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I. Introduction 

About four years ago, the Research Council of Alberta initiated a 
series of coordinated, continuing studies from which several important inferences 
about the structure of humic acids can now be drawn. The present paper is intended 
briefly to review these studies and to outline those features of the humic acid mole- 
cule which can, in our view, be formulated with some confidence. 

Almost all experimental data cited in the following sections were dupli- 
cated by working with humic acids derived from a weathered N. Dakota lignite*, 
and a weathered subbituminous coal occurring at  Sheerness, Alberta. However, 
since these two materials displayed virtually indistinguishable behaviour, no at- 
tempt is here made to differentiate between the respective sets of results: and it 
is, in fact, tentatively contended that coal-derived humic acids may be regarded 
as chemical entities whose main structural features are essentially independent of 
their souces of origin. 

II. The Molecular Weights of Humic A c i d s  

In view of the then prevailing uncertainty about the size of the humic 
acid molecule, the initial study was concentrated upon renewed attempts to deter- 
mine significant molecular weights (1). For convenience, a cryoscopic technique 
was used for this purpose, but in place of conventional solvents (e.g. acetamide, 2)$ 
sulfolane was employed. 
advantages. It possesses an unusually high cryoscopic constant (K = 65.5 degrees - 
kg per mole); it affords a ready means for dissolving humic acids and completely 
drying the resultant solution; and it appears to eliminate disturbing effects due to 
solute association and/or dissociation. Generally ideal behaviour of sulfolane 
could, for example, be demonstrated by experiments with solutions containing such 
diverse compounds a s  benzoic acid, donaphthalene sulfonic acid and biphenyl: 
in all instances, K proved to be quite independent of solute concentrations over the 
molality range 0.01 to  0.10. Direct evidence for the absence of association of 
solute molecules in a sulfolane solution could also be obtained from infrared data - 
fiotably from analysis of the -COOH and -OH stretching frequencies of simple analog 
compounds. 

This solvent (3) offered several distinct and important 

* Commercially marketed as  Baroid Carbonox. 
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Using the sulfolane method with a series of carefully fractionated 
humic acids, molecular weights ranging to ca. 10,000 were recorded (1) and 
broadly confinned by sedimentation velocity measurqnents. 

It is of some interest to note that while molecular weights of the 
order of thousands stand in marked contrast to previously reported cryoscopic 
data, they are in general agreement with semi-quantitative diffusion measure- 
ments reported, inter alia, by Dryden (4). 

IIL. The Disposition of Peripheral Functional Groups 

Estimate.s of the concentrations of functional groups by established 
methods (5,6) yielded results comparable to those reported for humic acids by 
other laboratories. Typical values (7) were: -0CH3 1.7, phenolic -OH 2.7, 
and -COOH 4.3 milliequivalents per gram. More detailed studies, however, 
permitted some refinement of these data and, more important, inferences about 
the disposition of certain functional groups around the molecular periphery. 

When solutions of humic acid in sulfolane were heated to 170° - 200oC 
under reduced pressure and subsequently examined by infrared spectroscopy, the 
intensity of the original carboxyl carbonyl absorption at 1735 cm-l was found to be 
greatly reduced, and two new bands centring at 1850 and 1785 cm-l were observed 
(Figure 1). 
and 1,2-naphthalic anhydrides formed in hot sulfolane, these bands were assigned 
to 5-membered ring anhydrides of humic acid, i. e. to simple dehydration products 
of the type, 

Since identical absorptions were seen in the infrared spectra of phthalic 

\ - COOH 

II COOH /- 

\..-c = 0 
* /I '0 + H20 
/-C?=o 

and it was concluded that a substantial number of -COOH groups in the humic 
acid molecule occupy mutually adjacent sites. Six- or 7-membered ring anhydrides 
coul'd be ruled out- because of their infrared absorption at quite different frequencies, j 
and still larger cyclic anhydrides were discounted by the rather narrow band separation 
generally seen in the spectra of such compounds. 

, 

When, on the other hand, humic acid is refluxed with acetic anhydride, 
a more complex situation is created. 
again greatly reducbed, but now at least four new bands (at 1850, 1820, 1785 and 
1745 cm") are found; and the 1785 cm'l band is, compared with the 1850 cm" 
absorption in the same specuum, substantially more intense than in the spectrum 
of humic anhydride formed in hot sulfotane (Figure 1). 

The intensity of the original -COOH band is 
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On the assumption that reaction with acetic anhydride forms, among 
other products, the same anhydrides a s  are produced by heating sulfolane 
solutions of humic acid, cyclic 5-membered ring anhydrides were therefore 
now supposed to account for only a part of the 1785 cm" absorption, and a 
number of theoretically possible conaibuting smctures were examined. Among 
these were cyclic anhydrides of type (I), open chain anhydrides, including mixed an- 
hydrides (E), lactones 0, esters (presumably of the phenolic acetate type IV), 
and esters and/or anhydrides formed between molecules of humic acid. 

'tr 
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I II 
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The results, partly based upon extended experimentation with ex- 
haustively methylated, alkali-hydrolyzed humic acid and acetyl analyses (8) led 
to the following conclusions(7): 

(a) Approximately 80% of all -COOH groups existing in humic acid 
occupy sites permitting the formation of cyclic ring anhydrides. 

@) Approximately one-fifth of all -COOH groups form linear mixed 
anhydrides when humic acid is reacted with acetic anhydride (but not in sulfolane) 
and-must therefore exist as  isolated groups or in odd-numbered groups on adjacent 
ring sites. . .  

(c) Of the several, theoretically possible 6- and 7-membered ring 
anhydrides, only anhydrides of the diphenic type (I) are consistent with experi- 
mental evidence. 

Since a part of the strong 1785 cm" band in the spectra of humic an- 
hydrides formed by reaction with acetic anhydride can also be ascribed to esters - 
and in particular to esters of polyfunctional phenols - it is tentatively further 
thought possible that a proportion of the total -OH content of humic acid may occur 
a s  groups of 2 or 3 -OH residues on the same ring or condensed aromatic nucleus. 
This view is, however, subject to rather severe limitations since -OH residues 
located orrho or para to each other would undoubtedly be converted to quinones by 
the conditions under which humic acids form. 
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IV. QuinoneStructures 

When humic acid is reacted with diazotized sulfanilic acid, a water- 
soluble derivative forms through introduction of -N=N-C&403H and/or 
-CgHq-S03H. Both mechanisms, i. e. interaction with phenolic structures or 
with quinones, are consistent with infrared spectral evidence in that both would 
lead to the new absorptions indicative of the presence of sulfonic groups which 
are observed (Figure 2b); but since the former requires introduction into the humic 
acid molecule of two nitrogen atoms per additional sulfur atom (which analysis 
shows not to occur to any significant extent), it has been concluded that the domi- 
nant reaction involves a free radical attack on quinones at  an available position. 

Proceeding from this recognition, an interesting route to further 
elucidation of the structure of humic acid can be developed (9). 

Of the two most probable theoretical free radical mechanisms by which a 
-C&14-S03H group is introduced into the humic acid molecule, one - a Gomberg 
reaction - must be ruled out on evidence offered by Gomberg and Pemert (lo), 

of the type 
Grieve and Hey (ll), and Walling (12). There remain therefore only interactions 

from which it follows that humic acid molecules reacting with the diazonium 
salt must contain one or more of the -basic structures V, VI and VII. 
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NOW, the possible existence of these (or similar) entities in humic acid 
has been recognized for some years. 
has now been obtained by infrared studies on methylated* and subsequently acetylated 
humic acids. Of particular importance was the existence in the spectra of these com- 
pounds of a fairly intense absorption band a t  1660 cm’l (Figure 2d), i.e. at the same 
frequency at which a wide range of relatively simple quinones (cf. Table I) show a diag- 
nostic absorption. If this observation is viewed against the background of polarographic 
evidence (13) and x-ray diffraction data (14) - which prficlude polycondensed ring 
systems of more than 4-5 rings in low and medium rank coals - it can be concluded 
with reasonable safety that while simple benzoquinones cannot be postulated, possible 
structures could include OH-substituted naphthoquinones and anthraquinones as well as 
more complex systems containing heterocyclic oxygen. Detailed examination of the 
infrared spectra obtained in these laboratories leads, in short, to the conclusion that 
structures VIII and IX appear to be the simplest consistent with presently available 
evidence. 

But more unequivocal information about them 

Table I. Carbonyl stretching frequencies of quinones 

Compound 
Frequencies 

Cm-1 Phase 

1,4-Benzoquinone 
1,2-Benzoquinone 
lt4-Naphthoquinone 
1,2 -Naphthoquinone 

9,lO-Phenanthraquinone 
Anthraquinone 

Anthrone 
Bianchrone 
Bianthronyl 
Anthanthrone 
Dibenzypyrenequinone 

3,8-Pyrenquinone 
3,lO-Pyrenequinone 

Dibenzanthrone 
isoViolanthrone 
Pyranthrone 
Helianthrone 

1,2-Chrysenequinone 
1,2-Benzanthra-9,10-quinone 
1,2,3,4-Dibentanthraquinone 
1,2,5,6-Dibenzanthraquinone 
3,lO-Perylenequinone 

1665 
1669 
1662 
1678 
1671 
1670 
1654 
1657 
1656 
1650 
1645 
1636 
1640 
1645 
1646 
1642 
1642. 
1661 
1664 

1662,1749 
1652 
1650 

Mull 
CCl4 
Mull 
CCl4 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 
Mull 

Initial methylation was designed to block all readily accessible hydroxy groups of 
phenols and carboxyls and thereby to avoid interference due to acetate esters and 
anhydrides in the 1800 and 1740 cm” regions of the infrared spectra. 
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It i s ,  in this connection, noteworthy that estimates of the concentration 
of quinones in humic acid (9) by several different techniques yielded values of the 
order of 0.8 2 0.2 milliequivalents/$n. 
hydrogen-bonded quinones, which was derived from acetyl determinations on the 
assumption that each quinonoid oxygen is. H-bonded to one phenolic -OH that can 
in turn be acetylated by acetic anhydride, was found to be 0.63 milliequivalent/gm . 
(and thus in good agreement with previously reported values; 15,16,17,18). 

The corresponding concentration of 

An estimate of the carboxyl carbon 1:quinone ratio was obtained from the 
relative intensities of the 1660 and 1735 cm-'absorptions on the assumption that 
the relationship between these bands was similar to that prevailing in the infrared 
spectrum of 2-@-carboxyphenyl)-l, 4-naphthoquinone (which was chosen as  a 
suitable model compound - Figure 2e). 14 as com- 
pared with 
it is, in view of the obvious inaccuracies entailed in the estimation via infrared 
spectra, not excessive. 

This ratio was found to be 
6 calculated from analytical data. While this discrepancy is large, 

With respect to the water-solubility induced in the humic acid derivative 
by reaction with the diazonium salt i t  might also usefully be noted that this appezis 
only partly to arise from the introduction of sulfonic acid residues; a conn3x:ory 
factor seems to be cleavage of -CH2- bridges and the consequent reductioz in mole- 
cular size. In support of this view attention is drawn to the identification of formal- 
dehyde among the reaction products. The formative step for this would be 

HOAr'CH2Ar'OH -F 2Ar1'N2C1 - 2HOAr'NzAr" + CH20 

Recent experiments in these laboratories have shown that coals can 
undergo similar reaction with diazotized sulfanilic acid, but that the yield of water- 
soluble products decreases rapidly with increasing rank. While a lignite (C = 71% 
d.a.f.) showed after two treatments a ca. 80-90 per cent conversion, two subbitu- 
minous coals (C = 74 and 80% resp.) yielded after several treatments only about 50 
to 70 per cent water-soluble derivatives, and a bituminous coal (C = 87%) proved 
almost wholly unreacted. 
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An alternative technique now actively being explored, i.e. sulfo- 
methylation (19,20,21) by means of CH2=O and NaHSO3 leading to the addition of 
-CH2!jO3H to the aromatic nuclei, has been shown to produce analogous results 
(and, if anything, to be even more strongly affected by coal rank). It is, however, 
considered that yields of water-soluble products obtainable by this reaction, or by 
reaction with a diazonium salt, can be significantly increased by mild preliminary 
oxidation of the coal. 

V . The Skeletal Structure 

From measurements of the viscosities of humic acid solutions it has been 
concluded that humic acids may resemble flexible, linear polyelectrolytes (22). 
This conclusion, however, is considered untenable since humic acids show surprising 
stability in high-intensity ultrasonic fields (23); even prolonged exposure at frequencies 
up to 2 mc/s and intensities up to -10 watts/cm2 have failed to induce molecular 
rupture. Since the molecular weights of the test samples exceeded 5,000, i.e. a size 
at  which linear molecules would degrade, it has, in the light of x-ray diffraction evi- 
dence, been postulated that the most probable skeletal structure involves relatively 
small (3-4 condensed ring) aromatic systems interlinked by mixed -0- and -CH2- 
bridge structures. Linkage by -0- 02 was ruled out by the fact that pyrolysis of 
humic acids yields considerable quantities of tarry matter (and, subsequently, by the 
detection of CH2=O as a by-product of reaction with diazonium salts, cf. above). 

To test this general concept in detail, and to develop means for quanti- 
tative estimation of -CH2- and -0- concentrations, current studies in these laboratories 
are directing attention to reactions of humic acid with (a) BF3 in phenol, and (b) Na 
in liquid ammonia. 

Interactions between coal and BFg-phenol have recently been reported by 
Heredy and Neuworth (24) who found 60-80% conversion of a high volatile bituminous 
coal into soluble products, presumably by the rupture of methylene bridges between 
aromatic nuclei. 
this reagent mixture. The reaction appears to be accompanied by considerable mole- 
cular degradation* and several direct comparisons are possible between Heredy and 
Neuworth's and our results. Thus: 

We have now observed humic acids to be completely soluble in 

(a) A considerable increase in weight results from interaction between 
humic acid and BFg-phenol (e.g. from 13.6 to 29.0 gm); this indicates a combined 
phenol content of 53.2% which compares with a value of 55.7% reported by Heredy 
and Neuworth for one of their fractions. 

(b) The reacted, BFg-phenol-soluble humic acid is, like the soluble coal 
fraction (above) of Heredy and Neuworth, soluble in methanol. 

* Quite low molecular weight crystalline reaction products have been isolated from 
the mixture and tentatively identified by us. Details will be published elsewhere 
in due course. 
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(c) The phenolic -OH concentration in reacted humic acid amounts to 
ca. 5.1 milliequivalents/gm (as compared with 4.3 milliequivalents/gm for the 
reacted coal fraction referred to in (a) above). 

A particularly noteworthy observation is that the carboxyl groups initially 
present in humic acid are completely eliminated by reaction with BF3-phenol - 
probably as  a result of BFg-catalyzed condensation of the type (26): 

0 
BF3 II Ar COOH + PhOH b A r c  -PhOH 

or 

If a scheme of this form is tentatively accepted, the further assumption 
that each -CH2- group reacts with two molecules of phenol leads to the conclusion 
&at methylene bridges occur in humic acid a t  the rate of one per every -200 
molecular weight units. An assumption that each -CH2- reacts with a single phenol 
molecule (24) would halve this estimate. Lf it is (quite reasonably) supposed that a 
proportion of 4H2- will survive the oxidation processes by which coal is converted 
into humic acid, even the first estimate is in good agreement with a value of ca. 
one -CH2- per every 100 molecular weight units in coal (26). - 

The interest attaching to reactions with sodium in liquid ammonia arises 
primarily from the ability of this reagent mixture to cleave aromatic ether linkages 
which are, for various reasons, presumed to exist in humic acid (and coal). De- 
tailed studies of this aspect in our laboratories are still in their initial stages; but 
it is worth noting that while reaction between humic acid and Na-NH3 leaves a sub- 
stantial residue of insoluble material, the derivative obtained from reaction with 
BF~-phenol becomes completely soluble in acetone. 
to the view that this differentiation lends some support to  the existence of mixed 
-CH2- and -0- bridges in the parent molecule. 

We are tentatively inclined 
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FIGURE 1. H d c  acids and derivatives 

(a parent h d c  acids ( suzfoZane mull). ( c )  parent humic acid (RujoL mulr) . 
(b 1 humic acids heated in sulfolaae 

( a u l f o h n e  H). acetic a n h a  -l. 
(a) humic acids treated w i t h  boiUng 
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FIGURE 2 .  Humic acids and derivatives. 

(a) parent humic acids. 
@) 
(c) methylated. 
(d) 
(e) 2-(p-~arboxylphenyl)-l, 4-naphthoquinone. 

treated with diazotized sulfanilic acid. 

product of (c) treated with acetic anhydride. 
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TJ. $. 3ep&mnt of the Illterior, G r a d  Forks 
Lignite Research Iaboratory, Bureau of I~iines, 

G r a d  r'orks, N. D&. 

