer speed%, That is, the
quantity transferred across the interface per unit volume of stirred vessel increases
with stirrer speed.

The importance of internal mixing within, and new surface gereration on, the
droplets as 2 result of coalescence- ard breakdown has not been resolved,

In many two phase systems, mixing of the phases at conditions other than
equilibrium results in spontanegous interfacial turbulence. Spontanzous emulsification
has been observed in a few systems. Random concentration fluctuations along the
interface produce viscosity, density, and surface tension gradients. The suriace
expands and contracts locally. This movement couples with gravity induced convection
currents due to density gradients to produce convection cells at the interface$,7,

Spontaneous intzrfacial turbulence could be detected under certain conditions
with both of the systems under study. The 2cetone-benzene~water system exhibited
‘turbulerce only when the corditions were such that the loczl solution density could be
greatzr than the liquor density below it. Whether this restriction applies to the
rhenol in naphthalene-caustic system is not certzain, The cell sizes appearad to lie
between 0.03 and 0.1 in, diameter,

The mean drop size cbserved with the benzeng-acetone-water system in the
RDC colunn was not more than 3 times the size of the cells dbserved above at flat
interfaces. At siuch low drop size to comvection cell size ratios, devzlomment of
these comvection cells might not be possible.

Thz presence of surface active agents at the interface does not innibit
normal molecular diffusion. The intrinsic mass transfer coefficient involves both

(L) Calderbank, P.H., Hoo-Young, M.B., Chem. Engr. Sci. 16, 3L (1961).
(5) Reman, G.H., Olney, R.B., Chem. Engr. Prog. Sl, 1Ll l95b)).

(6) sSterling, C.V., Scriven, L.E., A. L. Ch. Z. Journal 2, 5L (1959).
(7) oOrell, A., Westwater, Jo W., Chem. Engr. Sci. 18, 137 (1961).
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turbulent and m_olecular‘d_iffusion; This coefficient has been found to be reduced by
the swclass of surface active agents which rigidize the interface®s2,

Not generally realized is the ability of traces of solids to rigicdize an
interface,- Distilled water exposed to the atmosphere for a few minutes develops a
marked surface rigidity as a result of dust deposition®, One of the authors has noted
the came phenomena wWith 2 number of organic compounds, - :

The benzene-acetcne-water system is believed to be free of surface active.
agents anrd Should be free of solids. However, the extent of the formation of solid
precipitates at the interface during extraction of tar acids is such that major
reductions in the mass transfer coefficient could have occurred.

. The experimental values of the transfer stage height are shown on Figure 1
and 3 for the benzene-acetone-water system and on Figures 2 and L for the tar acid in
oil-caustic system.

The only significant process varizble appears to be the rotor speed both for
the benzene-acztone-water and the tar acid in oil~caustic system. For the first system
neither the direction of transfer of the acetone, the phase which was dispersed, nor
the throughput had significant effects on the number of transfer stages, The flooding
point. did however depend on the phase which was dispersed, Figure 5. The same pattern
was observed with the tar acid in oil-caustic system cver the limited ranges studied.

These data suggest that such phenomena 2s interfzcial turbulerce, surface
rigidity induced by sclids accumulaticn ab the interface, and the direction of mass
transfer are not normally important variables. The volumetric mass transfer coefficient
eppears to depend primarily on the droplet size spectrum attzinable in the system.
However, capacity does depend on the particular phase which is dispersed.

The reader is again cautioned against using the HTS values dbtained for the
tar acid in oil-caustic system for conditions other than reported. The operating lines
tend to pinch the equilibrium curve, Figure Wo. L, eand the exact location of the.
equilibrium curve is uncertain, Depending on the individual interpretation cof the
data, a 50% difference in the mumber of transfer stages may be obtained, - However, the
lecatien of the curve, while it changes the numerical values, coes not change the
observed dependence of the numbers of the operating variables,

Ore of the surprising features of the RDC column performance is the sbserce
of solids build-up within the stirred zones, The machine might be capsble of hardling
slurries. 1In general, the Rotating Disc Contactor develops & high transfer rate per
unit volune, and is insensitive to small upsets in the fzed system, and can tolerate
significant quantities of solids within the column froper.
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RDC EXTRACTION COLUMN PERFORMANCE
24-36 CELLS 4inlD. 2in.H. STIRRER DISC 2Vgin.D

N

FIGURE No.l FIGURE No.2

TRANSFER OF ACETONE BETWEEN TRANSFER OF TAR ACIDS INTO
: CAUSTIC

BENZENE AND WATER
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FIGURE No.4
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Extraction of Tar Acids with 9 wt.Z WalH in Water.
Tar Acid Cil dispersed phase,

ratio 1,9 to 2.1.

Column Rotor Total
emperature Speed  Throughput
°C rmm lbyshr.,sq.ft.
36 o 47CO
87 25 1:100
87 50 5000
a5 75 4100
86 123 4100
88 165 LLoo
92 0 5800
38 o] c8oc
35 25 6300
3 5C 5000
35 7% 5600
86 o] 3200
86 2% gi¥ee}
8L . Bo 3200
85 75 300
85 1co 3200
87 125 3100
gs 71 3200
33 230 3J1CC

TASLE I

Tar Acid Content

reed Extract
wt, % wt. 5
.9, 19.k
14,9 20.7
k.97 21.0
1, 21.0
15.% 20.2
16.8‘, 21.8
12.57 20.5
1h.3 22.0
6.8 23.0
15.4L 22.5
17.h 23.5
15.9 19.9
15.9 19.5
16.5 1.8
15.5 21:0
16.5 20.9
16.5 20.3
5.5 . 20.9
15,5 22,2

\O\O;O\IJ\O\O@OJ\(J\O\O\O\OV)\()\O\O\O\O
.

Feed to Solvent

NaCH
Solvent
wt.%

OO OO CONY NI 1O PO —3 =g 9 =

o e+ * v e &
AVAR AT S o S R g

e, of
Transfer
Stages

N
OOV =39 NNVl Ououils O

s e o o e = @ .

FETN N N = NN W NN UL 1D NN

Synthetic of Wilten Still Tar Acid Oil and recovered Tar Acid from plant,
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Zorntinucus
Phase

Benzene
(2l cells)

Water
(2l cells)

Hater
~Azztone
{358 cells)

TABLE II

Transfer of Acetone betwezn Benzene and iater zt 23°C

Rotor
Speed

Iin

100
180
315
500

500

Phase Throughput

" Benzene Water-
fcetome
1b./hr.,sa.it,
35C 650
350 ~ 650
350 650
350 650
Tc0o 1300
Benzene- iater
Acztone
70 3000
870 3cce
1430 30¢C
190C 30¢e
Benzere  Water
-Acetcne
o) 3500
1350 3300
1150 3h00
130C 37CC
1150 3400
1100 3750
1400 3500
1hCo - 3750

Acetone Content

Feed
water-
Acetone

-
Wt

fol el W e oo
.
(SRS RV

" Benzene-

Sxtract
Senzeng-
Acetone

Jt.5

Yater-

fcetone Acztone

37.8
36.5
36.5
35.5

Yater

3¢.0
30.0
31.C
29.0
31.0
30.0
25.0
29.0

h.2
9.5
12

15

Benzene
-Acetcne -Acetone

33
33.7
33.0
35.0
35.0
36.5
345
3h.3

Raffinate

Water-
Acetcne
Ht.5

Water
~-Acetone

12.3
12.5
1305
0.7
12,0
12.0
10.0

8.4

wWwwmPpw o

Transfer
Stages

‘
No.