The t e n  "hunic acid" -as f i r s t  applied i n  1 ~ 2 6  by Sprengel (9) to  that broTm 
morphous 2recipitate which is obtain& .PJ a c i d i w  the &di extract  of decayed 
orga;lic matter i? so i l .  
extractes aot  on ly  f rom.soi l  but also from peat, b rom coal, oxidized biixrdnms coal, 
a d  even from a r t i f i c i a l  materials obtained i n  the i abora tog  by action of  inorganic 
acids or  cr;i&izing agezts  on carbo&ydrattes, proteirs, and phecols. Odizl (8) in 
1922 re2slined humic acids as yeellow-brown t o  black-bro?m substances of e o - m  
constitution, forneed in nature by decoqosi t ion of organic m.teria3.s u d e r  atnos- 
2heric influence or in the laboratory by chemical action. 
hytkogeo ions and fom typica l  s a l t s  Uith strong bases 3nd u s e  are insoluble in  
water, so1EbI.e in alkali, and reprecipitated by %id. I n  general, bumic accids a.re 
not chemically urdlorm substances , but are Qdrophilic, reversible colloids with 
molecular Yieights varying ~Yon 300 t o  as high as 10,000 units. 
c v ~ y  a negative charge. me a l k a l i  solubi l i ty  of hmic  acid is due t o  carboxyl 
and phenolic hydroxyl groups vhich account f o r  about 22 gercent of the might of  
the mlecule. 

Since the inception of the tern, % m i c  acids have been 

Zmic acids can sp l i t  o f f  

,Theirmicelles 

E d c  acid i s  an e s sen t i a l  part of soil. It is this nater ia l ,  present in good 
soi l ,  that  fixes nitrogeo, d e s  available t o  the plant, tluwugh base exhange, the 
s o i l  nutrients, and inprows the physical structure of the soil .  In recent years, 
mch research has been conducted, particuLarly in Edia, Japac, C e m a n y ,  -%ssia, 
and AFrance, on replenishing "&e depleted h-c acids of soils v i t h  the so-calle& 
"regmerated h d c  aciCs" obtained by oxidation of coal. 
vHch closely resemble the natmd h M c  acids, have e i the r  been &ed direct ly  
t o  the soil or first suppleaented witin plant nutrients. 
have & o m  that these humic acid 2reparations Lzprove plant  *PELS (3), decrease 
loss of noisture from t& s o i l  (6 ) ,  a d  increase the irorkability of  the soil (2).  

'These regenerated acids, 

Greenhouse and f i e ld  tes t s  

As a convenient and comercial  saurce of humic acids, eLeensive reserves o f  
naturally-oxidized U&te occur v i th  virtu- dJ. l ign i te  outcrops in €ioiO-rth Dakota. 
This na ix rw-ox id ized  ma te r id ,  ;hi& contains up to 56 gercent h d c  acids on a 
moisture-and-ash-free basis, has been given the -e " k o n a i i t e , "  mer A. G. 
Leonard, first director  of the K o f i  Da$ota Geological Sur t -e~ ,  vho dici such of the 
ear ly  studies on these deposits (1). 
structure t o  lignite, but s ign i f i can tb  6ifferer;t in i t a  oxygen d ash contents. 
In Table 1 the u l t b a t e  W e s  of l igni te ,  l e o d i t e ,  l ign i te  oxidized with aFr 
in the laboratory a t  150" C, and h d c  acid extracted r b n  l e o d i t e  with UT ??aCB 
are  conpared. "he ash content of leonardite -mries fron mine t o  mine but is ? 1 s u a l l 3  
between 15 and 30 percent on a moisture-free basis. 

Leonardite is a c o U e  substance similar i n  



TABLE 1. - h a l y  ses of &mitic  materials, uercent 

Humic acid extracted 
Oxidized f rom leonardite 

Leonardite Lignite l i g n i t e  by UI NaJaoB 

(me) 18.7 10.0 10 -7 3 -9 
m o a e n  (-1 4 .O 5 -1 2.9 3 -4 
Carbon (mu?) 65.2 72.8 65.4 63.5 

1.3 1.2 1.4 1.3 
26.6 19.9 29 -2 3 1  .i 

sulfur- (naf 2*9 1.0 1.1 0.7 

AhlhDIWIOlJ  OF ISONARDZCE 

Nitrogen-enriched coal humic fertilizers have received much emphssis i n  the 
past few years. 
w e U  as conventional f z r t i l i z e r s  and release n i t r o z a  more slowly. 
In tschnology is t o  develop a product with sufficiently-high nitrogen content (around 
20 pct)  which w i l J .  s t i l l  remain co~snercially competitive. 

Recent investigations have Indicated that these products pprform 
The msin problem 

To determFne if leonardite could be aamxmlated t o  a product containin5 sufficient 
nitrogen for use as an organic f e r t i l i z e r ,  sanples were prepared by three different 
aethods: (1) Ammniation i n  an aqueous slurry, (2) ammoniation in  an upward n0Vl;lg 
gas s t r e a m  t h o u @  a c o l m  of dried leonardite, and (3) ammoniation under pressure 
of 2,000 psi:: a t  2o0° C. 
leonardite samples and the aaalysis of an aqueous- amnoniated humic acid axtracted 
 fro^ leonasdite appear in table 2. The increase of nitrogen content of leonardite, 
even under radical conditions, is not sufficient for it t a  be used as an or,pnic 
f e r t i l i z e r .  The nitrogen content of the amnniated humic acid incr?ased 2.5 times 
over that of the correspondingJy amrPoniated l e o i s d i t e  sample. The higher ash 
content, as w d l  as the  l5-perced nonhmic carbonaceous r s t s i a l  i n  the leonardite, 
accounts for  the decreased react ivi ty  with m o n i a .  Therefore, t o  prepare a hizh- 
nitroZen organic fzrtilizer, the humic acids would f i r s t  have to  be extracted from 
the leonardite. 

The nitrogen analyses of these variously ammoniated 

TIWLF: 2. - iiitrogen analyses of variously arnoniated samples, percent 
(bbisture-free basis)  

Method of m o n i a t i o n  
Sacrple 1 2 3 

Leonardite 
Eiunic acid 

On2 part of the mrk a t  t’Ls laboratory vas t o  find an i n q e n s i v e ,  rapid method 
for  obbtshin; from lsxm.rdite bulk quantit ies of lov-ash ;nunic acids vhich could be 
used in prepxinz a soil conditioner and hi,$-nitrogen-content organic f e r t i l i z e r .  
Ths W c  acids in leonardite are  bound to  the ash largely as insoluble calcium 
salts. Tierofore, t o  racover the h W c  acids requires not only a physical mans 

c 
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of rem- the clay and sand, but also a chemical t r e a h n t  t o  displace the calcium 
ion. 
ubles by centrifuging the humate solution was the standard procedure f o r  obtain- 
ing low-ash humic acids (5). The a l k a l i  extraction process, however, requires 
not only fresh a lka l i  for each l o t  of humic acid prepared but also an equivalent 
amount of acid to set the humic acid free, both of which arc  used up i n  the process. 
The large wlunes of water, vhich mst be used t o  obtain a low-ash produd, plus 
the  unfil terable nature of the dllrdLi hwnate solution and acid-precipitated humic 
acid, makc the alkali  extraction of humic acids anattractive. 
e l t i n g  dkaU extraction as the method of preparing low-ash humic acids was 
approached b;r two different  routes: 
from the leonardite, leavLng a carbonaceous product containing around 85 percent 
humic acid, and (2) extracting the humic acid from the leonardite with a n  organic 
solvent tha t  could be reclaimed f o r  further extractions. 

In the  past, durall extraction of the humic acids with removal of  the fnaol- 

The problem of 

(1) Removing the  ash l?hysicaUy and chemicaUy 

Float-Sink Process. 
used in our experiments. 
separatory funnel containing CC1 
the  humic acids was transferred %o a f i l t e r ,  and the El4 was removed. The product 
w a s  washed f i r s t  with a d i lu te  H SO4 solution, then wi th  warn water. 
this experiment appear in table  3. 
absorption of the solution on the  carbonaceous material caused the latter t o  s h ,  
resul t ing i n  a l o w  yield of humic material. 

Figure 1 schematically represents the process that was 
Partially-dried, pulverized leonardite w a s  added t o  a 

as the  dense medium. The f l o a t  f ract ion containing 

The results of 
A ZnCl, solution w a s  t r i ed  i n  place of C C 1  , but 

TG3IE 3. - An examination of the float-sink process, misture-free basis, 
resul ts  given 53 perceat 

Feed 
Ash 
- Product 

Yield Ash h n i c  Acid 

17.7 73-1 3.5 89.0 1.1.4 56.8 

Note - Hot included i n  data is  loss of  water-soluble material. 

Flotation Process. Ime f lo ta t ion  process for ash separation is schematically 
depicted i n  fi6gxe 2. 
f lo ta t ion  cell, which contained a lignite-tar creosote fraction as a frothing agent. 
The froth vas collected on a f i l t e r ,  and the f i l t e r  cake was washed with di lute  
H2S0,, followed by w a r m  vater.  Results of a typical  experiment i n  this process 
a2pea.r in table 4. 

The as-received, pulverized leonardite w a s  added to  the 

TABU3 4. - Analyrs is of the f lo ta t ion  process, percent 

Feed Troduct 
:,bisturc L S ~  :bisture Asin (m-) Yield (nf.fl 

9.5 18.2 6.0 u * 3  13.6 

san ic -So lven t  W r a c t i o n  ,%cess. The use of  an organic solvent f o r  
extraction of humic acids Tiould 5e m s t  at t ract ive if the solvcnt could be reclaiined 
by d is t i l l a t ion  and reused without reaction with or being absorbed on the humic 
acids. 
solvent mixtures regarding t h e i r  a b i l i t y  t o  dis2erse hu3lic acids from n i t r i c  acid- 
oxidized bituninous coal. They concluded that the nost economical. an& nost easi& 
handled solwnt f o r  the commercial extraction of humic acids is a aixturc of  

P o w 4  and -cy (7) d e  an extensive s m y  of organic solvents and 
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acetone and water. 
extract humic acids from leonardite pravided the  leonardite m s  pretreated with 
d i l u t e  mineral acid. The m t  of humic acids extractable ras di rec t ly  proportional 
t o  the amount of nineral acid used in t h e  pretreatment. 
experiments conducted revealed that the most eff ic ient  Pjctraction was accowlished 
using one liter of 80-20 acetone-water (percent by voiune) and 10 grams of XCl 
(basis: hydrogen chloride) per 100 gram of leonardite (n?oisture--Pree). Ten ge3s 
of H C 1  per 100 gram of leonardite is s l igh t ly  in excess or the  acid t h a t  -dll be 
necessary t o  replace the  calcium ion v i t h  hydrogen ions Fn an average leonardite 
sarple. Sulfuric acid was t r i e d  in place of H C l  as the  source for  the  d isp lackg  
H-ions, but t h e  resulting C&%S, mixed Kith t h e  hunic acids, resulted Fn an un- 
f u t e r a b l e  product with a high ash  content.. In t h e  f i r s t  experiments, the node 
of extraction was a countercurrent column. An acetme-water-HCl pretreated leonard- 
i t e  slurry wa8 added t o  the  top of the c o l m  w h i l e  a solution of acetone-water 
was forced slowly uppward through the slurry. The yields of humic acids were g o d ,  
but the  ash content of the product IEIS high, indicating some carryover of ash. 
Iater expcdments shared t h a t  sedimentation of ash and nonhumic carbonaceous m- 
terial In an acetone-water-HCl solution is qui te  rapid; thus a simple se t t l ing  tank 
replaced the countercurrent column in the process. A flow dia~m of the process 
eppears in figure 3. 

Fovkes and Frost (4) showed that an acetone-water solution would 

The several preliminary 

The resul ts  of t h e  experiments appear in tab le  5. 

TABLE 5. -And.?? sis of the  acetone-water-HC1 extraction of 
hunic acid from leonardite, noisture-free basis, 

percent 

Feed Product Tailinas 
Ash) Yield (d) ash [mf)  iTa0d-soluble bf) Yield (DLO) Ash (iafl 

17 -8 a.9 1.8 8 . 8  31 e 1  38.2 
63.5 
3 -8 

Slenentd  ( T i  1.0 
(maf) ( S  0 -7 

( 0  31.0 
IIote - lid included in data is loss of water- and acid-soluble catwid 

DISCLGSIOE 

A comparison of the three processes investigated reveals t h e  drawbacks of the  
float-sink and the f lotat ion processes. The float-sink separation requirzs a non- 
polar  nediun, carbon tetrachloride, which is absorbed t o  some extent on the  leonardite. 
The use of C C L ,  plus the fac t  tha t  the leonardite must be partially dried before  
separation, d e s  this process unattractive comercially.  
not produce the desired resul ts .  
by the  large nunber of carboxyl and h y d r o q l  groups on the  raicelle's periphery, the 
y i d d s  of hunic acids w e r e  l ow and t h e i r  ash contents high. 
the leonardite Kith a l ight  neutral fraction of coal tar to incresae its m o p h o -  
b ic i ty  failed.  Changing the frothing agents several t ines  dlso gave poor results. 
The acetone-water-EC1 extraction of humic acids lends itself nost favorably t o  a 
c o m e r c i a  process. The yield of low-ash product i s  high. 
recovered by d is t i l l a t ion  at a l o w  tenperatme, and the  loss  is very snail. 
does not react Kith, nor is it absorbed on, t h e  U c  acids. 

The f lo ta t ion  process a d  
OwLng t o  the  l o w  hydrophobicity of leonerdite, caused 

Attempts t o  precondition 

The acztone is a . s L l ~  
Acetone 

The process requires 
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sinple equipent ( a  sedimentation setup works W t e  well), and the insolubles 
s e t t l e  rapidly, 
asd a minimum amount of trash water  is needed to  obtain a low-ash pmduct. 

The humic acids are easi ly  filtered once toe acetone is nmved, 
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HUMIC ACIDS FROM SUBBITUMINOUS COAL - 
A STUDY OF CONTROLLEDDRY OXIDATION 

N. Berkowitz, E. J. Jensen and N. Melnyk 

Research Council of Alberta 
Edmonton, Alberta, Canada 

During the past few years, advances in humic acid chemistry have 
made it increasingly clear that humic acids offer an interesting and fairly direct 
route to large-scale chemical utilization of coal, and several commercial products 
containing (or derived from) them are, in fact, already being marketed (1,2,3). 
Despite this progress, however, processes by which humic acids form from and 
in coal are, like theic detailed structure, still only &completely understood and 
merit further investigation. 

By definition, humic acids are brownish-black, alkali-soluble solids 
which can either be recovered from naturally weathered coals (4,s) or, alternatively, 
be prepared by controlled oxidation. The latter procedure, which is in principle 
to be preferred to reliance on necessarily random and somewhat uncertain natural 
processes, may take two basic forms. Pulverized coal can either be heated and re- 
acted with air or oxygen (or with an oxygen-enriched air stream), in fluidized or 
static bed (6,7,8,9,10); or the coal may be suspended, conventionally, in hot 
aqueous alkali and treated under pressure (11,12,13) with air or oxygen. The 
choice between these techniques appears, a t  this time, to be largely a matter of 
personal preference since each has distinct advantages and disadvantages. For 
example, while wet oxidation will generally entail a substantially shorter reaction 
period than the dry process, its greater severity will usually mean lower yields of 
humic acids (and a proportionately greater concentration of low-molecular weight, 
water soluble, degradation products in the final product mixture)fll). 

Regarding the formation of secondary degradation products a s  
basically undesirable, the Research Council of Alberta concentrated an initial 
study of the mechanism of the coal - humic acid conversion on dry oxidation. 
This paper reports the behaviour of a typical Alberta subbituminous coal in such 
a process. 



Experimental Procedure 

In order to permit meanin@ measurements which could be related 
to the ambient conditions under which oxidation was carried out, an apparatus of 
the form illustrated in Figures 1 and 2 was used. This afforded a gas-tight, closed 
circuit with provisions for pressure regulation, gas sampling and withdrawal of coal 
aliquots without interruption of the conversion process. 
grams, the total volume of the apparatus was approximately 2,200 cc. 

A s  indicated in the dia- 

Oxidation of the coal was achieved by means of dry oxygen which 
was introduced into the apparatus a t  the same rate a t  which it was consumed and 
which was thus maintained a t  a constant pre-selected pressure throughout each 
experiment. By arranging one-half of the constant-head oxygen supply bottle as  
a calibrated cylinder, accurate measurements of 02-consumption rates were pos- 
sible. The total pressure was maintained at 1 atmosphere. 

Instantaneous oxygen concentrations within the apparatus were con- 
tinuously recorded on a Beckman F3 oxygen analyzer. 