NN WD
.
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HYDROGENATION OF DIELS-ALDER ADDUCTS OF ANTSRACENE
Kclooielski

Mellon Institute
Pitisburgh 13, Pennsylvania

iz
t“*e«depencent rezction.t At
rium is shirted in faver of <he pel
cene adducts n~as tesn suggesied as a means
alccnolis.3 Tbe low thermal stability <f tn

c
of ourifying antnracene
s

of anthracene with dienopniles is
er temperatures, usually abov
oclyeyelic aydreecarcon.? Py*cLJsl

sé adducts excludes thei” use as ¢
starting maezerials f£or the preparaticn of polymers. Ii was ithought that hydreg:
of sne cr both benzene rings in itnese adducts would prevent the pyrol
reaction and produce ccmpounds of aigher thermal stability. This was found o e

ytic
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reversai

case waen two anthracs2pne adducts, 9,il-dinydrcanthraceéne-9,lC-endo~,3-succinic

annydride (I)* and li-methylci-9,10-dibydro-9,1l0-ethanoanthracene (VIII),> wers:

nydrogenated in the rresence of ruthenium catalyst. IZydrogenaiion of

~

nigh pressure al 14

seranydroantharacene~3,10-q, 8~succinic anhydride (II).

zddu

£-313C% £ in the presence of ruthenium-on-alumina cazalyst
the abscrpticn of ihree moles of hydrogen per mole of I, oroduc;ng 1,2,3,4,42,%,%2,20-
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The infrared and ultraviolet spectira were comnsistent with structure II. The
wltraviolet spectrum was that of an ortho-disubstituted benzene, and the infrared
showed absorption bands characteristic of anhydride and ortho-disubstituted tenzene
groups.

Under the conditions employed, only ome benzene ring was hydrogenated. The
fajlure of the second benzene ring to undergo hydrogenaticon can te explained oy steric
effects as follows. The molecule of adduct I, which contains a meso~-dinydrcanthracene
skeleton, is oon-planar. It has been shown that 9,1C-dihydrcanthracene is Tent adout
the line joiming carbon atoms 2 and 10, each half of the moiecule Teing planmar tut
the two nalves inclined to sach other at an angle of approximataly 1459,2,7 Assuming
that addition of hydrcgen to the benzene rings requires a [latwise adscrption of th
ungaturated ring against the catalytic surface, it is likely that due to the tent
configuration of adduct I and to the nindering effect of the bulky anmnhydride group,
only one of the benzeme rings can be hydrogenated.® Inspectian of fhe Gedfrsy
molecular model of the adduct (I) confirms these expectaiions.

Trhe nydrogenated adduct II, m.p. 145-163° C, was a2 mixturs =f stereoiscmers,
ard nc attempi wes made to separate ithem and determine their ccnfiguraticn., Several
derivatives of interest as potential plasticizers or pesticides, zhe dissters
(1II~a, 3, ¢, d) and the N-substituited imide (IV), were prepared oy standard procedures
from II,

The foregoing results show tnati in “he presence of
selective nydrogsnaticn occurred, resultiing in the reductiicn the aromatic ring tut
not affecting the sucecinic anhydride group of the adduct {I}). 1In contrast, the annydride
group is attacked when a substituted. succiniz drhydride®:® I3 nyircgerazed in ke
presence of palladium cr platinum catalyst, the droducts cttained beirg zydroxy=-
lactones, lactones, and A-methyl acids. The reduction of adduct I in the presence of
Raney nickel at 160° C was alsc non-selective, providing a mixture of sompounds., These
were 1,2,3,4,43,%,%a,10~cctahydro~9,10=-ethancantaracene~-ll-methylcl-12=caxrscxyiic acid
lactcne (V), oroduced Ty an atiack on +he arcmatic ring ard the anhydride group;
s-ocianydroanthracens (VI); and succinic annydride (VII).

a rutheniuxp cataiysti, a
o

rroducts VI and VII could have been formed either by aydrogenciysis or
thermel decomposition of the adduct (I) followed by hydrogenaticm of the intermediates.

—£0 ' : .CH weCE
H ¢t Ho/Raney i 2
\ Nickel \
/° 150-160° C /°
1 CH —C0 E CH—CO
I . v
+
. CHa=CQ
+
7/
CHa=CO
) I v

The laetone (V), m.p. 125-145° C, was a mixture of stereoiscmers.

.
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In contrast tc I, the hydrcgemation of ll-methylol-9,10-dihydrc-3,10-ethano-
antaoracene (VIII) in the presence of ruthenium catalyst procseds further wi*h scme
reduction of both aromatic rings, affording a mixture of il-metaylcl-$,10-ethano-
1,2,3,4,4a,9,9a, l0-0ctahydroaniaracene (IX) and 1li-methylcl-9,10-ethanoperhydroanthra-
cene (X) in a variatle ratio depending upcn the reacticn time.

cth arcmasic rings of VIII occurred, since ize2 hindering
effect &f tre hydroxgmeinyl group is smaller than ithat of the rigid and tulXy anrydride

group of I. As in the previous case, no attempi was made 10 separate in2 stcraciscmers.

Experimental

1,2,3,4,43,9,9a,10-Cctahydroantnracene-9, 10—, 8-succinic innydride (II)

A mixture of 33 g, of 9,lO-dihydroanthracene-9,lO-and ~x,3-succinic ankjd* d2
(I) (m.p. 261-262° C), 250 ml. of dioxane, and ¢.0 g. of 3% rithenium-cn- 2
catalyst was placed in an "Amincc" autoclave, and ahydrogen was admitted ur
p.s.i. The vessel was shaxen and heated fur 16 ncurs at 145-148° ¢, afier which the
absorption of nydrogen ceased. The amcunt of anydrogen atsorbed vor‘escondad Lo 2bcut
3 moles ¢f nydrogen per mole of I. ter cooling, tqe catalyst was removed Ty filira-
tion and washed with acetone. The filtrate and the washing were ccmtined, and ih
solvents were removed by distillation, first at atmcspaneric cressure, ihen under
vacuum. The solid residue, after washing with petrolsum ether {3C-6C° Cj, z=
(84%) of 1,2,3,4,48,9,93,10-octahydroantnracene-3,10-c,8=-suceinic annydride (
m.Dp. ‘49-;o:° C. A samnle of the anhydride, crys:a_¢1zed from eihyl acsial
ather, melted at 175~177° C. Infrared absorption maxima: 35.45, 3,70, and u.
Ultraviolet absorption spectrum in methylene chloride: Amax 247 mu (g 248), 253 (270),
260 (297), 263 (216), and 267 (230).

Anal. Caled. for Cigili803: C, 76.37; H, 6.43; Molecular Weight, 282.3..
Found: C, 76.67; H, 6.57; Molecular Weight (Alkaline
Titration), 283.3:

In order to determine its heat stability, II was heated for 6 hours in air
to 23C-240° C. A slight discoloration, but no degradation, cccurred.

In a second experiment, a modified procedure was employed for purifying the
crude nydrogenation product. After separation from the catalyst and removel of the
solvent, the sclid residue was heated with 5% sodium hydroxide for 5 minutes on a
steam bath. After cooling and washing with ether to remove the non-acidic products,
the aqueous layer was acidified with 15% hydrochloric acid. The precipitated solid,
after washing with water and drying, gave the adduct (II) in a yield of 85%

Dimethyl 1,2,3,4,42,9,9a, lO—Octahydroantk_xracene—g, 10-¢,B~-succinate (IIT-a)

Seventeen grams of 1,2,3,4,4a,9,%9a,10-octahydroanthracene~3, 10~¢, 3~succinic
aphydride (II) and 200 ml. of methyl alcohol saturated at 5° C with anhydrous hydrogen
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chloride were heated under reflux for 6 hours. After cooling, the precipita.‘ced diester
was filtered, washed with water, and dried to yield 15.2 g. (77%) of III-a, m.p. 122~
1459 C, which erystallized from hexane-ethyl acetate (10:1), m.p. 145-147° C.