A t  the commencement of a run, the oxygen bottle was filled and 
the measuring cylinder completely topped with water. 15.00 gm of coal ( -65 f 
150 mesh Tyler), Jacuum dried at  50°C were then charged into the fluidizer, the 
COP and H20 absorbers weighed (to the nearest 0.01 gm) and the fluidizer brought 
to the selected reaction temperature. 

During the first 30 minutes after attainment of the reaction tempera- 
ture, the rate of oxygen consumption would occasionally exceed the capacity of the 
supply valve, and in such cases, oxygen was furnished from a secondary source. 
BY this means, it was possible to maintain the oxygen content uniform within 2 1%. 

A s  the nzn progressed, 1 cc gas samples were withdrawn from time 
to time and submitted to gas-chromatographic determination of oxygen (as a check 
on the performance of the Beckman analyzer), nitrogen (as a test for leaks) and 
carbon monoxide. A t  regular intervals, 0.1 - 0 . 2  gm coal samples were also with- 
drawn for infrared spectroscopy, elemental analysis and functional group determina- 
tion. 

Measurements of alkali-solubles in these coal samples - conven- 
tionally accepted as a measure of humic acid content - were made by Kreulen's 
method and expressed a s  percentage humic acids in the sample (14). 
modification in Kreulen's method wag however, introduced in order to  secure greater 
precision. Since the results obtained are distinctly time-dependent (cf. Figure 3) - 
presumably because of further oxidation in aqueous alkali - and since this drift 
could not be eliminated by blanketing with N2, humic acid contents were determined 
at  2 and 24 hours after initial suspension in alkali and extrapolated to zero time. 
Since the titre increased linearly with time for a t  least the first 30 hours after extraction, 
this procedure was considered justified and relatively error-free. 

A minor 
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Results 

Experiments so far have been limited to a single subbituminous 
coal with C /V 71%, H - 4.2% . Results obtained are exemplified by Figure 4 
which reproduces data gathered during a single experiment in which the oxygen 
concentration and temperature were held constant at 22.5% and 25OoC, respec- 
tively. It will be observed that the carbon and hydrogen contents of the solid 
move asymptotically towards limiting values, while carboxylic acid concen- 
tration and total acidity (total acidity = carboxyl i- phenolic OH) pass through a 
definite, broad maxiuium . 
through a maximum. CO (not shown in Figure 4) appeared in the  early stages 
of conversion, reached a maximum at  10 hours (5-15% by volume of gas) and 
disappeared completely beyond 65 hours. 
is a t  this time unknown. 

The humic acid concentration likewise passes 

The significance of this obsemation 

Material balances, which were established in all runs, checked 
within 5%.  
concentration and 2 2OC in temperature, and the various measured quantities as  
shown in Figure 4 agreed to within f 5% . 

Experimental conditions could be duplicated to within $1% in oxygen 

Figure 5 represents a repeat of the experiment illustrated in 

Beyond the first 150 hours, only insignificant 
Figure 4, but this time extended to 450 hours. No measurements were made 
before 150 hours had lapsed. 
changes appear to take place in the composition of the solid, but as  shown by 
the continuous oxygen consumption, there is a steady loss of coal and already 
formed humic acid to carbon dioxide and water. A t  the conclusion of the test, 
only 46% of the original charge was recovered as  compared with 66% in the test 
stopped a t  150 hours. 

Similar experiments were canied out a t  temperatures between 150 
and 300@, and at  oxygen concentrations between 10 and 100%. Figure 6 illus- 
trates the relation between temperature and functional groups at  constant ‘oxygen 
concentration. The same relationship was found in tests where the oxygen con- 
centration was varied. 

A summary of 20 experiments s o  far concluded in the study here 
under review is contained in Figure 7 a  and b. For the particular coal examined 
in these runs, the pattern shows optimum humic acid conversion and recovery after 1 
65 hours a t  250°C and 25% oxygen concentration. 

4 

II 

The humic acid content in the oxidized coal ran to ca. 95% and 
The total some 75% total solids (based on the initial charge) were recovered. 

(phenolic -OH plus -GOOH) funchanal group concentration in the humic acid 
formed under these conditions runs to 10 milliequivalents/gm. 
C-H values are 61% and 1.8% respectively. 

The limiting 
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Discussion 

Whether another coal would significantly alter the general 
pattern of results shown in Figure 7a and b, or whether it would only change 
the position of the maxima remains to be determined. 
at this time, be said about possible catalytic effects of coal ash on the 
conversion process. 
hand provide worthwhile new information. 

Nor can anything, 

Despite these limitations, however, the data so far a t  

A s  might be expected, variations in oxygen concentration and 
Below 10% oxygen or 

Above 80% oxygen or 300° C, 
temperame tended to work in the same direction. 
150° C, no significant reaction was observed. 
rapid and complete oxidation of the coal to C02 and H20 was found. 
any conditions within this general range the carboxylic acid content rose 
through a maximum and then decreased (although the measurements were not 
always continued into the fall-off region). The total acidity likewise passed 
through a broad, but less pronounced maximum. These maxima occurred at  
shorter times as  oxygen concentrations or temperatures increased. 

For 

The results illustrated in Figure 6 show that a temperature 
variation markedly influences the carboxyl concentration, which may range 
from 1 - 9 m . eq./gm . On the other hand, the total acidity is much less 
temperature dependent. Production of a humic acid principally characterized 
by either -OH or -COOH contents is, accordingly, dependent upon a more care- 
ful choice of experimental conditions than would be required if a predetermined 
total acidity only is to be afforded. 

Since other results - though a s  yet incomplete - indicate 
that oxygen concentration has the same effect a s  temperature on the content 
and composition of the functional groups, the same statement may apply to 
this variable. 

Another finding relates to the infrared spectra of partially re- 
acted coal samples. These spectra, which were measured in order to gain 
information about reaction products not encompassed by other methods em- 
ployed, did in some (but not all) series show pronounced absorption bands 
at  1850 and 1785 cm-' and thereby indicate the existence of 5-membered 
ring cyclic anhydrides (15,16). To our knowledge, such components have 
not previously been reported from studies of the c o a l 4  humic acid con- 
version and now Bise the question of whether they are intermediates in the 
reaction sequence leading to humic acids or merely the result of dehydration 
of already formed humic acids. Because the answer to this question would 
provide experimental evidence for or against 'Tronov's postulates (17), sug- 
gesting that such cyclic anhydrides might be essential steps in the mechanism 
of conversion, a study pertaining to this problem is currently in progress in 
these laboratories. 
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Finally, some significance may be attached to the variations 
of carbon and hydrogen contents (cf. Figure 7a). 
quantities to limiting values which cannot, apparently, be lowered by ex- 
tending the reaction period, lends interesting experimental support to Francis' 
work on "oxidation tracks" and tends to validate the "limiting oxidation line" 
of his diagram (18). 
and/or higher oxygen concentrations appear to accomplish little more than 
conversion of carbon and hydrogen to C02 and H20 respectively. 

The approach of these 

Prolonged oxidation, increased reaction temperatures, 

In the light of Figure 7a and b, i t  is obvious that optimum 
conditions for oxidatinn of a given coal, and for the production of a humic 
acid possessing predetermined properties, can be chosen with some ease. 
It is, however, equally obvious that artificial production of humic acids is 
subject to several limitations which arise a s  much from the meta-stability 
of humic acids a s  from the relatively low reaction rates. If it is accepted 
that humic acids hold an industrially important potential, further studies of 
their formation from coal are therefore imperative.. 
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F I G U R E  I 

COAL OXIDATION APPARATUS 
(not to scale) 



F I G U R E  2 

Legend: 
1) 4 liter 0 2  - reservoir 
2) 280 cm measuring column 
3) Adjustable mercury-filter disc air trap for (2) 
4) 0 2  -trap 
5) hnometer 
6) H20absorber 
7) &rcury tead capillary valve 
8) Auxilliary valves 

OXYGEN SUPPLY APPARATUS 
(not to scale) 
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FIGURE 3 
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HOURS AFER SUSPENSION IN ALKALI 
Titration of humic acid content, Changes of titre with time 

FIGURE 4 
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Variations of humic acid content and properties with time 

COOH = ada6xyl , C = carbon, H = hydrogen, 0 2  = oxygen consumption 
Legend: HA = humic acid content in % of sample, TA total acidity, 
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FIGURE 'la 

Variatiom d humic Qd amtent and prqerties with time. 
1) HA-COOH-TA 1) C - H  3) C-Hlintits 

F I G U R E  7b 

- TEMPERATURE OR 0 2  - CONCENTRATION __f 

Variations in functional groups with teqerature or 0 2  - concefikation 
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NONFUEL USES OF PEAT 

Moses ?asser 

Department of Chemistry, University of Minnesota 
Du-luth l2, Minnesota 

Peat can roughly be defined as the product resul t ing from a special  
a r r e s t ed  decay of dead vegetation. %e more t T f i i c a l  F e t t e r c  followed by 
dead plants is t o  undergo c o q l e t e  decw, with convexion of the organic 
matter into gases that a r e  released into the atmosghere, while the inorpsnic 
matter renains in  the s o i l .  
the  character is t ic  ceeds of t he  microorganisas thzit bring it about a r e  met; 
taese include, among ethers ,  e i r ,  water, and suitablg nntrieEts. When 
dead plants accmula te  -ades  water, however, a i r  is  excluded a d  only a 
aartisl decay takes place, together with Fhysical disintegration. After 
some hundreds o f  millions of years the successive praducts a re  l i gn i t e ,  
then bitminous coal, and u l t i a t e l y  anthraci te  coal. But at a re l a t ive ly  
very early s tage,  a f t e r  some 10,ooO to  20,000 years. the product of t h i s  
a r r e s t ed  decay is pat. Peat,  then, represents th3 base beginning of the  
coal i f icat ion grocess. 

This complex y o c e s s  can take glace only when 

Considerable data b v e  been Fublished on the areas of  peat bogs i n  
various p r t a  of the world, and on the amounts of ?est  i n  these bogs. 
is probably safe t o  accept these data so far as they indicate orders of 
magnitude. Beyond this, they m u s t  be t reated with consi&erable reserve, 
f o r  the very good reason tk-t v~tualkv nowhere has the u t i l i z a t i o n  of 
peat  been great enough t o  j u s t i f y  the tremendous expense of an e x h a s t h e  
a c c w a t e  3urvey. 
i n  t h s  Soviet Upioa Elod in Irebf i ,  where the re  a r e  large f u e l  Feat U u s -  
tries; second, in any other area wkere-there might be an exhaustive local  
siarveg f o r  a special ty  h i g h - d u e  Feet, such aa horticultural-gnde 
sphagnum.) l i t h  these disclaimers, Lhe following estimates s r e  Frobably 

It 

1 (Two exceptions t o  t h i s  statement may be noted: f i r s t ,  

as good as any: 1 
Teble 1 

World Peat Deposits’ 

Co-mtrx Satlare Miles Country S a m e  Wiles 
U.S.S.B. 65,000 Great B r i t a i n  9 , M O  
Canada 37,000 Ireland 4,700 
B i i l h d  30,000 Newfouzd+ncl 3 ,om 
Sweden 19,000 Xorway - 2.9C-JJ 
U.S.A. 11,200 A u s t r i a  1,500 
Germany 9,900 BmlImrk 4CO 

4 
I n  addition, ?est  deposits a r e  known t o  exis t  in the other continents, 

but there w e  cannot &e even ~med;lcsted guesses. 

1 h t a  on the smoatt of peat in the bogs a r e  even less r e l i ab le  t d  the , 
bog =Bas, since the depths of pest  d q o s i t s  w i l l  vary over wide ranges; 
typical ly ,  from 4 t o  20 f e e t  within a giver bog, and depths as shallow a? 
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a f o o t  or tvo, nrd as deep as 50 f e e t  or more, are not unknown. 
estimate, that of L z ~ k o v , ~  again is presented only as an order of m3gnit-e: 

The following 

Table 2 

World Peat Reservesa 
u a 

Bil l ion8  of Tons 

U.S. S.B. 153 
Rest of world 

Europe (except U.S.S.R.) 24.8 
Borth America 18.1 
A l l  others 27.1 2 

World t o t a l  223 
( a )  On an air-d-vied ( 3 6  moisture) basis 

\ 
And f o r  the United Ste.tes, we hare the data of SoDer a d  Osborn? 

I Table 3 

United States  Peat Reserves3 
1 

Sta te  \\ 
Peat Ares, Peat, mill ions 

m i  11 ions of tons, a l r -  
of acres dr ied  b a s i s  

Minnesota 5.2 
Wiscoasin 1.0 
Florida - 
Michi- - 
Virginia-Hmtb Carolina - 
Yev York 0.8 
:kine - 
Calif omia 0.06 
Ohio 0.05 
bll O t h 9 r 3  - 

1 %ta on current poduct ion t u 8  presented in Table 4. The discrepancies 
between the sums of the values f o r  iadivid-1 countriso and the t o t a l s  at 
the bottom a r e  due t o  th9 f a c t  thst .  the values i n  the table  are based on 
data from two d i f fe ren t  S O U T C ~ S , ~ * ~  a d  some of the values are estimates 
by th f3  aut?.?or i n  9c, a t t e q t  t o  reconcile these sources. 
produsers are  l i s ted .  

Only the larger 
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World Peat f ioduction i n  1960 

Thousanas of Tons 
3k3l ? i O n f U e 1  Spln 

Country 

U.S. s.9. 
Ireland 
Vest Geraauy 
%s t Germmy 
lTe ther l D d  9 

u.seA. 
Sweden 
Noluay 
DemTk 
caaad3. 
Finlsnd 
Po land 

8 6 , W  (est .)  
14 

895 

471 
70 
42 

- - 

185 
6 - 

145,000 ( e s t . )  
4,530 
1,780 

550 
500 
471 
345 
240 
187 
u35 
13.38 
125 

Total (estimates)’60,OCIO 100,OoO 160,OOO 

I few conclusions a re  immediately evident from these data. 
with sane 90 per cent of worll procluction, Russia is by an overwhelming 
tnargin the b z e s t  fac tor  121 the world Feat industqr. Second, only in 
Russia and in  Ireland dseg ymer  from beet &e UT a szbsttantisl f r a c t i m  
of  the l l e t i o n z l  energy supply. “h5.r*I since nearly e l l  the ‘ J n o ~ h e l ”  use 
ie i n  agricul ture ,  worlr i  consumption af  pest i n  agr icul ture  i s  appzent iy  
grea ter  than the amount burned f o r  fuel. 
date. ’311 nonfcel u t i l i z a t i o n  a r e  iauch 1sss ccrplete a d  u p t o d a t e  than their  
f u e l  data, zcd vere here estimated by extrapolation.) 
country pezt n t i l i z a t i s n  is syl loupous with s g r i c u l t u a l  n t i l i za t ion .  
Before  going i n t o  t h i s .  it might be ruieful $0 describe the various t s e s  
of peat. 

First, 
‘ 

(“Apparently” because RUssian 

?inally, in this 

‘f&il$ gects a r e  c b s s i f i e d  by soi l3  s c i e n t i s t s  in to  sme half-dosen 
o r  more well-defined g o e s ,  cmmercial s ta t is t ics’  a r e  g e n e r a l 4  b a s 4  on 
the following three classes: 

- Koss P&, or srhamun Deat zom, is pest derivsd h r g e l y  from spfiag- 
nun and hnnum mosses. l’kiis i s  a light-colored mafrrial, springy, with a 
well-defined layered stTucture in i t s  natural  s t a t e .  
d e c q o s e d  of the p a t s ,  with tke lovest bulk density (’7-15 lb./cu. f t . ) ,  
the  lowest ssh conteat (usually under 4 psi- cent),  the lowest 09 ( t z i c a l l y  
3.5 t o  5.0)1 and the Ughest  moisture-holding czTacity-q to 20  t ines  and 
more its own weight of water. Virtually a l l  pest  i q o r t e d  Into the United 

I t  i s  the least 
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Sta tes  consists of sohsgnum, which commands a m u c h  higher p r i c e  t b  the 
othe-r var ie t ies .  

Reed-aedm p a t s  a r e  peats  derived f r o m  reeds, sedges, grasses,  a t -  
t s ih ,  and v c i o u s  shrubs. They are much more decornoosed s d  aisintegrated 
thm sphagnm peats,  have a higher b f i 4  densi t7  (20-35 lb./cu. ft.!, a r e  
us:u=lly dark ir?. color, and tsnd t o  have a fibrous s t ructure  that i s  due to 
t h e i r  content of r s l e t i v e l y  undecmposed stems am3 roots.  f k e  pt! range is  
4.5 to 7.0; t he  ash content w i l l  t p i c a l l y  vary f r o m  about 
but nay be a g c ~ x l  deal higher; and the moistms-holding capacity i s  about 
o n e - h a l ’  t k t  3f sohgnm. 
i n  t h i s  countr j  i s  rsed-3edp8. 

t o  15 per cent 

About 0 n e - M  to two-thirds of the peat produced 

- Eiu;rrus I s  a catch-all name for pests  so c q l e t e b  decomposed and/or 
d 5 - , i n ’ . s ~ e t s d  as t 3  h v e  l o s t  t h e i r  biological  identity.  
peet ,  or i t  may derive from peat  land 03 which crops hsve been grown. 
t - n s  hmus, musk, and peat  soil tez?d t o  over-lay, but the ash content 
ueually serves a3 a convenient if arb i t ra ry  dividing l i n e  between 
peat-ash under 40 Fer cent--ad peat soil--over 40 per cent. 
t h i r d  of  United States domestic production can be c less i f ied  as humus. 

Eumus may be native 
The 

true 
About one- 

Although the nitrogen content of B e a t ,  some 1 tQ 3 per  cent, i s  not 
negl igible ,  t h i s  nitrosell is released so slowly that >eat i s  not considered 
tr, Piye any part icular  value as a di rec t  f e r t i l i z e r .  I ts  value i n  horti- 
c u l t ~ a l  applications l i e s ,  ra ther ,  i n  i t s  soil-improvemsnt chazacteristics.”* 
The addition of peat t a  a heavg clay s o i l ,  for e-le, brings about FL 
trenegdous iirpprovem?nt in the s t rac ture  o f  that so i l ,  And the  watsr-holding 
c=FT’”-city of Pest i s  beneficial  t a  any s o i l ,  since peat tends t o  eugply a 
buffer- tme action: i t  w i l l  absorb excess aois ture  during Deriods of too- 
b e a ~  reizfall, pad re lease t h i s  water during drou&t p r i o d s  , t h s  p o v i d i n g  
??IS growing blant with a more uniform supply of wat5r. 
advantagems i n  send.y so i l s .  These p r o p r t i e s  a r e  y i r t i c u l a r l y  beneficial  
i n  the b t i i l ? ing  of new l a m s ,  f o r  which large quant i t ies  of peat  are mixed 
into the s o i l  Pr ior  t o  the a p l i c a t i o n  of seed o r  sod. For s i m i l s r  reasons, 
neat i s  wide17 ‘sed  as a d c h i n g  sgent for ornamental plslrts and shrubs. 

This i s  notably 

In addition t o  the major use j u s t  described for s o i l  improvement, 
9e.t is used i n  a var ie ty  of other vays r d a t i n g  t o  agriculture.  
s s f l s ,  widely marketed. i n  s u l l  p l a s t i c  bags ,  a r e  generally mixtures of 
psst  md s o i l .  Mushroom growers have bsen using ges t  f o r  mushroom beds, 
and t h i s  pract ice  agpesrs to be growing.9 
peat  i s  f o m d  i n  the small molded yeat pots now sold in most garden supply 
s tores .  Tnsse were f i r s t  developed in ??orway, and substant ia l  mounts of 
Norwegian pots are narketed i n  t h i s  country. 
nroducers  have begun t o  manufacture these pots  from dmeatic peats. 
e i m i l L -  pots a r e  now being =de in Ireland on a different  p-inciple. 

Pot t ing 

A re la t ive ly  nev Outlet for 

More recently,  several American 
And 
Unlike 
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the Xorwegian and Aaericsn pots, which involve a high ,areasure nolding q e r -  
a t ion ,  the I r i s h  pot i s  =de by cut t ing a suitable cavity in  a block Of air- 
d r i ed  ?eat. This _oreserves the or iginal  s t ructure  and goros iw  of the peat,  
and i t  i s  claimed t k t  the greater cost of poduct ion  i s  j u s t i f i e d  by the i 
suberiority of the product. i 

J 

I 

b o t h e r  quite recent develoFnent shows >art icular  promise. 
culmination of work extending over nore than a decade, Baker" and h i a  
colleagues developed the r̂J.C:' f o r a d a s  for nursery soil mixes, consisting 
e s sen t i a l ly  of mixtures of peat moss and fine sand t o  which sui table  nutrients I 
a r e  added. Thia has a t t r ac t ed  videspreed snd favorable interest .  For I 

e w l e ,  the Irish n a t i o n a l  peat  establishment, Bord na Mona," has developed 
a modification of the U.C. formula ada2ted. t o  3b.rcrpea.n conditions, and i s  
now merketing t h i s  material as the  U.C.E.X. seed and po t t ing  cowoat. 

AS the 

1 

Several older agr i cu l tu ra l  a p l i c a t i o n s  s t i l l  acconnt for substantial  
One of these is the use of peat for  animal quant i t ies  of peat c o n s w t i o n .  

bedding and Foultry litter. 
pa r t i cu la r ly  su i t ab le  fo r  t h i s  >urpose, and '&e exhausted product consists 
of f i n e  manure whose d m  is g r e e t 4  e c e d  by the soil-conditioning 
property of the peat v i t h  which i t  i s  combined. 
u t i l i z a t i a n  consis ts  of the addition of 5 t o  LO per cent peat t o  s9nufacturedJ 
f e r t i l i z e r s .  This is based on the fact that  some of the components of 

1 commercial f e r t i l i z e r s  a r e  hygroscopic, so would bec3me st icky in humid 
weether and hard-caked under &y conditions. By absorbing or releasing 
moisture as needed, the pest  t a d s  t o  keep the f e r t i l i z e r  free-flowing. 
S t i l l  another a p l i c a t i o n  of the moisture-holding p r w e r t g  of  peat is found I 

i n  i t s  use in the packaging of cut flowers and cer tain vegetablea. 
c r a t e s ,  for example, a r e  sometimes lined v i t h  R l a y e r  of peat which is then , 
wetted. By slowly re leasing its moisture, the peat maintains the aspsrsgps ' 
i n  good condition during shipment. 

,I 
Its h5gh moisture capacity makes the >eat 

Another well-established 

Aswragas 

i 
The one ag r i cu l tu ra l  use which map ultimately have the greatest  poten- t 

,, 
tial of  a l l  would b e  t o  irco,c;orste i n to  peat ,  by chemical or microbiological 
means, suitable _ o h t  n u t r i s i t s  i n  the r ight  proportions and with the nece- 
ssarg character is t ics  of s w i l a b i l i t y  and r a t e  af release,  such 98 t o  add 
f e r t i l i z e r  properties t o  t h e  soil-conditioning a c t i v i t y  which Teat already 
possesses. Needless t o  say, t h i s  croblem has beeE and is b e b g  @veri ener- 
g e t i c  stw in almost ever? laboratory where peat i s  looked at from a chem- 
i c a l  o r  engineering point o f  view. 
a m a j o r  industry of th i s  nzture does not exis t  indicates that the groblem 
i s  s t i l l  quite far from a ~ o l u t i o n .  Xevertheless, two operations are in 
existence today i n  which such e >eat-fertilizer-soil-conditimer i s  being 
produced. h e  i s  in A ~ s t r i a , l ~ * ' ~  y b r e  the Gsterreichische Stickstoffwerb 
A. G. producas two peat  derivatives of t h i s  nature--Hmon and Voll-Humon. 
Bumon i s  mde by the  reEction of air-dried Teat (J+@ moisture) with a . & d r O ~  

So_oally needless t o  say, the f a c t  that 

1 
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ammonia i n  the arssence of air ,  at atmospheric 9ressure. 
completely absorbed i n  o m  pass v i t h  v i r t u a l l y  no loss. 
the nitrogen content from aboat 1 to 3 per cent. 
I s  t h s  r a t e  of re lease of nitrogen-about me-half becamins evailable t h e  
f i rs t  year and the remainder within two years. 
the  product is del iberately keot d m  t o  3 Der cent in  order thst as much 
h u i c  material per unit of nitrccen as possible be su>?liea t o  the plant. 
The esseDtia1 differonce betvsen Hunon and Poll-Hmon (*Cooplete Hunon") is 
that the l a t t e r  contains, i n  addition t o  nitrogen, the nutr ients  potassium 
m d  phosphorus, together with cer ta in  t race e l a e n t s .  A aajoor > r o b l a  w i t h  
Hunon and Voll-Suaon appears t o  b e  that the cost of production s t i l l  makes 
these y o d u c t s  too e x y m i v e  f o r  ordinar7 agricul turzl  use and thus l i m i t s  
t h e i r  w k e t  t c  h o r t i c u l t m a l  .q?lications. Nevertheless, about 10,m tons 
Fer year were being produced i n  1957. 

de Produits Chiaiques e t  E n g a i s  d ' A ~ b y , ~ ~ * ' ~  
nentation of peat f o l l o w i q  a t res tasn t  with ammonia en3 other chemicals. 
FIerS, tao,  tie coat of the 9roduct aF9e-s t o  present the major obstacle to 
wideapead u t i l i z a t i o n  of the process. Annual yoduct ion yes said t s  have 
bee9 e b m t  lW,OOO tons before t h e  Algerian w a r  destroyed a major cart of 
the  narkct, 

The ammonia i s  
This process r a i s e s  

The important consideration 

The nitrogen content of 

A re la te& process i s  the one develqed  by the i?rench COI!I~-, Societe 
The p-ocess involves a fer-  

Before we turn t o  nonfuel uses other than agricul ture ,  which a r e  found 
only outside the UDited S t a t e a ,  a few s t a t i s t i c s  on gai ted S ta tes  production 
and zonsLztion may be i n  order. 

Table 5 
United States  Pest C~nsumotion'~ 

Donss t i c  Product ion I q o r  t s 
Total Thou- Value, Domes- Thou- va h e ,  

Consumption, s a d s  Thou- t i c  sands Thou- 
fhousands of sands of ?re of sands of 

of Tons t on3 D o l l a r s  3ucers tms Dollars 

1939 134 
19M 225 
1950 255 
1955 503 
1958 597 
i959 706 
1960 735 
1961 777 

55 362 
141 1,006 
13 1 1,143 
274 2,283 
328 3 1 u  

419 4,372 
4.71 5,138 
525 4,991 

39 79 
59 84 
48 124 
82 229 
81 269 

105 287 
115 264 
123 252 

1,204 
2,704. 
3,867 
9 , 262 

12,034 
13,580 
13 , 509 
13,178 

A few trends bscme ap>arent f r o z  tbese stetistica. F i r s t ,  the use 



30 s i s  pet of 
nation of hone- 

? 

of peat has show 3 steady increase i n  th i s  country r i t h  
l e v e l l i n g  off. This is mderstandable-+e have become a 
m e r s ,  sad every lam a d  every @-den reprssents a aew market fo r  peat, 
Second, w h i l e  rlorcestic productton shows a steady increase paral le l ing 
consmytion, i e o r t s  seem t o  have reached 2 masirnun and leveled off. ?&at 
is really surpisiag i s  t t e  dollar value OS %e donestic procuct canpared 
v i t h  that of the imcorted. In 1961, f o r  example, we f ind  525,GCO k o m  oZ 
domestic mlued st about 5 million d o l l a r s ,  f o r  an average of s l i gh t ly  less 
than $10 per ton, as compared with an average value of the in@mts of over 
$50 per toll-5 t ines  as great. 
?lace, the domestic c r i c e s  r e f l ec t  tho ?roceeds received bg tLe original 
producer l .0.b. p lan t ,  and frequent13 m a  for a r o d u c t  a n i s e d  i n  bulk. 
Ihe i q m t e d  2 r i ces  are those ?aid by the  importer p.o.e., and invariably 
include the cost of a r a the r  e-ensive 9ackage. Severtheless, thare 
remains a coasidersble spread, and t h i s  i s  *% t 3  the f a c t  that  netr ly  a i l  
the i-orted n z t e r i a l  is Feet moss, wbich comm21lds a much higher market 
g r f ce  than reed-sedge emi humus, of which most domestic production consists. 
I n  f a c t ,  the ma,jor re%s’3n that im9orte are s o  high i s  that only a vsry sinall 
proFortion of American ?eat deposits are sphagnum moss of sui table  size 
and quality f o r  commercial meration. 

T%c factors  a r e  involved. In the f i r s t  

n 

The 2ext t ab le  skovs,  f o r  the y o u  1960, the major sources of the 
>eat  consumen iE the United States  and ths  major outlets.  “he discreFLacy 
between su~pla a d  utilizatioa is due t o  the f e c t  that only the material 
301d i n  comerciel  b n n e l s  i s  !-istea i n  the consmption, with no account 
taken of peat u t i l i z e d  in czptive o9erations. 

i 

4 
Table 6 

Peat  i n  the United S t a t e ~ - 1 9 6 0 ~ ~  

Major Domestic S o u r c ~ s  

M i  chi  , g  
Blorida 
Calif o rn i s  
P e m s r l v a i e  

- Veshinpton 
Indians 
ne7.i Serseg 
39 Other s t a t e s  

Thousands of Tons 

214 
39 
33 
3 1  
20 
27 
25 

less than 10 each 

Xajoor F o r e i n  Sources 

C a n a d a  
Yest Germany 
lola?ln 
h’etheriands 
Denmark 

157 
84 
8 

6 
a 

4 
1 

i 
1 

I 

4 
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Table 6 (continued) 

, 
t 

f.. 

I 

M d o r  Uses Thousands of Tons 

Soi l  Improvement 405 
Pott ing Soi ls  and Flower Paclings 17 
M i  s ce l l m e o m  9 

%e nantcel uses of pse: outside of a g r i c u l t w e  account fo=  only a 
minor f rac t ion  of t o t a l  pes t  consmytion. On t h s  other b r l ,  one of then 
c m s t i t n f c s  an izportant basic industry, and several  show cmsiderable 
i n t e r e s t  and promise. 

Perha93 the most ixportant of these nod-ael nonagicul ture  a ? ~ l i c a t i o n a  
of peat i s  i t s  use BE the raw X t e r i s l  for the manufacture o f  activated 
cerbon. The irqortanc5 of act ivate8 cl-5sn i n  s u g u  rofining, gas pur i f i -  
cation, chsnicsl  ?rocsssing, a!! other industr ies  i s  well  laown. A t  l ea s t  
one of the mor prad.xers (Horit Co., Amsterdan)12 makes m o s t  of i t a  ac t i -  
vated carbon f rom Feat, and there a r e  h d i c s t i o n s  that others mey follow 
s u i t .  A serious l imitat ion l i e s  i> the ra ther  strineel;t specifications of 
the s t e r t i n g  material. 
pezt  ~ u s t  be qufte d e c w o s e d .  t o  the extent that it s t i c k s  together l i k e  
e. &3z1, mu3 when pressed by hacd. A t  tke same time, i t s  ash c m t e n t  mst 
not exceed about 3 per cent, S o  far es the writer knows, only o3e per t icnlar  
peatT-s bog a t  th9 Eollend-Germmy border-has t h i s  combination of a r m e r t i e s .  
Tfie only low-ssh Bmerican and Canadian pes ts  a r e  sphagnums, very l i t t l e  
decoqased, and the ash contezt of the well-decoqosed peats i s  ra re ly  as 
low as even 6 per cent. 

The m t u r e  of the ( secre t )  process is  swh that the 

Since cel lulosic  substances const i tute  one of the major  o r w i c  consti- 
tuents  of  peat ( l j  t o  59 per cent) ,  the f e r m a t a t i x i  of >sat t o  Trodnce 
ethznol i s  a well-hm.a p-ocess. However, i t  is not conpetit ive with ethPnol 
by other processes. 
a therno-chemical lsrocessing of peat t k t  st lnrast i n  the Soviet econoFy i a  
c o z ~ e t i t i v e .  I n  this  process the peat,  only c a r t i a l l y  3 r i e d ,  is axtoc lavd  
with s t e m  t o  destrop irs col loidal  structure.  5 i s  E k e s  i t  possible t o  
dewster t h s  oczt by  f i l t r a t i o n ,  a p o c e s s  which the col loidal  nature of 
untreated pes: renders i q o s s i b l e .  
dehydratian. 
acd others during a subsepent  feraentetion, with the following overall  
yields fron loo0 kg. O? pest  (37 per cent moistur? basis) :  6-8 l i t e r s  of 
ethenol,  3.5-4 kg. of furfural and subst i tuted furfurels, 700-750 kg. of peat 
fue l .  Mo#ii”lcations under development would add 22-24 kg. of o m l i c  acid 
and 5-6 kg. of ace t ic  acid t o  the above proclucts. 
Leningrad v a s  operating a t  an annual peat c o n s w t i o n  r a t e  of 50,W tons. 