Apal. Caled. for CaoHa2404: C, 73.14; H, 7.37.
Found: C, 73.49; &, 7.53.

Dibutyl 1,2,3,4,4a,9,9a,10-Octehydroanthracene-3, 10-a, f-guccinate (III-b)

A mixture of 1,2,3,4,44,9,9a,1l0-octahydroanthracene-9, 10-a,3-succinic
anhydride (17 g.) and m-butyl alcohol saturated with anhydrous hydrogen chloride (5C mi.)
at 5° C in venzene (50 ml,) was heated under reflux for 5 hours. The cooled sclution
was diluted with ether and washed with 5% sodium hydroxide, *hsn with water. After
removal of the solvents, the residue was distilled to yield 21 g. (85%) of the dibutyl
ester, b.p. 220-225° C (1.5 mm.), npS 1.5710.

Anal. Calecd. for CagHagO4: C, 75.69; H, 8.30.
Found: ¢, 75.13; H, 8.62.

' The procedure for the preparaticn of cther diesters was as follows: A miv-
ture of 1,2,3,4,42,3,9a,10-octahydroanthracene=9,10-q,A~succinic ennydride (0.1 a.),,
alechol (0.4 m.), toluene (75 ml.), and p-toluenesulfonic acid (0.5 g.) was neated at
reflux until the theoretical amount of the water was collected in the trap. The cccled
solution was washed with 5% sodium hydroxide, then with water, and, after remcval of
the solvent, the residue was distilled.

piallyl 1,2, 3,4,48,9,92,10-Octehydroanthracene=9,10-q, 3-guceirate (III-c)

b.p. 201-203° € (0.5 mm.), np® 1.5420, 72% yield.

Anal. Calcd. for CagHagOs: C, 75.76; H, 7.42.
Found: C, 75.86; H, 7.62.

Di-{n-octyl)-1,2, 3,4, 428,9,9a, 10-octahydroanthracene-9,10-,B-succinate (III-d)

b.p. 245-48° C (0.4 mm.), np®* 1.5025, 88% yield.

Anal, Caled. for CagHs204: C, 77.82; H, 3.99.
Found: C, 77.67; H, 10.01.

N-( 2-Ethylnexyl)-1,2, 3, 4,42,9,9a, L0~octahydroanthracene-9,10-¢, B-succinimide (I7)

To 28.2 g. (0.1 @.) of II was added 12.5 g. (0.105 m.) of 2-ethylnexylamine,
and the reaction mixture was neated with stirring to 1C0° C and then set aside for 2
hours. It was then heated at 180-17C° C for =n =2dditional 2 hours. After removal
of waeter by distillaticn, the residus was vacuum distilled to give 29.9 g. (76%) of
the imide (IV), b.p. 190-232° C (3.5 mm.). On cooling, the distillate crystallized %o
give a product melting at 58-66° €, A sample recrystallized from petroleum ether
(30-60° C) melited at 72-74° C. " )

Anal. Calcd. for CpgHasMNOz: £, 79.34; F
Found: C, 79.326;

" Hydrogenation of 9,1C-Dihydrcanthracene-9,1C=x,3-succinic inhydride in the Preserce
of Raney Nickel ' :

An "Aminco" bomb was charged with 27.6 g. of the title adduct (I), 250 ml.

of ethyl alechol, and 10 ml. c_)f Raney nickel catalyst, and aydrogen was admitted

|
|
|

N

- -\
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under 1330 p.s.i. at 25° C. Tke bomb was shaken end heated at 160° ¢ for 20 hours.
The amount of hydrogen absorved corresponded to about 13.5 moles of hydrogen per mole
of the starting adduct. ter cooling, the solution of the hydrogenated prcduct was
separated from the catalyst by filtration, and the catalyst was washed with ether.
The filtrates were combined and the solvents removed, {irst at atmospheric pressure,
then under vacuum. The residue, composed of an 0il and a solid, was treated with
ethyl aleohol. The solid, insoluble in alconol, was separated by filtration to give
4.8 g. of s-octahydroanthracene. The filtrate, after removal of the sclivent oy '
distillation, gave 20 g. of an oil.

In order to separate acidic products from non-acidic, the oil (18 g.) was
neated on a steam bath with 120 ml. of 10% sodium hydroxids solution for 2 hours, and,
after cooling, ether was extracted. The non-acidic product, after eliminatizn of
ether, gave an additional 5.6 g. of s~cctanydroanthracens., The toial <f s-cciahydro-
anthracene isolated from the reaction mixture amounted to 10.4 g., or 56%. Th2 2lialine
solution was acidified with concentrated HCl, and the precipitated solid was saparated
by filtration, The aqueous filtrate, after ether extracticn and removal of ithe solvent,
afforded 0.4 g. of succinic acid. The precipitated solid (4.0 g.) was crystallized
several times from ethyl acetate to yield 1,2,3,4,42,9,9a,1C-cectanydro~-3, 10-etrano-
anthracene-li-methylol-l2-carboxylic acid lactone, m.p. 125-143° C. Infrared acsorp-

‘ticn maxima: 5.7 (lactone) and 13.0 u (ortho-disubstituted tenzene ring).

56; 4, 7.51
74; H, 7.67.

Anal. Caled. for CygHag0az: C, 80
A ¢, 79,

Feund:

Hydrogenation of ll-Methylol-3,10-dinydro~3,10-ethanoantnracens (VIII)

A mixture of 54 g. (0,228 m.) of ll-methylcl-9,1C-dihydrc-3, 1C-ethancaniara~
cene {m.p, 105-1C8° C) (VIII),** 250 ml. cf ethyl alecnol, end 4,7 g. =7 3% mitharium-
on-alumina catalyst was placed in an autoclave, and hydrogen was 2dmitied up o 163C
9.s.1. The vessel was shaxen and heated for $ hours at 150° C, after which the
abscrption of hydrogen ceased. Tne amcunt <f aydrogen absorced correspended o adout
3.3 moles of aydrogen per mole of adduct. After removal of the catalyst and sclvent,
the residue was distilled to yield 46 g. (84%) of a colorless oil, ©.p. 13G-17:° C
(0.6 mm.), np®° 1.5480, consisting of a mixture of ll-methylol-9,1C-ehanc-1,2,3,4,4a,-
9,9%a, 10-octahydroanthracene and ll-methylol-9,i0-eihanopernydroanthracene in an approxi-
mate ratio of 3 to 1. .

Anal. Caled. for 3(Cy7Hz20) + Cy7H2g0: ©, 83.89; H, 9.70; Mclecular
Weight, 244.
Found: €, 33.87; H, 1C.20; Mclecular
Weight, 248.
(From determination of the hydroxyl content by acetylaticn method.)

Upon cooling, the oil partially solidified. The separated solid, l1l-methylol-3,.C-
ethanoperhydroanthracene, crystallized from hexane, melted at 102-104° C. The infra-
red and ultraviolet spectra of the solid product showed compleie disappearance of the
aromatic ring. .

Anal, Calcd. for C,7HagO: C, 82.80; H, 1l.36.
Found: C, 82.71; H, 11.59.

A thermal stability test of the hydrogenated adducts IX and IX + X was con-
ducted as follows: Samples of the products were heated separately in air for 4 hours
at 235-240° C. The products became colored, and according to infrared spectra, “partial
oxidation to the aldehydes occurred (infrared, 5.85 up). However, no change in the
carbon skeleton of the products was observed. .

In a similar hydrogenation run, the crude product was separated from the
catalyst, a fresh portion of the catalyst (4.0 g.) was added, and the mixture was
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hydrogenated further at 160° C for an additional 17 hours. The reaction mixture con-
tained approximately 30% of IX and 70% of X.

by
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REACTIONS OF 2, 2'-BIPHENYLDICARBOXALDEHYDE
J. C. Hawthorne, E. L. Mihelic, M. S. Morgan, and M. H. Wilt

Mellon Imstitute
Pittsburgh 13, Pemnsylvania

Although 2,2'-bipnenyldicartoxaldehyde (I) was first reported by Kemmer
and Turnmerl in 1911 and later by other workers,2 it has received only limited study
tecause no simple method nas existed for iis preparation. Recent studies® on the
ozonolysis of phenanthrene have resulted in a relatively simple preparation of toe
dialdehyde from a potentially abundant starting material. The ready availability
of this dialdenyde thus served as a practical stimulus to our investigation of its
chemical tehavior,

2,2'-Bighenyldicarboxaldenyde, I, #as reacted #ith ammonia and primery amines
to give Schiff-iype tases. ¥hen I was heated with ammonium nydroxide, 5-nydroxy-5H-
ditenz{e,z)azepire {II) was formed. The structure of II was assigned from elemental
analysis and its infrared and 0 spectira. Irfrared adsorpticn tands appeared at
.15 u (=N=C-=) ard 3.2-3.3 u (=C-H). “nen I was reacted with Dernzylanmine, zethylamine,
or anilipe, 2,2'-ti(N-tenzylbenzylidenimine) (IIIa), 2,2'-bi(N-methyltenzylidenimine)
(I1Iv), or 2,2'~bi(N-phenylbenzylidenimine) (IIIc) were the respective products.
F. Mayer22 reported IIIc from the -éacticn of N-(g-icdobenzylidene)aniline and "Natur-
zupfer C". Infrared adsorpticn dends for the ~-N=C- linkage in these compounds cecurred
at 6.10 to 6.15 u.

N

CHO CHO o
> ot
N-R N-R
: il i
S | ca
I O
IIT (a) R = Benzyl
Eb) R = Methyl
¢) R = Phemyl
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Tnen II, IIIa, and IIIb were refluxed with aqueous sodium nydrosulfite,
6,7-dihydro-5H-dibenz(c,e]azepine (IVa) end the &-substituted derivatives (IVb and
IVe) were the respective products. Hydrosulfite reduction of 2,2'-biphenyldicarbox-
aldehyde monoxime also gave IVa.

Raney nickel catalyst was sufficiently active for the low-pressure hydrogena-
tion of IIIc to IVA but not II to IVa., However, hydrogenation at algher pressure of
an ethanolic solution of I and methylamine over Raney nickel ylelded IVe., Low-
pressure hydrogenation of I with benzylamine and methylamine over palladium catalyst
gave the respective products, IVb and IVe. Cnly representative azepines were prepared

by the various methods of reduction, and no attempt was made to study exhaustively the )
several different possible combinations. p
R
|
‘N
/
NaaS20 NaoSa0
11 a252U4 h ng 4 IIIa
or [Hz]/Ni 3
IVa R=H (from II).
b R = Benzyl (from IIIa) g
¢ R = Methyl (from IIIDb)
d R = Phenyl (frem IIIc)

It was found unnecessary <o isolate the Sehiff Yases prior to reducticn by
sodium hydrosulfite, By first refluxing I with the proper amine in methanol followed
by treatment with the aydrosulfite, é-allyl (V), é-(3-dimethylaminopropyl) (VI),
6-(3-diethylaminopropyl) (VII), and é={2-aminoethyl)-6,7-dihydro-5H~-divenz(c,e]azepine
(VIII) were also prepared.

¥ith the exceptiica of the latter three derivatives, these 6,7-dihydro-
azepines nad teen prepared by the reacticn of 9,0'-bis{bramcmethyl)biphenyl with /
ammonia or with primary amines.® A second method involved the reaction of dipnenic
anhydride with ammonia to give diphenamic acid. Diphenamic acid was cyelized to
diphenimide, whick was in turn reduced ty lithium aluminmum hydride to IVa.S

The present zmeinod of synthesizing these azepines is superior %o previous
methods because of *he availatility of ihe initial starting material, cheranthrene.
The ylelds of the azerpires, isclazed as acil salis, ranged from 37 to 92%.

During the present work, a 3ritish patent® was granted to Hoffman-LaRcche
Ccmpany for the reductive aminaticn of %he dialdehyde to azepines. However, the use
of scdium hydrosulfite in reductive aminaticn of an aldehyde appears to be novel,

Rardall and Smith? screened the &-sutsiituted azevines for pharmacclegical
activity and demonstrated their antiepinepnrine progerties. V was the mcst effective
member of the group tested.

When a solution of IIIa in N,N-dimethylformamide was refluxed with copper s
chromite, dehydrocyclization occurred to yield 2,3-diphenyldibenz(f,n]quinoxaline (IX). 4
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:::‘IIIII::N _Cells
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2
N Cafis

Soaratore9 reacted I and g-phenylenediamine in methanol for 48 hcurs and
obtained a glass, m.p. 52-57° C, for which he assigned the probable structure of
l5ﬂ-dluenZOLC e]benzimidazo(l, 2-a]azenlne (X). An uncnaracterized nydrochloride

melted at 260—26>° C.

o
2=Csila(NH2)2 ::[:::::
I N7 N\ or
AN \N
\ |
- — A 7
£ Xa

.In our nands, the product from ihis reactiion was obiained as a crystalline
solid, m.p. 18%-190° £, and was thoughi to exhitit polymorphism. Two different
crystal forms were 1so¢ated wnicn nad different infrared specira as Nujol mulis but
the same spectrum in carbon disulfide and the same empiricel formula. The MMR spectrum
confirmed structure X rather than Xa.

A more convenient synthesis is to react the dialdehyde with g~pnenylene-
diamine dihydrochnloride in isopropyl alconol, wherein the azepine precipitates
presumably as the dihydrochloride monchydrate. The free base can be regenerated oy
treatment with alxali., The melting point of the hydrocnloride is not definitive
vecause it is believed to exist as the dihydrochloride, the monohydrocnloride mono-
hydrate, as well as the dinydrochloride monohydraue. Decomposition occurs during
melt.ns point determinaticn, and the recorded mel irg point may te tnat of a decom-
positicn product.

“ren II was treated witz aqueous sodium bisulfite and then reacted with
potassium cyanide, 5-cyano-5i-dibenz(c,e]azepine (XI) was ovtained. #¥hen the dialde-
nyde was reacted with armonium chloride and potassium cyanide, XTI was isolated in
almost gquantitative yield.

N

= cN

I 1) NaiSOs NH4C1 I
2) KCN KCN
a
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Acid hydrolysis =f XI gave a product, 5H-dibenz{c,e]azepine-5-carboxylic
acid (XII), which could anci be sufficiently separated from inorganics for charac-
terization., The acid complexed with metallic ilons to give colored, water-insoluble
caelates. The copper chelate (XIII) was characterized.

Ki Q
COCH o g
| - |
% :izSO. ;\10 N U= \
2 'l
—0

XIII

Nitrosation of IVa resulted in 6-nitroso=-6,7-dihydro-5H~ditenz(c,e]azepine
(7Tn
xzrn.
NO

XIv

On acetylation of II by acetic anhydride, the 5-acetoxyazepine was not
isolated, but rather 2-diacetoxymethyl-2f-acetyliminomethylbiphenyl (XV). The reac-
tion mighu involve the isomeric structure, XVI.