On the other hand, the R u s s i ~ n s ~ ~ ~ ~ ~  have developed 

The grocess is  therefore called , a r t i f i c i a l  
Sam9 chemical products a r e  produced duri2g the autoclaving, 

I n  1957, a plant near 

i 
L 

b 



Processes for nsicg peat for the nanufzcture of p r o d ~ c t s  such as 
wallboard, heat insulat ing p l a t e s ,  sound-Troafing materials, and even papers 
and fabrics ,  a r e  well known, and many patents have been issued. U i t h  sui t -  
zble aqditives,  these ? r o d u t s  can be made f i r e  r e s i s t an t .  Before World 
W a r  I1 the Soviets were knownls t o  produce heat insulat ing plates  f r s m  peat 
on a large scale,  but 20 current information is avsllable. 
duct f r o m  peat i s  a flooring mziterizl of ra ther  high quality,  which has 
been manufactured at various times in Sweden, Germany, and Eussfa, and pro- 
bably elsewhere. And i n  the seme category we find peat used as a f i l l e r  . 

i n  linoleum. 

A re lated pro- 

' Wax consti tutes enother of the major o r w i c  consti tuents of peat 
( 5  t o  15 yer cent) ,  am3 the extraction of waxes f r o m  peat bas been widely 
studied (Beillr, Ireland; Dra,gnov, Russia; Spndgren, Finland; B i s i ,  
Quebec). These waxes a r e  comparable t o  the montan raxes from brown coal, 
and can be reTined t o  a product comparable t o  Brazil ian carnauba wax. 
But whether peat wsx is competitive with these prcducts remains t o  be seen. 

A recent (1961) ?eat development that shows great promise i s  based on 
some work by the B r i t i s h  C a s t  Iron Research Association," vho fmnd that 
the subst i tc t ioa of a pa r t i cu la r  t f i e  of  peat for t h e  c c a l  dust or wood 
f l o u r  oroinarily used in i ron foundry  casting s d s  affords an improved 
product requArlr?g l e s s  finishing. Current annual production of %erkoal,' 
t he  t rade name for  peat meeting specifications for  t h i s  purpose, is of the 
order of 12,OOO tons. 

Two minor uses of peat may deserve mention. During World M a r  I, 
sphagnum moss was used on a large scale as a f i l l e r  f o r  surgical  dressings 
and natfresses,  an q p l i c a t i o n  based on i t s  absorptive a d  ant isept ic  
properties.  And tw in Germy, there a r e  a large amber  o f  health spas 
whase major a t t r a c t i o n  consists of taking baths i n  a hot Feat-water slurry. 
Those a r e  elaborate establishmezts, usually with one o r  even several 
physicivls i n  ful l - t ime residence, m e  m i t e r  has no infornation as t o  
how effect ive thsse peat baths a r e  medically, but since the spa i s  usUalU 
located i n  beaut i ful  mountain country far from the cares of evergday l i f e ,  
t h s  overall e f f ec t  i s  uIl3outitedlgt all t o  the good. 

A f i n e l  to9i.c that should at least be mentioned is the use of peat 
lands for growing c rqs - - e i the r  on native bogs, or on r e c k h e d  peat land 
a f t e r  removal of the peat. As en e w l e  of tho f i r s t ,  suitably developed 
muck so i l s  a r e  highly regerded for croFs such as celery and potatoes, while 
reclaimed Bog lends are ideal  f o r  blueberries and cranberries. 
be eqhasized, however, that  the effect ive use of peat lands consti tutes 
One of the  mjor problsns of s o i l s  s c i en t f a t s ,  pa r t i cn le r lg  in the Countries 
of Western Eurooe where arable  lznd is  scarce and precious, and that fu l l  

It should 

r ea l i za t ion  of the p o t e n t i a l i t i e s  of these lmds s t i l l  l i e s  far i n  the future. 



39. 

References 

1. PeRt, i b c p c l e s d i a  Brltannica,  1947 edi t ion,  vol.  17, p. 427, as ci ted 
13 Peat, Iiearinga Before tho Subcomittse on Mines and Mining Of the con- 
rnittee on P u b l i c  bAds, Xouse of Reprssentr.tivee, 81st Congress, on H. 3. 
7230, SerSa1 Bo. 29, U. S. Goverment Pr in t ing  Offfce, Washington, 1950, 

, 

~ ,D. 167. 

. 2. G. I l e z a k o ~ ,  Soviet Peat Besa-arces, Research Program OE the U.S.S.B., 
, 
I Vnited States ,  U. S. Geological Survey Bul le t in  728, Washington, 1922, 

Zd*hrds 3rothers ,  Arm Arbor ,  1953, pp. 20-6. 

3 .  3. K. S q e r  and C. C. Osborn, 2119 Occiwrence and Uses of Peat i n  the 1 

.' FP. 92-2. 

4. 5. T. Sherid=, V. C. Berte,  an& J. A. DeCulo, U. S. Bureau O f  Mines, 
Mlneril Xnduztry Surveys, Mineral Msket  Report, M. 14. S. NO. 33"6, H a g ,  1962. 

5 .  a. G j i a t d s s ~ ~ ~ ,  k k e t  Research Report aegLr4ing Peat Moss Consumation 
k 
.. 

I r. y. i~.s3ocietion of P i n n i h  Peat Industr ies) ,  EelsilJri,  May, 1962. 

' 6 .  E. T. Sheridan ana 2. A. DeCarlo, Peat i n  the United States, u. S. Bureau 
\, of Xines Informtion Circliiar 7799, Washington, 1957, p. 4. 

', i n  t h i  United States  and F i m i s h  %trance i n  t h i s  PIzrket, W v e t e o l l i s u u s l ~ t t o  

7. S. A. Yaksm3, The Peats of Hew Jersey end Their Uti l izat ion,  ?ut A, 

55, 3Jtcers, 1942, yp. 117-8. Has a detai led bi'oliographgr. 

I 
, . i ~ i ~ c l t w z l  merimen: S t s t i  x ,  Eutgers University, Gsoloz ic  Series,  Bul le t in  

8. X. S, h d e r s o n ,  S. F. Blake, and 8. L. Mebrine, Peat a d  Muck i n  mi- 
cu l t , x s ,  E. S. DeFartmPnt ~f &miculture, Circular Eo. 888, Washington, 1951, 

13-1k. &s a detciled bib1ioi;raphy. 

9. ~ 1 3 b o o n  Growing, Ministry of Agriculture, Fisher ies ,  and ~ o o d ,  Her 
flzjssLlp's Stztisnery Office, Landon, 1960. 1 

5 
10. K. F. 3aksr, The U. C. System fa Producing Healthy Container-Grown 

~ s l t 3 ,  ~nniversity of Czlifornia, - icdtural  u e r i n e a t  S t a t i m ,  S d l e t i n  
23, 3erkel.7, 1957. 

11. l e rsonal  comunicstion, K. M. S. Miller,  Sord na M o m ,  Droichead %a, 
' Ireland. 

12. P. X. Rqina, I(. J. Oteva, L. L. He.-, E. L. P i r e t ,  a d  M. Passer, 
Sip-asota  Peat Mission t o  Zlrro>e, Iron Range Besouroes sod Rehabilitation. 
St. Paul ,  1958. 

13. Scott ish Peat, De2artment of Agriculture and Fisheries for Scotland, 
Eer lfajesty's Stationery Office, %dinburgh, 1962, .pa. 47, 50. 



40. 

1 
1 
1 

References Page 2 

I 
i 

H 
14, Data taken from the p e a t ”  c b p t e r s  of the Minerals Yearbookn 
published annually by ths u. S. Bureau of Mines. 

1 15. G. Ka~akov, The Soviet P e t  Industry, &aeger, Xew Pork, 1956, 

16. Serkoal Produced f rom Irish Psat in Hew Plant at kogheda,  Chemical 
Age 86, 126, 22 J-QT 1961. 

I 

Selectec? ddai t ional  References 

I 
C. a. Davis, The Uses of Pea%, U. S. Bureau of Mines, Bul le t in  16, Washington, -q 

1911. 

3. E. Davis, Sr., 5 e  Peat D q o s i t s  of T l o r i d a ,  F l o r i l a  Geological Survey, 
B u l l a t i n  30, Tallahassee, 19.116. 

H. A.  Leverin, Pest  Mosu Dsposits in C m k ,  Mines and Geologg Srsnch, Bureau, 
04 Hines, No, 817, O t t a w a ,  1946 

W. W. Odelf -an& 0. P. Hood, Poss ib i l i t i es  f o r  the Commercial Uti l izat ion of 
Peat, U. S. Bureau of Mines, Bul le t in  253, Washington, 1926. 

Pqers  Present& zt the International Peat S ~ O S ~ U L I I ,  Bord ne Mona; Dublin, 1954 

3. L. P i r e t ,  R. G. White, H. C. Yalther, Jr., and d. 3. bdzdden, Jr., Pel le t -  

” 

i 
,I 

, 
i z ing  &lagnotic Teconite Concentrate, Ind. Tag. &em. 12, 215-6 (1961). 

i 
Iron Baage Be;ources and Behabili+htion, St. Paul, 1949. 4; 

1 

C. 0. Plumner, Resort of Progress in Pezt Develqroent, State of Minnesota, 

G. 9. R i g ,  Peat Resources of Wsshingtm, S t a t e  o f  Washington, De?zrtment Of- 
Conservation, Division of Mines a d  Geology, Sulletin 44, O-ia, 1958. 

E. T. Sheridvl and V. C. Berte, Pezt Producers i n  ths United States  in 1961, 
4 
‘ 

Mineral InduPtry Surveys, U. S.  Bureau o f  Mines, Washington, 1962. c 
E. E. So:er, Peat Eeposits af Minnesota, Minnesota Geological Survey, Bul le t in  ‘ 
16, Mianesiolis, 1916. 1 

4 

A. A. Swinnerton, Peat loss i n  C a n a d a ,  Department of Wines a d  Tectlnical f 

r Surveys, Mines Branch Infomation Circuler 104, Ottawa, 1958, 

The Winning, Harvesting, mil Util izat ion of Peat, Dyartment of Scient i f ic  
snd kd-ustr ia l  Resew&, Fuel Research, His Xajes ty  s Stationery Office, 
London, 19L8. 



MOLECULAR SIEVE PROPERTIES OF ACTIVATED ANTHRACITE 

J. E. Metcalfe, 111, M. Kawahata, and P. L. Walker, Jr. 

Fuel Technology Department 
The Pennsylvania S t a t e  Univers i ty  

Univers i ty  Park, Pennsylvania 

In t roduct ion  

It i s  w e l l  known t h a t  coals e x h i b i t  molecular-s ieve p r o p e r t i e s .  Such 
P r o p e r t i e s  a r e  c h a r a c t e r i z e d  by much h igher  n-C4H10 a d s o r p t i o n  than  ~ s o - C ~ H ~ O  
adsorp t ion  a t  room temperature  (1) and p a r t i c u l a r l y  by a c t i v a t e d  adsorp t ion  
of N2 and A a t  77%. (1, 2, 3, 4, 5). However, t h i s  molecular-s ieve behavior 
i n  t h e  case  of raw c o a l  i s  of l i t t l e  p r a c t i c b l  value,  s i n c e  t h e  d i f f u s i o n  r a t e  
of  the  adsorba te  i n t o  t h e  pore system i s  u s u a l l y  very  slow and t h e  t o t a l  adsorp- 
t i o n  capac i ty  i s  u s u a l l y  very  low. 

There i s  a n  i n c r e a s i n g  i n t e r e s t  and use,  today, of molecular-s ieve m a t e r i a l s  
by the  petroleum i n d u s t r y  f o r  the  s e p a r a t i o n  of s t r a i g h t  from branched-chain 
hydrocarbons. Synthet ic  c r y s t a l l i n e  z e o l i t e s  are being used almost e x c l u s i v e l y  
f o r  t h i s  purpose ( 6 ) .  Charcoals made from t h e  p y r o l y s i s  of  c e r t a i n  polymers 
show promise (7) .  In  t h i s  paper, t h e  p o s s i b i l i t i e s  of producing a s u i t a b l e  
molecular-s ieve mater ia l  by t h e  a c t i v a t i o n  of  a n t h r a c i t e  i s  considered.  

Experimental 

Anthrac i te  Used - A Pennsylvania a n t h r a c i t e ,  which w a s  ground i n  a f l u i d  energy 
m i l l  to  an  average p a r t i c l e  s i z e  of  6~ on a weight b a s i s ,  was used i n  t h i s  
s tudy.  The proximate a n a l y s i s  ( a i r - d r y  b a s i s )  of t h e  a n t h r a c i t e  was: 
moisture, 1.2%; V. M.,  8.2%; f i x e d  C,  79.4%; and ash ,  11.2%. 

D e v o l a t i l i z a t i o n  of t h e  Anthrac i te  - P r i o r  t o  a c t i v a t i o n ,  the  a n t h r a c i t e  was 
d e v o l a t i l i z e d  i n  a N2 atmosphere a t  950°C. f o r  6 hours. No a t tempt  was made 
t o  analyze t h e  product gases  dur ing  d e v o l a t i l i z a t i o n ;  b u t  from previous s t u d i e s  
on k i n e t i c s  of v o l a t i l e  m a t t e r  r e l e a s e  from a n t h r a c i t e ,  most of the  gas  
r e l e a s e d  was H2 (8) .  

Act iva t ion  of Anthrac i te  - Because of the  f i n e  p a r t i c l e  s i z e  of a n t h r a c i t e  
used, a down-flow f i x e d  bed r e a c t o r  w a s  employed. 
2.25 in. i. d., 3.25 in .  0. d., and 2 f t .  long, w a s  made of 10-18 s teel  tubing. 
The a n t h r a c i t e  sample holder ,  which could be i n s e r t e d  i n t o  the  r e a c t o r ,  was 
304 s t a i n l e s s  steel .  Its dimensions were 1.87 h. i. d., 0.065 i n .  w a l l  th ick-  
ness ,  and 1 7  in .  long. The bottom was per fora ted  t o  a l low f o r  t h e  passage of 
t h e  gases.  Gas mixing and prehea ter  s e c t i o n s  were p r e s e n t ,  before  t h e  r e a c t o r .  
The e n t i r e  apparatus  i s  descr ibed  i n  d e t a i l  e lsewhere ( 9 ) .  

The r e a c t o r ,  which was 

For a run, an oven d r i e d  sample o f . a n t h r a c i t e  of known weight was placed 
i n  the sample holder .  
and then r e a c t e d  wi th  a 90% C02-10% CO gas mixture ,  a t  a t o t a l  p ressure  of 
1 atm. Following r e a c t i o n ,  t h e  sample was cooled i n  N and the percentage 
burn-off measured from t h e  loss  i n  sample weight. 
t o  t h e  i n l e t  stream so t h a t  more uniform a c t i v a t i o n  through the bed would 
occur .  
s t r o n g l y  r e t a r d i n g  t h e  g a s i f i c a t i o n  r e a c t i o n  (10). 

The sample was heated t o  a c t i v a t i o n  temperature i n  N2 

Carion monoxide was added 

That i s ,  i t  minimized the  e f f e c t  o f  small  amounts of product  CO 

I 
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Apparatus to Measure P r o p e r t i e s  of An th rac i t e  

Apparent d e n s i t y  - The apparent  d e n s i t y  of t h e  samples was determined by 
Hg displacement.  A Hg porosimeter was used (ll), i n  which the  t o t a l  pressure 
above the Hg was r a i s e d  t o  2,000 p s i .  
openings g r e a t e r  than c a .  1000 A.  Therefore ,  i t  i s  expected t h a t  the voids  
between a n t h r a c i t e  p a r t i c l e s  were completely f i l l e d .  A t  the  same t i m e ,  the  
volume of Hg forced i n t o  pores above 1000 A. w i th in  the a n t h r a c i t e  p a r t i c l e s  
is  thought t o  be n e g l i g i b l e  (12) .  

A t  t h i s  pressure,  Hg is  forced i n t o  

H e l i u m  d e n s i t y  - P r i o r  to  the  measurement, t h e  samples were outgassed a t  
125°C. f o r  8 hours. The He  d e n s i t i e s  were determined by the convent ional  
method i n  which a measured q u a n t i t y  of He was expanded i n t o  a sample ho lde r  
(he ld  a t  30°C.) of known volume con ta in ing  a sample of known weight. A 
30 min. per iod was found adequate  t o  reach equi l ibr ium. 

Adsorption appa ra tus  - A s t a t i c  adso rp t ion  appa ra tus  of the  t y p i c a l  
design (13),  con ta in ing  Hg f l o a t  valves ,  was used. 
were conducted a t  30 -+ 0.1'C. P r i o r  t o  measuring the f r e e  space with H e ,  
the  samples were outgassed a t  250°C. f o r  7 hours. 
d i f f u s i o n  o f  the hydrocarbon adso rba te s  i n t o  t h e  raw and d e v o l a t i l i z e d  
a n t h r a c i t e s ,  24 hours was allowed t o  reach equ i l ib r ium f o r  each adso rp t ion  
poin t .  For the a c t i v a t e d  samples, a one hour e q u i l i b r a t i o n  time was found 
s u f f i c i e n t .  The adso rba te s  used, n-C4Hl0, iso-C4HIo, and neo-CgHlp, w e r e  
obtained from the  Matheson Co. and were of g r e a t e r  than 99.92 pur i ty .  