I
NH 0
i 0 ﬂ-C-CHa

7_0COCE
CH CH CH £ OC0CEs

™ 3C0cH,

e A62O

[t}
[}

VI pa's

II was reacted with copper ion to give an insoluble complex, the structure
of which could not be determined. However, II was reacted with ethylene glycol and
cupric acetate to form 5,5'~-ethylenedioxybis(5H-dibenz(c,e]azepine) (XVII). Mono-
nydric alconols gave 0ils which were not identified,

OCH2CH20

\ /

m( OA.Q)Z
(HOCHz)z

/ \
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Wnen 1 was reacted with two molecular equivalents of acetophencne in the
presence of sodium hydroxide, a 35% yield of 2,2'-bis(l-nydroxy-2-tenzcyletayl)-
oiphenyl (XVIII) was isolatéd, and 2,2'—diphenide (XIX) was identified as a ty-product.
¥ith an equal molecular ratio of reactants, a 35% yield =f XVIII and 2 37% yield of
XIX, resulting frem a competing Cannizzaro reaction, were isolated. ZReaction of {VIII
with acetic anhydride afforded 2-diacetoxymethyli-2'-{venzoylvinylene)zipnenyl (XX).

| =3
CH~CHa~C-Cells CH=CH-C-Cas
CeHsCCCH3 AcxC : ' '
NaCH .
CB-Clia-C~Cafis CE-0CCCHs
R (0134 Q CCOCH,

XVIII XX

7N 7

Ha

(O~ =

2,2'-Bis(nydrexymethyl) tipnenyl (XXI) was cttained from I oy eiiker catalytic
aydrogenation over Raney nickel or reduction by aluminum Isopropoxide. The dicl nas
Deen prepared oy lithium aluminum aydride reduction of Yimeihyl dipnenatal® and dignenic
acidll or oy lithium torchydride reduction of dimetnyl diphenate,?@

Hz/Ni
or AL{CCH(CHa)ala

Ma.yer2a had preparsd 9,l0-phenanthraquincne by a cyanide-catalyzed venzoin-
type condensation of 2,2'-biphenyldicartoxaldenyde. It was found, ncwever, that the
intramolecular condensation was also light-catalyzed, although a geroxide, such as
zenzoyl peroxide, was necessary as an initiator.'? The choice of solvent had a marked
effect upon ihe yield of the quinone (Table I).
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Table I

Yield of Phenanthraquinone Obtained from Irradiation
of 2,2'-Biphenyldicarvoxaldenyde ian Various Solvents

Yield of
Solvent Phenanthraquinone, % Reaction Conditions
4-Butyl Alcohol 5 Irradiation (Mercury Are) for 48
Acetic Acid 15 hours at room temperature; 3 hours
Benzene 5 at reflux. Ope weight per cent
Ethyl Ether o] benzoyl peroxide catalyst. h
Tetrahydrofuran o] : J
Xylene o]
Acetone 32
The yield in acetone was increased from 32% to 50% by reflux for 72 hours.
The remaining material was unreacted dialdehyde. /
':EESI.]‘ menta.ll“ . /
5~Hydroxy=-SH-dibenz{c,elazepine (II). Four grems of I was refluxed with 2

28% ammonium hydroxide (&0 ml.) for 15 min, The mixture was cooled, and the colorless
5-nydroxy-SH-dibenz[c,elazepine (3.7 g.; 97%), m.p. 126.8-128.8° C, was collected. .
I
Anal, calecd. for Ci4H1iNO: C, 80.36; H, 5.20; N, 6.70. Found: C, 80.59;
H: 5-59; N; 700.0- ) /

2,2'-Bi(N-benzylvenzylidenimine} (IIIa). I (2.1 g.; 0.0l mole), dissolved ;
in toluene (30 ml.), was refluxed witn benzylamine (2.20 ml.; 0.02 mole) for 15 min.
The toluene was evaporated under reduced pressure, leaving an oil, Trituration #ith
water afforded the solid 2,2'-bi(N-benzylvenzylidenimine) (3.86 g.; 99%), m.p. J4~- «
97° C. Recrystallization from g-heptane gave crystals #ith a m.p, of 36-97° C.

Anal. caled. for CagHaeNo: C, 86.56; H, 6.23; N, 7.21. Found: €, 36.53;
H, 6.25; N, 7.2L.

2,2'-Bi(N-methylbenzylidenimine) (IIIb). I (4.2 g.; C.02 mole) #as heated 1
at 75-80° C in 15% aqueous monomethylamine (45 ml.) for 1 ar. wita stirring. The !
colorless crystals (4.66 g.; 98%), m.p. 1l44-146° C, were collected. Recrystallization o
from n-peptane gave the pure 2,2'-bi{N-metnylbenzylidenimine), m.p. 151.0-152.2° C.

Anal. calcd. for CiedysNo: €, 81.32; H, 6.82; N, 11.86. Found: ¢, 81.32;
H, 6.34; N, 11.84.

2,2'-Bi(N-ohenylbenzylidenimine) (IIIc). I (2.1 g.; C.0l zole) and aniline '
(2.04 g.; 0.021 mole) were rerluxed in tolueme (.0 ml.) for 2 ar., w#ith water teing J

collected in a Dean-Stark itraps. After evaporation of the toluemne, the residue was
dissolved in boiling np-neptane and the solution cooled. Lighi-yellow erystals (3.22 3.;
89%) of 2,2'-bi(N-phenylbenzylidenimine), m,p. 93.4-97.2° C, were cbtained. Further
recrystallization from g-neptane gave the pure compound, m.p. 97.6-95.C° ¢ (lis.,
98-99° (C) .22

6,7-Dihydro-5H-dibenz(c, 2]azepine {IVa), Metnod A. II (3.C z.; and sodium i
hydrosulfite (9.C g.) were refluxed in water (1CC mi.) for 3C min. <n csoling ke !
solution, colorless crystals separated and were collzctied. Addiiional zaterial #as
separated by adding sodium chioride zo tne filtrate. The ccmbined solids were iissolved
in water (200 zl.) containing concentrated hydrochloric acid (20 ml.), and tne soluticn
was refluxed for 30 min. After concentrating the solution to 50 ml. and cooling,
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6, 7T-dihydro-SH~dibenz{e,e]azepine hydrochloride (3.0 g.; 92%), m.p. 290.2-291.2° C
(1it,, 286-288° C),*° separated.

Method B: I (2.1 g.; 0.0l mole) in methancl (30 ml.) was added to a solu-
tion of nydroxylamine nydrochloride (0.7 g.; 0.10 mole) in water (300 ml.). The
precipitated 2,2'-bighenyldicarboxaldehyde monoxime (2.0 g.; 91%), m.p. 97-99° €,
was collected. !

Anal. calcd. for Ci4HiiNOa: C, 74.65; H, 4.92; N, 6.2L. Found: C, 74.63;
H, 4.96; N, 6.30.

The monoxime (1.0 g.; 0.005 mole) and scdium hydrosulfite (4.0 g.; 0.023
mole) were refluxed in water (30 ml.) for 30 min. The solid which separated cm cooling
was ccllected and refluxed for 30 zin. in 10% hydrochloric acid (50 ml.). The solu-
tion was cooled and .nmeutralized with sodium bicarbomate to precipitate 6, 7-dihydro-
5H~-diberz{c,elazepine (0.7 g.; 31%), m.p. 38-93° C. Since the amine had not been
reported as a solid, it was dissolved in ethyl ether, and the hydrochloride, m.p.
290-291° C, precipitated with hydrcgen chioride, The infrared spectrum was identical
1o that of the product frem Method A.

6-Benzyl-6,7-dinydro-5H-dibenz{c,elazepine (IVb). I (2.1 g.; 0.01 mole)
and verzylamine (1.6 mi.; O.CL> mole) were refiuxed in toluenme (15 ml.) for Ll har.
Water cf reascticn was collected in a Dean-Stark trap. The toluene was removed under
an air tlast, and the remaining 0il, dissolved in methanol, was refluxed for 45 min.
with sodium hydrosulfite (10 g.) in water (50 ml.). -The methanol was distilled from
ihe mixturs and the cooled aqueous phase decanted from the semisolid material. The
latter was refluxed with 2% hydrochloric acid (100 ml.) and the solution filtered.
The ccoled filtrate was made basic (pH 12) with sodium hydroxide. The precipitated
2il was extracted intc ether and the sther dried over potassium hydroxide pellets.
Anhydrous hydrogen chloride was passed into -the ether until the precipitation of
4=tenzyl-6,7-dinydro-3d-disenz{c, e]azepine hydrochloride hemihydrate (2.99 g.; 87%),
a.p. 203-203° ¢ (lit., 205° C),4¢ was ccmplete.

Methicdide, &-Mathyl-6-benzyl=-$,7-dihydro-5H-dibenz{c,e]azepinium iocdide,
m.p. 136~138° C (lit., 188-18%° C).40

H-Metnyl-6, 7=dihydro-5H-dibenz[c,e]azepine (IVe). I (4.2 g.; 0.02 mole) was
neated at 85° C with stirring in J0% monomethylamine (25 ml.) for 30 min, The 2,2'-
ti{N-methylbenzylidenimine) was ccllected and boiled with sodium hydrosuifite (12 g.)
and water (75 ml,) for 30 min., allowing the volume tc te reduced to 20 ml. Woen
cocl, thne agueous pnase was decanted from the semisolid product. After washing and
drying, this material was dissclved in p-heptane, and anhydrous hydrogen chloride
was passed into the solution until precipitation of é-methyl-6,7-dinydro-5H-dibenz-
[c¢,e]azepine hydrochloride (4.0 g.; 81%), m.p. 221=-224° C, was ccmplete.

Methiodide. 6,6—Dimetbyl-6, 7-dihydro->H-ditenz{c,e]azepinium iodide,
n.p. 287-289° C (Lit., 287-288° C).4¢

Hydrogenation. A golution of I (0,0238 mole) and two molecular equivalents
of the appropriate amine in ethanol (35 ml.) with the appropriate catalyst (10% on the
dialdehyde) was subjected to hydrcgenation in a low-pressure (50-60 p.s.i.g.) auto-
clave (Parr Instrument Company) or in a Magne-Dash autoclave (Autoclave Engineers)
at higher pressures. After hydrogenaticn and removal of catalyst and solvenmt, the
residue was refluxed with water (300 ml.) and sufficient aydrochlorie acid to give
pH 2. Any unreacted dialdehyde w#was collected by filtratiom, and the filtrate was
concentrated to allow crystallization of the azepine hydrochloride.
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Product Catalyst Pregsure, p.8.i.g. ture, °C hr. % m.p., °C

IVa Raney Ni 850 75 17 " 5L 287290

IVa 5% Pt on Carbon 800 35 24 " 84 284-290

Vb 5% Pd on Carbon 60 30 8 - 91 202-208

IVe 5% Pd on Carbon 60 50. 7 -7 221-227

6~Fh ihydro-JH~dibenz{c,e]azepine (IVd). 2,2'-Bi(N-phenylbenzyliden~

imine) (2.27 g.) in ethanol (50 ml.) was hydrogenated over Raney nickel (0.1 g.) at
room temperature and 50 p.s.i. oressure for 7 hr. Afier removal of catalyst and
evaporation of the etnanol, the semisolid product was crystallized from p-heptane to
give 6-phenyl-6,7-dinydro-5H~-dibenz(c,elazepine (1.3 g.; 76%), m.p. 37-90° C. Upon
recrystallization, the m.p. was 89,5~91.6° C. .

Anal, caled. for CpoHy7N: N, 5.17. Found: N, 5,38.

6=41171-6, 7-dinydro-SH-dibenzic,elazepine (V). - I (4.2 g.; 0.02 mole) and
allylamine (3.1 mi.; 0.041 mole} were refluxed in metnanol for 5 min. A solution of
sodium hydrosulfite (15 g.) in water (75 ml.) was added to the cooled solution and the
mixture refluxed for 30 min. After distilling over the methanol, the suspended oil
was axtracted into ethyl ether from the cocled aquecus phase. - After drying the ether
extract over potassium hydroxide, erude é~allyl-6,7-dihydro-SH-dibenz(c,alazepine
hydrochloride (4.88 g.; 90%), m.p. 190-200° C, was precipitated by hydrcgen chloride.
Recrystallization from methanol-ethyl ether gave a 57% yield, m.p. 214-215° C (11t.,
214~215% C).42

6=( 3-Dimethylaminopropyl) -6, 7-dihydro-5H~-dibenz (¢, e]azepine {VI). Dimethyl-
aminopropylamine {(Union Cerbide Chemicals Company) (4.90 g.; 0.043 mole) was added to
a solution of I (10 g.; 0.048 mole) in methemol (15 ml.). A&fter 5 min,, a soluticn
of scdium nydrosulfite (30 g.) in water (330 ml.) was added ard the solution refluxed
for 1 nr. After removing two-thirds of the solvent by distilleticm, 10% aqueous
sodium hydroxide (75 ml.) was added to the cooled solution to precipitate the azepire
as an oil. The oil was extracted into ethyl ether. The ether phase was washed well
with water, separated, and eveporated from the amine. The azepine was dissolved in
isopropyl alconcl and reacted with exceas hydrogen chloride. Crystalline 6-(3-di-
methylaminopropyl)~6,7-dinydro->E~ditenz{c,e]azepine dihydrochloride monohydrate, m.p.
227-230° C (dec.), seperated from the sclution. The yield was 10.9 g. (62%). This
material was recrystallized from isopropyl alcohol to a m.p. of 231.2-232.3° C (dec.),

Anal, caled., for Ciefaglls - 23CL +H20: C, 61.45; H, 7.60; C1, 19.10; N, 7.55.
Found: C, 61.29; 3, 7.3L1; C1, 12,64; N, 7.35.

&=(3=-Diatnrismincorscyl) -5, 7-dinydrc-SH-dibenz{c,elazepine (VII). The
6= 3~dietn 12mincoToTyL) derivative was gsTenarad similariy to the previous compound.
The dihydrechloride was oo d cuescent {or 2asy aandling, so the dipnosphate was
prepared oy dissolwring <oz amine in zetheznci (40 mi.) and 85% phosphoric acid (8.5 g.).
After crystallization was compliate, 17..4 Z. {7C% yield) of 6~(3~diethylaminopropyl)-
6, 7=dinydro-5t-divenzic,e]azepina dizncsprate monchydrate, m.p. 220-223° C (dec.)
(lit., 226-222° C),3 was obtained., After recrystaliization from ethanol-water, the
pure compound melied at 221.5-223.35° ¢ (éec.).

Anaj. caled. for CpiHoglNs « ZHaPC4 » 520 G, 48.27; H, 6.94; N, 5.36. Foundr
C, 48.82; H, 6.72; N, 5.19. .

19 -6, 7-dihydro=-55-dibenz
(2.0 ml.; 0.02 mole) was added to a soluticn of I (4.2 Z.; 0.02 mole) in methenol at
room temperature. After 5 min., sodium aydrosulfize (10 z.) in water (50 ml.) waa
added and the mixture refluxed fzor 1 hr., Af%er cocling, “he aquecus phase was de—
canted and the residue refluxed with 5% aqueous sodium aydroxide (2C ml.) and toluene
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(20 ml.) for a few minutes, dissolving the product in the toluene layer. The organic
phase was separated, washed with water, and dried over potassium hydroxide pellets.
The crude 6~(2-eminocethyl)-6,7-dihydro-5H-divenz{c,e]azepine dihydrochloride (4.6 g.;
74%), m.p. 225-260° C, was precipitated by hydrogen chloride. Recrystallization from
methanol gave the pure compound (3.9 g.; 63%), m.p. 268=-270° C.