A l l  adso rp t ion  s t u d i e s  

Because of the  very slow 

Resu l t s  and Discussion 

It was decided t o  a c t i v a t e  a n t h r a c i t e  of micron s i z e  i n  t h i s  s tudy i n  
o r d e r  t o  a t t a i n  the optimum i n  uniform p a r t i c l e  a c t i v a t i o n  and to decrease 
adso rp t ion  e q u i l i b r a t i o n  time t o  a minimum. 
d i s c u s s  the e f f e c t  of p a r t i c l e  s i z e  on non-uniformity of g a s i f i c a t i o n .  
Kawahata and Walker (12) show t h a t  the  s p e c i f i c  pore volume of a c t i v a t e d  
a n t h r a c i t e  i n c r e a s e s  wi th  dec reas ing  p a r t i c l e  s i z e  i n  the  range 16 t o  150 mesh. 

Walker and co-workers (14) 

Unfortunately,  however, t h e  handl ing of 61~. a n t h r a c i t e  du r ing  a c t i v a t i o n  
proved t o  b e  a problem. I n i t i a l l y ,  a c t i v a t i o n  i n  a f l u i d  bed apparatus,  which 
was previously used s u c c e s s f u l l y  t o  r e a c t  100x150 mesh a n t h r a c i t e  (15), was 
attempted. Excessive ca r ry -ove r  of the a n t h r a c i t e  from the  r e a c t o r  as a 
r e s u l t  of continuous agglomerat ion and de-agglomeration made the  use of 
f l u i d i z a t i o n  i m p r a c t i c a l .  
which was used f o r  a c t i v a t i o n ,  i t  became ev iden t  t h a t  channel ing of the  gas 
was a problem. 
bed. That i s ,  from t h e  t o t a l  per  c e n t  burn-off and the change i n  apparent 
d e n s i t y  of a n t h r a c i t e  during a run, the  f r a c t i o n  of a c t i v a t i o n  which took 
p l ace  within the  a n t h r a c i t e  p a r t i c l e  (as  opposed t o  removing e x t e r n a l  volume 
and thereby dec reas ing  p a r t i c l e  s i z e )  could be est imated.  
a c t i v a t i o n  runs made, the  percentage o f  i n t e r n a l  a c t i v a t i o n  va r i ed  widely, 
up t o  loo%, with no t r e n d  be ing  found wi th  changing a c t i v a t i o n  temperature 
between 750 and 840°C. Resu l t s  f o r  on ly  the  sample with 100% i n t e r n a l  a c t i v a -  
t i o n  a r e  given here ,  t o  show under the  b e s t  cond i t ions  what type of molecular- 
s i e v e  p r o p e r t i e s  a c t i v a t e d  a n t h r a c i t e  can have. 

In the  c a s e  of the  down-flow f i x e d  bed r e a c t o r  

This a p p a r e n t l y  r e s u l t e d  i n  non-uniform r e a c t i o n  through the  

For the  seven 

The a c t i v a t e d  sample t o  be considered here ,  was r eac t ed  a t  840°C. f o r  
23.5 hours t o  34.8% burn-off.  Figure 1. shows t h e  isotherms for the adso rp t ion  

i 
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of hydrocarbons on t h i s  sample. 
t h e  Langmuir equation, from which monolayer adso rp t ion  volumes can be es t imated .  
These volumes f o r  the a c t i v a t e d  and raw a n t h r a c i t e  are given i n  Table I. 
l a y e r  volumes f o r  t h e  d e v o l a t i l i z e d  a n t h r a c i t e  a r e  no t  given, s i n c e  they  were 
very mall and could  not  b e  a c c u r a t e l y  measured. adso rp t ion  a t  a 
relative pressure  of 0.3, the  volume adsorbed on t ~ ~ r d ~ ~ % ? l i z e d  a n t h r a c i t e  
was roughly 10% of t h a t  adsorbed on the raw a n t h r a c i t e .  
s i g n i f i c a n t  c l o s u r e  and c o n t r a c t i o n  of pores upon hea t ing  of t h e  raw a n t h r a c i t e  
t o  950°C. Such a r e s u l t  has  been previous ly  r epor t ed  upon t h e  h e a t  treatment 
of  bftuminous cha r s  t o  h ighe r  temperatures (16). 

Tha isotherms can be c l o s e l y  approximated by 

Mono- 

This  i n d i c a t e s  

From Table I, i t  fs seen t h a t  t he  a rea  a v a i l a b l e  to the  hydrocarbons i s  
sha rp ly  increased  upon a c t i v a t i o n ,  as expected. 
f a c t  t h a t  the  adsorp t ion  r a t e  is markedly increased  and t h a t  wide d i f f e r e n c e s  
i n  the  pore area a v a i l a b l e  t o  the  hydrocarbons s t i l l  e x i s t .  

Of more importance, is the 

Table I1 summarizes t h e  results f o r  t he  apparent  and H e  d e n s i t i e s  and 
t o t a l  open pore volume on a m.m.f.b. 
t h e  apparent  and He d e n s i t y  of the mineral  m a t t e r  i n  a l l  samples was taken a s  
2.7 g./cc. (17). The t o t a l  open pore volume i s  cons idered  t o  be the  volume i n  
pores  < 1000 A. and > 2.5 A. i n  diameter.  The lower l i m i t  i s  set by t h e  s i z e  
of pore into which He can  d i f f u s e  a t  a s i g n i f i c a n t  r a t e  a t  30°C. (18). 

To p lace  the  d e n s i t y  r e s u l t s  on a m.m.f.b., 

On the b a s i s  of these  results, the  n a t u r e  o f  t h e  molecular  pore system i n  
the  a n t h r a c i t e s  can  be c l a r i f i e d  fu r the r .  From Hg poros imeter  da t a  on an th ra -  
c i te  a c t i v a t e d  t o  38% bum-off ,  i t  has been shown t h a t  about 949, of  t h e  t o t a l  
open pore volume is  loca ted  i n  pores < 28 A. i n  d iameter  (12) .  
t he  Kelvin equation, pores of up t o  ca. t h i s  d iameter  w i l l  be f i l l e d  by the 
hydrocarbons s tud ied  a t  a relative p res su re  of 0.3. Therefore,  t he  assumption 
is made that the volumes of hydrocarbon adsorbed a t  a r e l a t i v e  p re s su re  of 
0.3 are loca ted  i n  pores  between a lower l i m i t  (below which the  hydrocarbon 
will n o t  e n t e r )  and 1000 A. Then, by s u b t r a c t i n g  these  pore volumes from the 
total  open pore volume, d i s t r i b u t i o n  data i n  the molecular pore  s i z e  range 
can be determined. I n  agreement wi th  Breck and co-workers (19) and o the r s ,  
the  minimum e f f e c t i v e  pore s i z e  i n t o  which a hydrocarbon can p e n e t r a t e  i s  
t aken  as the  diameter of the  c i rcumscr ibed  circle of minimum c ross - sec t iona l  
a r e a  of  t he  hydrocarbon molecule. These minimum dimensions a r e  4.9, 5.6, and 
6.5  A. f o r  n-C4HloY iso-C4Hl0, and neo-C5H12, r e spec t ive ly .  

According to  

These results are summarized g r a p h i c a l l y  i n  F igure  2. It i s  seen  t h a t  
even though the  t o t a l  open pore volume i s  increased  on d e v o l a t i l i z a t i o n  
(presumably by v o l a t i l e  m a t t e r  r e l e a s e  unblocking pores) , the  amount of pore 
volume a v a i l a b l e  t o  n-C4H10 and l a r g e r  hydrocarbons sha rp ly  decreases .  Com- 
par ing  the  volume d i s t r i b u t i o n s  f o r  the  raw wi th  the  a c t i v a t e d  a n t h r a c i t e ,  
i t  is  seen  t h a t  i n  s p i t e  of a l a r g e  inc rease  i n  t o t a l  pore volume upon 
a c t i v a t i o n ,  the  pore volume between 2.5 and 4.9 A.  has decreased. 
sugges t  t h a t  t he re  is l i t t l e  pore volume below 4.9 A. t o  be opened up by 
a d d i t i o n a l  burn-off of  t h i s  a n t h r a c i t e .  It is t o  b e  emphasized t h a t  t he  volume 
repor t ed  below a minimum e f f e c t i v e  pore s i z e  would be expec ted  t o  inc rease  wi th  
inc reas ing  adso rp t ion  temperature, because of a c t i v a t e d  d i f f u s i o n  and an  in-  
c r e a s i n g  magnitude of  v i b r a t i o n  of the  atoms around a pore opening. 

This would 

It i s  of  i n t e r e s t  t o  compare the  a c t i v a t e d  a n t h r a c i t e  w i th  Type A 
s y n t h e t i c  z e o l i t e  p e l l e t s  f o r  adso rp t ion  of n-C4H10 and iso-C4Hl0 (19). 
r o w  temperature, the 5A z e o l i t e  has  a c a p a c i t y  of ca.  50 cc .  n-C4H1 /g. 
(S.T.P.) and 2 cc. iso-C4Hlo/g. 

A t  

It is thought t h a t  t he  adso rp t ion  09 

I 

I 
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4.4. 
iso-C6Hlo p r imar i ly  occurs  on the  c l a y  b inder  holding the  small  z e o l i t e  
p a r t i c l e s  t oge the r  in t h e  p e l l e t .  
In con t ra s t ,  t h e  a c t i v a t e d  a n t h r a c i t e  has a c a p a c i t y  of ca. 110 cc. n-C4Hlo/g. 
(m.m.c.b.) and 40 cc. iso-CqHlO/g. 
P e l l e t i z i n g  the  a n t h r a c i t e  f o r  use i n  f ixed  bed ope ra t ions  would be expected 
t o  lower both t h e  adso rp t ion  c a p a c i t i e s  and sepa ra t ion  r a t i o .  It is  obvious, 
then, t h a t  t h i s  a c t i v a t e d  a n t h r a c i t e  sample does no t  show t he  sharp molecular  
s i e v e  e f f e c t  demonstrated by the  z e o l i t e .  
range of .molecular  pore s i z e s  is present  i n  the  raw and a c t i v a t e d  an th rac i t e .  
Nevertheless, because o f  the  r e l a t i v e l y  low c o s t  of a c t i v a t e d  a n t h r a c i t e ,  it 
may .have poss ib l e  a p p l i c a t i o n s  f o r  rough sepa ra t ions  i n  conjunct ion  w i t h  
z e o l i t e s .  

The r a t i o  of gases  adsorbed i s  ca. 23. 

The r a t i o  of gases  adsorbed is ca. 2.8. 

This  i s  t o  be expected, s ince  a 

Ac know1 edgmen t 

W e  wish t o  acknowledge the  f i n a n c i a l  support  of  the  Coal Research Board 
of  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

the  Commonwealth o f  

R. B. Anderson, W. 
60, 1548 (1956). 

P. Le R. Malherbe, 

Pennsylvania f o r  making t h i s  research  poss ib le .  

References 

Kei th  Hal l ,  J. A. Lecky, and K. C. S t e in ,  J. Phya Chem., 

Fuel ,  30. 97 (1951). 

F. A. P. Maggs, Nature, 169, 793 (1952). 

S. J. Gregg and M. I. Pope, Fuel ,  38, 501 (1959). 

D. W. Van Krevelen and J. Schuyer, "Coal Science", E l sev ie r  Publ. Co., 
1957, pp. 129-136. 

R. A. Jones, "Advances i n  Petroleum Chemistry and Refining", In t e r sc i ence  
Publ i shers ,  Inc. , 1961, pp. 115-161. 

J. R. Dacey and D. G. Thomas, Trans. Faraday SOC., 50, 740 (1954). 

Jean  Worral l  and P. L. Walker, Jr., "The Isothermal  Kine t i c s  of Vo la t i l e  
Matter Release from Anthraci te" ,  Coal Research 3oard of Pennsylvania 
Spec ia l  Report 16, 1959. 

J. E. Metcalfe ,  111, M.S. Thesis, The Pennsylvania S t a t e  Universi ty ,  1962. 

J. Gadsby, F. J. Long, P. Sleightholm, and K. W. Sykes, Proc. Royal SOC., 
-f 193A 357 (1948). 

P. L. Walker, J r . ,  F. Rusinko, Jr., and E. h a t s ,  J. Phys. Chem., 59, 245 
(1955). 

M. Kawahata and P. L. Walker, Jr., "Piode of  PmDsi ty  Development i n  A c t i v a t e d 4  
Anthracite", Proceedings of the F i f t h  Carbon Conference, i n  press .  

P. H. Emmett ,  ASTM Tech. Publ. 51, pp. 95-105 (1941). 1 
P. L. Walker, Jr., F. Rusinko, Jr., and L. G. Akstin,  "Advances i n  Catalysis", 
Academic Press, 1959, V o l .  11, pp. 133-221. 

M. Kawahata and P. L. Walker, Jr., Proceedings of the  An th rac i t e  Conference, , 
4 Mineral I n d u s t r i e s  B u l l e t i n  75, The Pennsylvania Sca te  Universi ty ,  1960, 

R. L. Bond and D. H. T. Spencer, Proceedings of t he  Third Carbon Conference, 
Pergamon Press, 1957, pp. 357-365. 

1 

pp. 63-78. 



i 45. 
I, 1 7 .  A. M. Wandless and J. C .  Macrae, Fuel, l3, 4 (1934). 

1, 18. 

[ 19. D. W. Breck, W. G. Eversole,  R. M. Milton, T. B. Reed, and T. L. Thomas 

R. E. Frankl in ,  Fuel ,  2, 46 (1948). 

J. Am. Chem. SOC., 78, 5963 (1956). 
b 

Table I 

Monolayer Volumes f o r  D i f f e r e n t  Hydrocarbons 

on Raw and Act ivated An th rac i t e  (m.m. f .  b) 

V-, cc./g.  (S.T.P.) 

Raw 

Activated 

n-C H iso-C 4 H 10 neo-C5H12 

12.6 8.6 2.3 

134 54.5 15.5 

Table I1 

Densi t ies  and Total  Open Pore Volume i n  Raw, 
Devo la t i l i zed ,  and Act ivated An th rac i t e  (m.m.f .b.) 

App. Density H e  Density Total  Open Pore 
4. I C C .  g. I C C .  Volume c c . / g .  

Raw 1.245 1.438 0.108 

Devola t i l i z e d  1. 5l0 2.010 0. 165 

Ac t iva t ed  0.95, 2.156 0.581 
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Figure 2 
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Factors Affecting the Upgrading of I rcn Oxide Derived From F u  Ash 

H. E. Russeil a& E. A .  Zawacizki 

3itmimw Coal Research, Inc. 
350 Hochberg Road 

Mcnrceville, Pennsylvania 

I n t r d u c t  ion 

The iron cxlde present i n  f l y  ash can be removed by magnetic segaration nietixds. 
Tke E a t e r l a  s o  obtained has possible useful applications as a heaty Eedia agent i 2  
c o d  preparztion ani as a raw material for  the s t e e l  industry. 
various spc i f i ca t i cns  of the inaterials now used in these processes, the f l y  ash- 
<?rived i ron  oxide m u s t  be fur ther  upgraded. This paper describes SoEe of the pra- 
blem encountered in  upgradiAng the i ron oxide material. 

In order t o  meet the  

A .  Separation of Iron Oxide f rorn Fly Ash 

iron oxide can be removed froin f l y  ash bjr e i the r  iret o r  dry m 3 g n e t i C  mtccd.;. 
Tmicz l  magnetic separations systems which could be applied t o  this process are ShOWn 
sckeaatically i n  Figures 1 and 2. 

The w e t  process (Figure 1) involves pumping a f i y  ash slurry in to  a uni t  con- 
The magnetic iron oxide and associated materid ere col- ta ining a magnetic brum. 

lected Prom the drum, and the collected material is passed through a similar unit fo r  
fur ther  refining. The non-magnetic material is transported t o  a disposal  area. 

The dry process a lso GXS a ro ta t ing  magnetic drum. The i n i t i a l  separation pro- 
duces middlings and t a i l i ngs  f ract ions,  which are  discarded, and a crude i ron  Oxide 
fract ion which must be fur ther  refined b j r  passing tmolgh  another magnetic unit. 

The iron oxide so obtained is similar i n  physical and chemical character is t ics  
(Table 1) t o  commercially available -@petite ami therefore can be used, in  some cases, 
as a heavy media agent without fur ther  processing. 