Anal. caled. for Cygff1aNa » ZC1l: C, 61.73; H, 6.47; N, 9.00. Found: C,
61.42; H, 6.29; N, 9.38.

J-Dmbeg,ildlbenz[x hlguinoxaline (IX). I (5.0 g.) and benzylamine (5.1 g.)
were refluxed in tolusne (20 ml,) for 30 min. The water of reaction was collected in
a Dean-Stark trap, After evaporation of the tcluene, the residual oil, in N,N-di-
zmethylformamide (35 ml.), was refluxed with pcwdered copper chromite (C.5 g.) for
2 ar, After removal of cataliyst and =oJ.v=nt, the oily residue was :rltara‘ted with
methancl (15 ml.). The insoludle gportien (1.5 g.), m.p. 260-265° C, was crystalliized
from benzens to give crystals (1.4 g.; 15%), m.p. 272-275° ¢ (1it., 2720 C).15

15Hd-Dibenzolc, e]benzimidazo(l, 2-ajazepine (X), Method A. A solution of I
(2.10 g.) and g-pnenylenediamine (1.C8 g.) in methanol (40 ml.) remeined at ambient
temperature for 48 ar. 4After removal of the solvent by vacuum evaporaticn, a benzene
(25 ml.) solutizn of tbe residual oil was absorbed on e column (2 X 16 cm.) of neutral
alumina (Bio Rad AG7, 1CC-2C0 zesk). Zlution with benzene gave 2.35 g. of a solid,
m.p. 135-150° C. anrys‘ca._z.lzatlon from tenzene gave the produc‘c (1.37 g.; 50%), m.p.
189-190° C. Picrate, 279-261° C (dec.) (Lit., 278-280° C).° ,

. Apal, caled. for CpoHigN2: C, 85.08; H, 4.99; N, 9.93., Found: C, 85.08;
H, 5.34; N, 10.15.

NMA: The chemical shift value for the aliphatic protons was 5.03 7 (a.rea
ratio: aromatic to aliphatic protons, 5.5; theory, 6.0). A compariscn of 1.82 t for
the methine proton in salicaldoxime and 6. 38 7 for the methylene protons adjacent to
the phenyl group in N,N,N' N'-tetrabenzylmethylene diaminel6 led to the assigmment of
structure X rather than structure Xa.

The disldenyde (2.10 g.) and g-phenylenediamine dinydrochloride (1.51 g.),
dissolved in methanol (25 ml.) (a deep-red solution), were haated at reflux for 20
min., (red color was discharged). The volume 7as rﬂduced by one-nalf and the mixture
cooled. The crystals thus formed (2.36 g.), m.p. 252-256° C begicning at zmbient
temperature, were collected. If 2 sample were J.n‘croduced into the melting poing
block at 240° C, the sample melted with gas evolution, solidified, and remelted at
252-256° C. The infrared spectrum contained peaks at 2.8 u, 3.8 u, and 4.3 u. Thus
the composition X » ZHC1l » Ho0 was assigned. A sample of the above, neated at 140° C
under vacuum, lost 4.34% in weight (theory for 1Hz0: 4.83%) and now melted at 256~
260° C. The 2.3 u peak was now missing in the infrared spectrum of the dinydrochloride.
X« ZHCL (1.0 g.) was recrystallized from isopropyl alcohol (25 ml,) and water (1 ml.).
The crystals (0.5 g.) now melted at 263-267° ( when placed in the apparatus at 240° C
(m.p. 240-245° C from ambient temperature). The infrared spectrum row contained peaks
at 2.3 g and 3.8 p but none at 4.3 u, giving support to the composition X . HCL . H20.

Anal, calcd. for CzoHiaNz - HC1 - HzO0: N, 8.32; C1, 10.53. Found: N, 8.40;
Cl, 10.40.

Methed B. I (2.10 g.; 0.0l mole) and o-phénylenediamine dihydrochloride
(1.81 g.; C.0L mole) in isopropyl alcohol (50 ml.) were refluxed for 2 hr. The reac—
tion mixture was cooled to 0° C and filtered. The residue (2.34 g.) was washed with
cold isopropyl alcohol (1C ml.) and dried. The aydrocnloride was dissclved in boiling
95% ethanocl (20 ml.), and water (60 ml.) was added. Tke solution was made alkaline
(pH 8) with aqueous 2C% scdium aydrexide solution. The azepine base separated. After
concentrating to cne-half cof the volume, the free base was collected. The yield wes
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1.99 g. (70%) of buff-colored product melting at 185-188° C. Crystallization from
benzene gave rhomboid-like crystals, m.p. 186-1899 C. Recrystallization from
O-heptane gave mixed crystals, which on repeated recrystallization from g-heptsne
gave solely a needle form, m.p. 189-192° C. /

Anal. caled. for CaoHisNa: C, 85.08; H, 4.99; N, 9.93. Found: C, 85.26;
H, 5.28; N, 10.19. 1

The needle form of X could be reconverted to the rhomboid form by dissclving /’
in methanol,- evaporating to an oily semisolid, and crystallizing fram ethyl acetate. i
A few repetitions of this process gave solely the rhomboid form of X, m.p. 188-191° C,

Anal, caled, for CooHigNa: C, 85.08; H, 4.99; N, 9.93. Found: C, 85.24; ;

H, 5.05; N, 9.85. /1
/

/

Comparison of the infrared spectra of the two forms in Nujol mulls showed i
sufficient dissimilarity to suggest polymorphism. The rhomboid form showed bands at
6,2 p and 14.1 p, which were absent in the needle form. The needle form showed bands
at 10.8 p and 11.9 u, which were absent in the rhomboid form. Solution infrared
spectra of the crystal forms in carbon bisulfide were idemtical, with no absorption
at the above wave lengths.

5-Cyano~SH-dibenz[c,elazepine (XI), Method A. A solution of II (6.3 g.;
0.03 mole) in acetic acid (30 ml.) was added to a solution of sodium bisulfite (3.1 g.;

0.03 mole) in water (75 ml.) and evaporated to drymess. A solution of potassium 4
cyanide (1.9 g.; 0.03 mole) in water (30 ml.) was added to the residue dissolved in
water (200 ml.), The solution was heated at 90° C for 1 hr., 5-Cyano-5H-dibenz(c,e]- P
azepine (5.0 g.; 82%), m.p. 150-152° C, precipitated. Recrystallization from ethyl
acetate-p-heptane gave & m.p. of 154~156° C. y

Anal, caled. for CsHygNa: C, 82.56; H, 4.62; N, 12,83, Found: C, 82.46;
H, 5.21; N, 12.84. ’

Method B. A solution of I (21.0 g.; 0.1 mole) in methanol (300 ml.) was
slowly poured into water (3 1.) containing ammonium chloride (16 g.; 0.33 mole) and J
potassium cyanide (6.5 g.; 0.01 mole)., The solution was refluxed for 30 min. and ]
cooled. The 5-cyano-5H-divenz(c,e]azepine (20 g.; 99%), m.p. 150-153° C, was collected, |
washed with water, and dried.