3 .  Processing cf Iron Oxice f o r  Use as a Heavy Media Agent 

The important ‘factor in the  use of f l y  ash-derived i ron oxi&e as a heawj m d i a  
agent Ls the  mgnetic content o f  t h i s  material. 
iigh as possible i n  order t o  have high recovery rates a t  th preparation plant, 
thoreby keeping the consumption o f  iron oxide per ton of coal  a t  a low rate. 

CzrrrrerciaU-y available magnetite contains 94 percent magnetic material. 

The t o t a l  mgnet ics  should be as 

3amoles of iron oxide from f l y  ash can be produced containing 90 percent mgnet ics ,  
%Jever t h i s  requbes f - x t s e r  processing of the i ron oxide i n  another magnetic un i t ,  
cr al terna.ely by crushing the i ron 0xid.e t o  l ibera te  the magnetic material and sub- 
STquent magnetic separation t o  col lect  the magnetic fraction. 

sized material. 
T h i s  h t t e r  process serves another purpose, namly, t h a t  of producing a f ine r  

Heavy media washers of different  designs require magnetic na t e r i a l  

F 
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of different  size consists fo r  e f f ic ien t  operation. Certain washers can use the f l y  
ash-derived iron a i d e  as it is produced from the f l y  ash; others require a finer 
material. However, fur ther  grinding reduces the t o t a l  magnetics content in the i ron 
oxide. This occurs because non-magnetic materials are present i n  the iron oxide and 
are l iberated by the grinding process. TIE reduction in t o t a l  magnetics can be as 
much as several percent. Detailed comparison tests are yet t o  be made on this phase 
of t h e  project . 
C. Upmading Iron Oxide fo r  Use 86 a Raw Material i n  the S tee l  Industry 

The object of this phase of the program was t o  refine t h e  iron oxide t o  obtain 

Considerable a t tent ion was therefore focused on the analysis 
a f rac t ion  baving the highest possible iron content w h i l e  maintaining a low s i l i c a  
and aluminum content. 
of the i ron  oxide material. Vethods of analysis were developed t o  determine iron, 
s i l i con  and aluminum. 

Several different  ref ining procedures were attempted. 

1. The iron oxide removed from the f l y  ash w a s  pulverized un t i l  9 percent 
passed a 325 mesh screen. The crushed materlal w a s  then washed with water 
several  times; after each washing the iron oxide w a s  allowed t o  settle and the 
l i gh te r  material removed by decantation. 
content nor did it decrease the s i l i c a  content, however the alLlminum content was 
reduced f r o m  6.0 percent t o  3.7 percent. 

This methcd did not increase the iron 

2 .  A second attempt a t  purification w a s  attempted using the folkwing 
method. The iron oxide w a s  pulverized t o  98 percent through a 325 mesh screen. 
The  magnetic iron w a s  removed by a dry magnetic method and then processed by 
spec i f ic  gravity separations at 2.95 specif ic  gravity. 
improve the i ron  or s i l ica  contents, however it decreased the aluminum t o  0.3 
percent. 

This method a l so  did not 

The resul ts  of these experinrents showed that the i ron and s i l i c a  are i n t i -  
mately combined i n  such a form that grinding end washing w i l l  not mske possible 
a separation. 
an i ron-to-s i l ica  r a t i o  of 4.6 t o  1. 

This combination is  described as "si l icated iron oxide" and fias 

3. A third attempt at reducing the s i l i c a  content was attempted. 
method involved crushing the original, unprocessed fly ash t o  98 percent tkough 
a 325 mesh.screen, however w&n the resul tant  material did not X i e l d  any Fron 
oxide when magnetic separations were attempted. 
iron oxide apparently had disappeared. 

T h i s  

The magnetic properties of the 

These resu l t s  led  t o  a closer investigations of the phys ica l  and chemical 
character is t ics  of the fly ash. 

B 1 
No standard wet ana ly t ica l  m e t h o d  for iron i n  f l y  ash was available f o r  use in  

t h i s  work. 
i ron was extracted from t h e  f l y  ash by hydrochloric acid. 
microscopic examination of, the residues, it was suspected t h a t  all of tile i r o n  was 
not extracted by hydrochloric acid. 
attempted and gave higher r e su l t s  than the hydrochloric acid extraction (Table 2). 
However, it w a s  again suspected tha t  some of the iron had not been dissolved. Hydro- 
f luor ic  acid extraction of the sanples vas then attempted and gave results which were 
consistently reproducible. 
results. 

In i t i a l ly ,  the ASTM methods recommended fo r  cement were used in  which the 
From the color of, and 

Sodium carbonate and caustic fusions we= 

The hydrofluoric acid extraction method gave t h e  highest 

I 

A 
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3. Microscopic Examination $9 * 

It was believed that the problem with the analyses and processing Of the fly 
asn-derived i ron oxide were associated with the s i l i ca t ed  iron inaterial. 
examination slrppoeed t h i s  bel ief .  

fiCrOscOPic 

Pollen amounts of (a) fly ash, ( b )  the residue from the magnetic separation pro-. 
cess aad ( c )  the magnetic iron oxide were examined and photographed under a micro- 
scope a t  200 and 400 magnification using transmitted l igh t .  

F.ly ash is formed a t  high temperatures during t h e  combustion of pulverized coal. 
A t  these high temperatures, the  ash forming constituents of tne coal  roelt,,fuse, and 
form spherical  masses, in most cases (Figure 3 ) .  

The spherical pexticles containing iron oxide are essent ia l ly  m-tic (Figure 
4) and can Se removed by cagnetic processing. 

Residues from the magnetic separation are essentialJy devoid of spherical iron 
bearing par t ic les  (Figure 5 ) ;  however, a fair amount of iron oxide remains as ragged, 
irregularly-shaped par t ic les ,  some of which have a ce l lu la r  appearance (Fib- 6 ) .  
T h i s  material is believed t o  be thermally decomposed pyrite which had originally 
replaced fusain i n  the coal. 
process btrt did not fuse in to  the spherical  mass which is typ ica l  of f l y  ash par t i -  
c les .  

This pyri te  was thermally decomposed by the combustion 

T h i s  material may not be magnetic. 

Examination of the magnetically separated iron oxide shows a great abundance of 
S o m  of t h i s  material is 

This s i l i ca t ed  material appears t o  
spkerical  par t ic les ,  a l l  of which are not pure f ion  oxide. 
the pevious ly  mentioned "s i l icated iron oxide". 
ek is t  i n  two forms, one i n  which the magnetic iron oxide occurs as discrete  par t ic les  
Wedded in a spherical mass of sllica (Figure 7), the other as a so l id  core of 
magnetic iron oxide surrounded by a siliceoub mass (Figure 8). 

While this material can be readily separated from the f l y  ash by ma,-tic 
e t h c d s ,  the associated s i l iceous material is also removed. 
the uajor problem encountered i n  upgrading the i ron oxide. 

T h i s  unfortunately is 

Future work on this project w i l l  be concerned w i t h  developnient of improved 
crushing and separetion methcds f o r  upgrading the iron oxide t o  meet specifications 
f o r  new, as well as existing, process applications. 

Upgrading iron oxide derived from fly ash is  complicated by the physical s t a t e  
of the i ron as it occurs i n  t h e  f l y  ash. 
presents problem i n  analysis. O r d i n a r y  crushing of the material  t o  release t k e  iron 
embedded i n  the s i l i c a  has not been found t o  be an effective means t o  upgrade the 
iron oxide. T ' e  s i l i c a  content remains unchanged a d  t k  magnetic content decreases. 
Fu r t r i r  experinaental work is necessary t o  achieve the desired degree of upgrading. 

The "s i l icated" state of the iron a l s o  

Acknowledgement 

The photomicrographs were taken by Richard Moses, BCR petrographer. 



I' 
50. 

Screen Analysis - Percent Retained 
Screen Size Iron Oxide Ccormf3rcial Magne t i t e  Grade 2 

+ 50 mesh 
50 x 70 mesh 
70 x 100 mesh 
100 x 140 nesh 
140 x 2 0  mesh 
200 x 325 roesh - 325 mesh 

0.15 
0.25 
0.70 

26. a0 

0.35 
6-35 

62.40 

3 -8 
4.4 
4.4 
6.2 
7 *6 

13 *5  
64 .5  

Approxiinate Chemicel Analysis, Percent by Weight 
Iron Oxide Zommercial Magnetite 

i r o n  
Sil icon 
Manganese 
Aluminum 
Calciun 
Magnesium 
Moistwe 

57 
6 
0.8 
3 
0.2 
0.04 
0.10 

62 
2 
0.2 
4 I 0.50 
1.50 ! 
0.50 

I 

i 

Physical Properties ,.I 

Specific gravity 3.B 
945 I i-tics 9 6  

4 .a0 

TABLE 2. COMPARISON OF FESWS OF IRON ANALYSES 
USllJG VAFGOUS METHODS 

J 

Sodium Caustic Fusion Hy3rocUoric Yy'drof luoric 
Sample Carbonate Fusion * I n i y  Secindary Acid Extraction Acid Extraction 4 

46 
1 5 09 8 *7 L 6.0 

2 14.9 11.0 14.9 3 02 

3 4.5 5 -7 2.7 

4 4.6 8.1 - 7 . 2  

5 36 .a 36 -7 4.5 41.3 

* Results reported by another laboratory. 

11.6 
1 

8.0 1 
18.4 
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Figure 1. W e t  b g n e t i c  Sepfu!azion Process for Recovering Iron Oxide From Fly  Ash 

Pressrat ion 
Unit 

Bituminous Coal Research, Inc.  2503G2 

Fig- 2. Dry Magnetic Separa t ion  Process for Recovering Iron Oxide F r o m  Fly  Ash 
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F i c i  3. 2 9 P l  

c o a l  (2oQx) 

Fiy Ash frm ivkciisnicel Dust Collector  of 29 
OFzrating Power S ta t ion  Burning Pulverized 

Figure 4. 25m2 
Iron Oxide Magnetically Separated from 

Fly Ash (2OOx) 
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F ~ U P Z  5. 250@3 
Non-Magnetic Residue from Magnetic Separation 

of Fly Ash (200~) 

Figure 6. . 2508P4 
Unfused Iron Oxide (top center) i n  Non-Magnetic 

Frzction o'f Fly A s h  (40Gx). 
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Figure 7 -  25-5 
Discrete Iron Particles Enclosed in Siliceous Mass 

Found in Magnetic Fraction of F l y  Ash (2-1 

F i g u r e  0. 25C8p6 
Iron Oxide Sphere Enclosed by Siliceous Mass-Fouod 

in  *tic Fraction of. Fly Ash (4ochr) 
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COAL-IN-TAR DISPERSIONS AS HIGHWAY CONSTRUCTION MATERIALS 

Edmund 0. Rhodes 
Pittsburgh,. Pennsylvania 

Introduction 

When bituminous coal is digested in a mixture of coal tar pitch and high- 
boiling t a r  oil, at temperatures'in the approximate range of 300-320 C., little o r  
no chemical decomposition of the coal occurs and the coal-modified pitch, which 
appears to be a colloidal dispersion of the coal as coal in'the pitch-oil mixture, has  
temperature  susceptibility characteristics better than those of the original pitch, i. e., 
it softens less at elevated temperatures and hardens less as temperatures  a r e  de- 
creased. 

Fo r  about thirty years  coal-modified pitches have been used very success- 
fully as hot-applied enamels for  the protection against corrosion of s teel  structures,  
marine piling and underground pipe lines for  the transmission of oil, gas and water. 
Because of their superior temperature susceptibilities they are better for  such pur- 
pcses than coal tar enamels made by usual procedures. 

Less  successful have been various attempts to use coal-in-tar dispersions 
for  other purposes for  which it might be expected - because of their  improved 
temperature susceptibilities - that they would be better than coal  tar o r  asphaltic 
mater ia ls  ordinarily used fo r  such purposes. 
nection are some major efforts that have been made in Great Britain and, most 
recently, in South Africa and the United S ta tes  to employ coal-modified tars as 
binders for bituminous highway pavements. 

Of particular interest  in this con- 

Bituminous Road Binders - Tar  vs. Asphalt 

Binders used in pavements of the bituminous concrete type are made 
either f rom petroleum, by the vacuum or  s team reduction of petroleum residuals, or 
f rom coal tar by straight distillation- to the required consistency o r  the fluxing of 
coal tar pitch with t a r  oils. In the United States unfilled hot-mix binders of petro- 
leum origin are called asphalts, paving asphalts or  asphalt cements 
Great Britain and various other countries they usually are re fer red  to as bitumens, 
asphaltic bitumens o r  petroleum bitumens to distinguish them f rom natural o r  syn- 
thetic mixtures of bitumens and f i l lers  that a r e  called asphalts. 
discussions unfilled asphaltic binders w i l l  be  designated as paving asphalts or asphalt 
cements. Coal tar binders, made either by straight distillation or  the fluxing of pitch 
with t a r  oils, w i l l  be designated as t a r  cements. 

whereas in 

In the following 

general, asphalt cements have bet ter  temperature susceptibilities and are 
less  volatile a t  mixing, paving and atmospheric temperatures than t a r  cements. 
the other hand, ta r  cements have better adhesion t o  'most road aggregates on 
prolonged contact with water; are more  resis tant  to chemical alteration by water; 
are dissolved or softened less  by petroleum lubricating oils, j e t  fuels and gasoline; 
produce more permanently skid resistant pavements and a re  not as susceptible to 

On 



56. age hardening within pavements that are densely graded o r  tightly sealed so that 
oxidation o r  evaporation of the binder is minimized. 

Experience, both i n  the United States and abroad, has  shown that excellent 
pavements of the bituminous concrete type can be constructed either with asphalt 
cements o r  with tar  cements. However, different mixing and paving techniques a r e  
required. For example higher aggregate drying and mixing temperatures a r e  needed 
when asphalt cements a r e  used to insure substantially complete removal of all 
moisture f rom the aggregate and to fluidize the asphalt cement sufficiently to insure 
rapid and thorough coating of all aggregate particles. 
used for tar cements to avoid excessive volatilization of tar oils with consequent hard- 
ening of the binder. W i t h  tar cements it is possible to use lower aggregate and mixing 
temperatures because they will toleyate considerably more moisture in the aggregate 
than asphalt cements. Also because tar cements a r e  sufficiently fluid at the lower 
temperatures to insure satisfact'ory mixing and paving operations. 

Lower temperatures should be 

Another important difference in  the preferred construction techniques for 
pavements containing tar o r  asphalt cements has t o  do with aggregate gradations. 
For best results, tar cements should be used with densely graded aggregates so 
that  the finished pavements wil l  be substantially voidless (3-5$ residual a i r  
voids). Should a s l ight  excess of  tar binder in the mixture cause flushing of 
binder t o  the surface, the  thin fi lm of tar cement, on hardening, w i l l  be worn off 
by t r a f f i c .  This wil l  expose the angular particles of aggregate t o  produce a skid- 
resistant pavement surface. Because of the density of the compacted mixture, evapora- 
t ion of o i l s  from thin t a r  films below the pavement surface is prevented and l i t t l e  
or no alteration of the tar binder occurs. On the other hand, a somewhat mre  open 
aggregate gradation may be used with asphalt binders. 
are used so t h a t  flushing occurs, t h i s  must be held t o  a minimum t o  avoid the 
development of slippery surfaces when wet. 

I f  sufficiently dense mixes 

Methods F o r  Improving T a r  and Asphalt Binders 

Various methods have been used o r  t r ied with a view to  improving both tar 
and asphalt binders. In the case of asphalt cements such efforts have been directed 
mainly toward better adhesion to aggregates in the presence of water by the admix- 
tu re  of certain chemicals o r  tar oils, greater skid resistance by the addition of coal 
tar pitch and less  "age hardening" through the use of better-manufacturing proced- 
ures including the selection of r a w  materials. 

Efforts to improve tar cements have been directed almost entirely toward 
the improvement of their  temperature susceptibilities. The method most commonly 
employed, especially i n  Great Britain and Germany, has been the addition of paving 
asphalts to tar cements. 
about 1 5 - 2 5  per cent but ae  high as 40 per cent has been used with some 
temperature coal tars such as a r e  produced by vertical  retorts. 
some improvement in binding capacity as well as temperature susceptibility is ex- 
pected. A s  yet, this method has not been used extensively in the United States, 
largely because the asphalt cements produced in this country vary widely with respect 
to  compatibility when mixed with t a r  cements derived f rom high-temperature, coke 
oven coal tars.  
paving plants such mixtures may o r  may not segregate o r  sludge depending upon the 
type of petroleum f rom which the asphalt w a s  derived and the method of reduction 
used in its manufacture. 

Usually the asphalt content of such mixtures has been 
mid- 

In the latter case 

When stored and used at the high temperatures employed at hot-mix 



57. The addition of small amounts of synthetic rubber to  coal t a r  cements is 
another method that has been used to some extent for  improving their temperature 
susceptibilities. 
surfaces have been damaged excessively by je t  fuel spillage. Aprons o r  runways 
constructed wi th  rubberized tars, in addition t o  being jet-fuel resistant, deform l e s s  
at high temperatures and a r e  less likely to c rack  at low temperatures under heavy 
loads and impacts. However, the addition of rubber to the tar does not reduce its 
volatility and the rubberized tar binder must be stored and used a t  the lower temper- 
atures recommended for  usual t a r  cements. 