5H-Divenz[c¢,e]azepine-5-carboxylic Acid (XII). 5-Cyano-5H-dibenz{c,e]azepine ‘
(2.6 g.; 0.012 mole) was refluxed for 2 hr. in 67% sulfuric acid (50 ml.). The cooled /
reaction solution was poured into cold water (100 ml.) contaiming sodium hydroxide
(34.6 g.). The pH of the solution was then adjusted to 6.8, and the solids, consisting
of the product and sodium sulfate, which separated were collected and dried. 5H-Dibenz
[c,e]lazepine-5-carboxylic acid was extracted from the solid into hot methanocl. Evapora~
tion of the methanol gave 2.4 g. (87%) of the acid, m.p. 249-253° C. Since the acid
was difficult to free of sodium sulfate, an analytical sample was prepared in the form
of a water-insoluble copper chelate, XIII. A solution of copper sulfate pentahydrate
(0.628 g.; 0.0025 mole) in water (25 ml.) was added to a solution of the acid (1.1 g.;
0.005 mole) in water (25 ml.). The lavender-colored complex (1.2 g.), m.p. 221-222° C,
which precipitated was collected, washed, and dried. ’

Anal, caled., for (C,sH;oNOa)aCu . 2H20: C, 62.98; H, 4.22; Cu, 11.10; H20,
6,29, Found: C, 63.10; H, 4.20; Cu, 10.77; Ha0, 6.12.

6=Nitroso-6, 7~dihydro-5H-dibenz(c,e]azepine (XIV). Sodium nitrite (2.8 g.;
0.04 mole) was added to a solution of 6,7-dihydro-5H-dibenz(c,e]azepine hydrochloride
(2.0 g.; 0.009 mole) in water (150 ml.) and hydrochloric acid (2.0 ml.). 6é=Nitroso-
6, 7-dihydro-SH-dibenz(c,elazepine (1.8 g.; 93%), m.p. 107-112° C (dec.), which crystal-
lized from solution, was collected and dried.
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Anal. calcd. for Cy¢HjoN20: C, 75.00; H, 5.36; N, 12.50. Found: &, 74.90;

H, 5.55; N, 12.53.

2-Diacetc y1-2! -acetyliminotivheryl (¥7). 1II (2.3 g.) was refluxed in
acetic anhydride (30 ml.) for 30 min. AfTer remcvirg toe sxcess acetic anaydride oy
vacuum distillation, the crude product (3.5 g.), m.p. 132-160° C, was washed with ethyl
acetate (15 =l.). The undissolved material was 2-diacetoxymethyl-2'-scetylimincmethyl-
bigeenyl (2.0 g.; 51%), m.p. 177-181° C. Recrystallization from ethyl acetate gave
the pure compcund, m.p. 184~18€° C.

Anal. caled. for CaoHi1sNOs: C, 67.97; H, 5.42; N, 3.98. Found: C, 67.81;
H, 5.40; N, 4.26.

5,5'~Ethylenedioxyois( SH-divenz{c,2a]azepine) (XVII). Cupric acetate monmo-
hydrate (7.5 g.; 0.038 mole) was added to a solution of II (15 g.; 0.072 mole} in

" ethylere glycol (150 ml.) and water (23C ml.) and the mixture refluxed for 1.5 ar.

Precipitated cupric nydroxide was removed ty filtration and chloroform added <o the
£iltrate. The cnloroform was washed with 7% aquecus sodium bicartonate (300 mi.) and
then wiih water. Ar.*er separation, the chlcroform layer was evacorat.ed to a volume
of 2C0 xzl., and p-neptane was addea to cause crystallizaticn of the crude product
(1.7 z.; /-,:) m,p. 227~232° C. Recrystallizatica from chiorofcrm~aceione gave tae
pu.r° compound, M.p. 244-246° C.

Aral. caled. for CapgHoeN20z: C, 80.96; H, 5.44; N, 6.30, Found: C, 80.79;
H, 5.58; N, 5.26,

2,2'-Bis{l-nydroxy~2-venzoyletkbyl)bivhenyl (XVIII). A soluticn of scdium
aydroxide (2 1 g.) in water (80 ml.) was added 0 a solution of I (4.6 g.; 0.022 mole)
in ethanol (30 =ml.). Acetophencme (5.2 g.; 0.C44 mole) was added to the resulting
solution over a l-min. pericd. Coloriess crystals scon formed and after only several
minutes were collectaed, washed with ethanol (-5 to 0° C), and dried. This crude
2, 2'-c’s("-wd:oxy-z-cenzovletbyl)olunezvl weighed 3.5 g. (55%), m.p. 175-185° C,
Rec lization from methanol gave the pure compound, m.p. 238.5-239.0° C (dec.).

Anal, caled. for CaeHzs04: C, 79.75; H, 5.8l. Found: .C, 79.74; H, 5.69.

The use of ome molar equivalenmt of acetopnencme as apove gave 35% yield of
XVIII and 57% yield of diphenide, m.p. 1241309 C (Lit., 132° C).' The infrared spec-
trum was identical with that of authentic diphenide.

2=Diacetoxymethyl-2'-{benzoylvi ipk 1 (XX). 2,2'-Bis(l-hydroxy~2-
benzoyletnyl)biphenyl (6.0 g.) was refluxed in acet:.c annydride (lCO ml.) for 1 ar.
The -acetic anhydride was removed by flash evaporaticn., The residual oil was dissolved
in ethanol; from which, on comcentration, 3.9 g. (70%) of crude 2-diacetoxymethyl-2'-
(venzoylvinylene)tiphenyl, m.p., 197-204° C, was obtained. Recrystallization from
ethyl acetate gave the pure cocmpound, m.p. 208.5-209.5° C. -

Anal. calcd. for CpgHazOs: C, 75.30; H, 5.36; N, 19.34. Found: C, 74.92;
H, 5.46; N, 19.62. ,

2,2'-Bis(hydroxymethyl)biphenyl (XXI), Method 4. Aluminum isopropoxide
(2.8 g. ,‘0 014 mole) was mixed with anhydrous isoprcpyl alecohol (100 ml.) containing
I(4.2g.; 0.02 mole). Acetone was distilled from the reacticn throuygh a 12-in.
Vigreaux columm followed by the majority of the isopropyl alechol. The cooled reaction
mixture was poured into 2C% hydrochloric acid (100 ml.). The precipitated 2,2'-bisg=~
(hydroxymethyl)biphenyl (4.0l g.), m.p. 92-100° C, was collected, washed, and dried.
Recrystallization from benzene gave 2.79 g. (65%) of material melting at 109.4~1C9.8° C
(1it., 112-113° C).10
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Method B. I (15 g.) in ethanol (1CO ml.) was hydrogenated {50 p.s.l.) over
Raney nickel catalyst (0.5 g.) at 52° C for 18 nr. After removal of the catalyst by
filtration, the ethanol was flash evaporated and the residue recrysteliized from
benzene to give 12.4 g. (8l#) of 2,2'-bis{hydroxymetnyl)biphenyl, m.p. 109.0-109.8° C,

: 9,10-Phenanthraquinone. A solution of I (2.1 g.; 0.0L mole) in acetane
(100 ml.) Containing renzoyl peroxide (0.02 g.) was refluxed for 72 hr. with con-—
tinucus irradiation from a mercury vapor lamp (Hanovia Chemical and Masmuifacturing
Company, Type 16200; filter removed) at a distance of 5-6 in. The solution was
aerated at ‘the rate of approximately 0.0¢6 S.C.F.M. The acetone was {lash evaporated,
and a 50% yield of 9,lC~pnenanthraquinone, m.p. 196-206° C (lit., 206-207° ¢),*7 was
recovered ty washing the residue with ethyl ether. The material dissolved in the
ether was largely unchanged dialdehyde, identified by an infrared spectrum.

Other sclvents~3i~tutyl alconol, acetic acid, tenzene, ethyl ether, tetra=-
hydrofuran, and xylene-—wsre emplcyed similarly, except ithat the reaction time was
48 hr. at room temperature follicwed by 3 br. at reflux.
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