They have been used most  extensively at airports  where asphalt 

Another possible method for  improving tar cements is the one that wi l l  be 
reviewed in  this paper, namely, coal-in-tar dispersion. 

The Dispersion of Coal a s  CoalIn T a r s  and Oils 

The fact that coal a s  coal, a t  temperatures below those a t  which chemical 
decomposition of the coal begins, can be  dissolved o r  colloidally dispersed in cyclic 
hydrocarbons such as coal tar ,  water gas  and oil  gas tars, o r  chemicals, oils and 
pitches derived therefrom w a s  recognized, almost forty yea r s  ago, by HaroldJ. Rose 
and William H. Hill. From investigations started about 1924 in the Mellon Institute 
laboratories of the Koppers Company, Pittsburgh, Pennsylvania, they found that at 
digestion temperatures preferably in the approximate range of 300 - 320 C, bitumin- 
ous coal appears to dissolve in tars and tar oils, or their  combinations, 
chemical decomposition of the coal. 
depending upon the kinds and proportions of ingredients used, may have temperature 
susceptibilities substantially better thanthose of pitches made f rom coal tar,  water 
gas t a r  or  oil g a s  tar by usual distillation procedures. Presumabiy, as the diges- 
tion product cools to atmospheric temperature, the coal, which had dissolved in the 
digestion medium at the digestion temperature, comes out of solution to fo rm a gel- 
like, colloidal dispersion of the coal in which, except for  insoluble mineral  ash, no 
particles of the original lump o r  pulverized coal are visible with a microscope at 
magnifications of 400 - 500. 

without 
The end product i s  a pitch-like mater ia l  which, 

The laboratory investigations of Rose and Hill resulted in the issuance of 
several  United States and foreign patents to them with assignment to The Koppers 
Company. Their f i r s t  patent1 of this kind w a s  issued in Great Britain in 1928. The 
laboratory studies were followed by extensive pilot plant and field investigations in 
which the Research Division and the T a r  Products Division of The Koppers Company 
collaborated. Many possible outlets for coal-in-tar dispersions were investigated 
but most successful was the development by Koppers of superior enamels and coat- 
ings for  s teel  structures, marine piling and transmission pipe lines for  oil, gas and 
water. 
pipe lines was established by service tests conducted jointly by The American Petro- 
leum Institute , The American Gas Association and The U. S. Bureau of Standards. 
In those tests, which were s tar ted in 1930 and concluded ten years later, pipe nip- 
ples coated with the various t e s t  materials were buried at fourteen locations in the 
United States and specimens were inspected at  yearly intervals. 
digestion-product, designated as Komac, behaved so favorably that i ts  commercial  
production was started by the Wai l e s ,  Dove, Hermiston Corporation, maker  of 
Bitumastic enamels and coatings, following the disclosure of manufacturing proce- 
dures to them by Koppers. 
tried, l e s s  successfully, by the Koppers Company but they did not include highway 
construction or  maintenance materials, except for  a few field t e s t s  that w e r e  made 

. 

Their superiority over other coatings used or  proposed for  use on buried 

2 

Koppers' coal- 

Other commercial  uses for  coal digestion products were 

t 



58. with coal digestion pitches as br ick  and concrete pavement joint fillers. The first 
efforts to use coal-in-tar dispersions a s  road construction materials were made in 
Great Britain. 

British Experiments with Coal-modified T a r  Road Binders 

In 1929 a Brit ish patent3 w a s  issued to the South Metropolitan Gas Company, 
London, (Pickard and Stanier) on a process f o r  making a tar product w i t h  improved 
t'temperature-mobilitylt characterist ics.  
issued to  Rose and Hill (Koppers) in 1928 the process consisted in dispersing coal 
in tar at about 300 C but the South Metropolitan G a s  Co. patent w a s  directed speci- 
fically toward making an improved road material  o r  a substitute f o r  mixtures of 
t a r  and asphaltic bitumen (paving asphalt) fo r  road-making and like purposes by 
dispersing not more  than fifteen percent of bituminous coal in coal tar. Tar  suit- 
able f o r  the purpose w a s  made either by partial  distillation of crude coal tar to 
drive off lighter oils which would be lost during the digestion process at  approxima- 
tely 300 C or by distillation of the crude coal tar to pitch and subsequent adjustment 
of the latter by the addition of tar oils. 

A s  in the case of the Brit ish patent 

. A second Brit ish patent4 was issued to South Metropolitan Gas Company 
(Herbert  Pickard) in 1930. 
coal dispersion type described in the preceding patent to produce a road surfacing 
mixture of the hot-mix, hot-lay, asphaltic concrete type. 

It claimed the mixing with stone of a ta r  binder of the 

Detailed information gained from their  investigations w a s  furnished by 
Evans and Pickard in a treat ise5 published by South Metropolitan Gas Company in 
1931. It contained a l a r g e  amount of valuable information about (1) The 
Relationship Between Temperature and Consistency of Coal Ta r  (2) The Prepara- 
tionOf Asphaltic-Like Substances F r o m  Coal Tar and (3) The Consistency of Pitch- 
Like Substances. 

According to personal communications recently received by the author, 
additional experiments involving the use of coal-in-tar dispersions were made in 
Grea t  Britain in 1945 by the South Eas te rn  G a s  Board (formerly known as South 
Metropolitan Gas Company). A s  in the ear l ier  experiments, the purpose of the 
tests was to substitute coal-in-tar dispersions for tar-asphalt blends for dense tar 
surfacings. Asphalt suitable for  the purpose was expensive and in short supply at  
that time, but shortly thereafter it became more  plentiful again and work on the 
coal dispersion binders w a s  discontinued. 

Aiso, according to personal communications, the Coal Ta r  Research 
Association of Great Britain made additional tests in 1956 that were directed toward 
the improvement of tar binders for  use in dense surfacings on airfields. Coal was 
digested in a mixture of coal t a r  pitch and topped coke oven ta r  heavy oil. Labora- 
tory tes ts  were said to be encouraging but, when small tes t  sections of pavement 
were  laid, fuming was reported to  be somewhat excessive and large scale service 
tes ts  w e r e  not attempted. 

Coal-Modified T a r  Binder Experiments in South Africa 

In a paper6 published in October 1959, Dr. H. Karius and Dr. E. J. Dickinson 
reported the results of investigations which they had conducted in Pretoria,  
Africa as a part of the program of research  of the Bituminous Binder Researchunit, 
National Institute for Road Research. 
of decreasing the temperature susceptibility of viscosity and the brittleness at low 

South 

The purpose of the work w a s  "to find means 



59. temperatures of road tars derived from steel  works coke-oven crudes at least to 
the level of that of straight-run petroleum bitumens". 
dispersions, their observations may be summarized as follows: 

1) Road binders with temperature susceptibilities of viscosity and brittleness at 
low temperatures similar to those of bitumen (asphalt) resulted f rom the digestion 
of certain types of South African coal in tar especially in concentrations of 10 - 15 
percent by weight. 

than the sum of their separate effects. With coal present, the amount of synthetic 
rubber needed to equal the flow characterist ics of asphalt is minimized or,  by dis- 
persing both coal and synthetic rubber in t a r  o r  pitch, flow characterist ics superior 
tqithose of asphalt a r e  obtainable. However, when coal is present it is necessary to 
add a substant-ial amount of high-boiling coal t a r  oil to reduce the viscosity of the 
dispersion when it 

3) Either the GR-S (styrene-butadiene copolymer ) or the Buna N (butadiene- 
acrylonitrile) type of synthetic rubber may be used in conjunction with coal to im- 
prove the rheological properties of tar but the GR-S type must  be added in latex 
form. 

mixtures, appeared f rom laboratory tests to act as a stabilizing agent so that any 
pitch-to-asphalt ratio might be used without causing incompatibility in  the heated 
mixture. Also heat- stable pitch/oil/coal/asphalt/rubber blends were prepared by 
mixing a coal/pitch/oil blend with a rubber/asphalt blend. 
latex and Buna N latex were used in this manner. 

Concerning coal-in-tar 

2 )  The combined effect of coal and synthetic rubber on tar o r  pitch is greater 

.L- . 

4) Synthetic rubber, especially of the Buna N variety, when added to pitch-asphalt 

Both natural  rubber 

Heat stable blends of the types mentioned above were described in a South 
African patent application? filed in June 1958 by JSarius and Dickinson and assigned 
by them to  the South African Council for  Scientific and Industrial Research. 

During and after the laboratory investigations of Karius and Dickinson. 
single-seal applications of tars and asphalts, with and without the addition of coal 
and polymers, were made on highways near  Pre tor ia  so that they might be  compared 
and evaluated under actual service conditions. 
field tests have not yet been published. 

Reports on the outcome of those 

American Investigations of Coal-Modified T a r  Road Binders 

Curtiss-Wright and Kentucky Highway Department Tes ts  
The most recent attempt to develop improved binders for  bituminous concrete 

pavements by the dispersion of coal in t a r s  and oils was made in the United States. In 
the Fall of 1958 the Curtiss-Wright Corporation, whose r e sea rch  and development 
laboratories were located at Quehaxma, Pennsylvania in the hear t  of a bituminous coal 
mining region, decided to explore this possibility after conferring with members  of 
the U. S. Bureau of Mines, Bituminous Coal Research  Inc. and others. 
the successful use of coal-in-tar dispersions as pipe line enamels, which the Koppers 
Company was known to have developed following the researches of Rose and Hill, 
was thought that similar techniques could be employed for the production of improved 
road binders. 

done by the South Metropolitan G a s  Company in England but w a s  not aware of themore  
recent experiments by the South Eastern Gas Board and by the C o a l  T a r  R e  - 
search  Association in Great Britain o r  by Karius and Dickinson in South Africa, 

Because of 

it 

Curtiss-Wright w a s  aware of the early work along similar lines that w a s  



60' Articles describing those investigations had not yet been published. In fact, nothing 
was found in the l i t e ra ture  which would indicate that anyone had commercially pro- 
duced satisfactory coal-modified tar binders for highway construction purposes. 

Laboratory tes t s  which began at Quehanna in January 1959 were continued, 
without interruption, for  almost two years. During the latter half of 1959 they were 
supplementedby pilot plant and full scale highway service tes t s  in Kentucky in which 
the Curtiss - Wright Corporation and the Kentucky State Highway Department collabo- 
rated. The laboratory work at Quehanna and also the design, construction and 
operation of the Kentucky pilot plant was,  for  the most part, directed by LMr. S.H. 
A. Young, Chief Development Engineer of the Curtiss-Wright Research and Develop- 
ment Department; the Pro jec t  Leader at Quehanna during most  of the two year period 
was John Horai; Frank Soriero was manager, for Curtiss-Wright, of the pilot plant 
and field operations in Kentucky and E. 0. Rhodes assisted Curtiss-Wright in a con- 
sulting capacity both at Quehanna and in Kentucky. The Kentucky mixing and paving 
operations were supervised by the Highway Research Laboratory, Kentucky Depart- 
ment of Highways, of which Dean D. N. Te r re l l  was the Director and Mr. W. B. Drake 
the Associate Director. An independent study and evaluation of the various binders 
produced and used in the Kentucky experiments was made in Washington, D. C. by 
The U.S. Bureau of Public Roads. The resu l t s  of the Quehanna, Kentucky and Wash- 
ington investigations were reported at the 41st annual meeting of the Highway 
Research Board, Washington, D. C. in January 1962 in preprints of papers by 
Rhodes', Drake 9 ,  and Halstead, Oglio and Olsen . Following is a condensed 
summary of the information furnished by Rhodes concerning the Que- and 
Kentucky experiments. 

Prel iminary Quehanna Investigations 
During the first six months of I959 many laboratory tests were performed 

by Curtiss-Wright at Quehanna, Pennsylvania in which coal dispersions were made 
with different coals, tars and oils under varying conditions of time, temperature 
and pressure.  F r o m  a l a rge  number of formulations tried, two were selected for 
comparison w i t h  a typical 70-85 penetration asphalt cement and with a representa- 
tive sample of tar cement meeting ASTM specifications for  RT-12 grade road tar. 
The latter was made by straight distillation of high temperature, coke oven coal tar. 
One of the coal dispersions, (CW-II), contained 10.870 bituminous coal f rom the 
Freeport  seam near  Quehanna, Pa. and 89.2% of the RT-12 ta r  cement. The other 
(CW-LU) contained 11. 4y0 Freepor t  s e a m  coal, 64.470 RT-12 tar cement and 24.2% 

. high-boiling coal tar o i l  (m. m. t. 5% distillate to 315 C and 70-757'0 residue at 355 C). 
In each c a s e  the coal, dried and pulverized to pass 100% through a 100 mesh sieve. 
was mixed with the RT-12 road tar o r  RT-12 plus high-boiling coal tar oil, the mix- 
ture  was heated,with agitation, to  600F (315.5 C), maintained at that temperature 
for one hour, cooled to 400 F and withdrawn f rom the autoclave into containers. The 
autoclave was vented to the atmosphere throughout the run. Neither pressure nor 
reflux w a s  required to obtain complete dispersion of the coa l  in the tar o r  mixture 
of tar and oil. 

10 

_ _ _ _  - - 

II and C-W-III) shokld be  superlor to the 70-85 penetratioo asph-allcement 
respect to  lnsolubllrty in je t  fuels and also adhesion to aggregates xn the PI 
of water; r'urthermore, 1t appeared that they should be superior !o-th-e RT- 
tar cement but somewk 
c 

T.;Lbnratorv tes t s  indicated that each of the coal-modified tar cemeet_sLCW- 
with 
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12 grade 
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i a t io fer ior  to the asphalt cement f r o m  the starZpoiht 6f -, 
--__jC tility at usual asphalt mixing and paving temperatures- - -  



61. Comparative tes t s  on Marshall briquets made with the various binders 
gave the following results: 

ments (CW-II and CW-LTI) were approximately 50% higher than those of theasphalt 
briquets and l00’$”0 higher than the stabilities of RT-12 briquets. 

Lmmersion in water for 96 hours at l2OF caused the Marshall stabilities of br i -  
quets made with CW-II, CW-LTI and RT-12 to increase 970, 
whereas the stabilities of the asphalt briquets decreased 1770. 

M t e r  heating for 72 hours at 1 4 0 F  the stabilities of briquets containing CW-III 
decreased only 3% and impact resistance at 32 F increased 32%. 
the asphalt briquets decreased 20% and their impact resistance at 32 F decreased 
26%. 

The jet fue l  solubility of the CW-III briquets was only 2% as compared w i t h  38% 
for the asphalt briquets. 

The asphalt briquets were  somewhat superior t o  those made with coal-modified 
tar binders with respect t o  impact resistance at 3 2 F  and evaporation loss on heating 
for 72 hours at 140F.  

M a r s h d l  stabilities at 1 4 0 F  of briquets made with the coal-modified tar ce- 

8870 and 14% respectively 

The stabilities of 

On the whole it appeared f rom the preliminary Que- experiments, that  
improved binders for bituminous concrete pavements could be  made by the modifica- 
tion of a standard grade of coal tar cement (RT 12) with bituminous coal or bituminous 
coal and high boiling coal tar oil. Public announcements to the effect were made by 
Curtiss-Wright in April 1959 and shortly thereafter they contracted with the Common- 
wealth of Kentucky to  produce 150,000 gallons of coal modified tar cement for experi- 
mental use in that state. 

Kentucky Pilot Plant 
A pilot plant to make 1500 gallon batches of coal-modified tar cement was 

designed by Curtiss-Wright and it w a s  installed and operated by them at Frankfort, 
Kentucky during the latter half of 1959. Operation of the pilot plant w a s  as follows: 
RT-12 grade road ta r ,  pulverized Kentucky coal and high-boiling coal tar oil  were 
transferred to a 1500 gallon digester f rom tank c a r s  or tank trucks; the mixture 
was heated as rapidly as possible to 600F, and 
maintained at  that temperature for one half hour; by means of an  internal water- 
coolmg coil the temperature  was reduced to 400 F and the finished binder was trans- 
fe r red  to storage o r  transports. 
operation of the pilot plant in this manner. 

During the construction of the pilot plant fifty four coal samples f rom east-  
e r n  and western Kentucky coal mines were analyzed and tested on a miniature scale 
fo r  digestibility in  RT-12 at Quehanna. 
representative of eastern and western Kentucky coals, were made into two and three 
component type binders (CW-II and CW-III). The latter were mixed in varying pro- 
portions with representative samples of Kentucky aggregates to establish the opti- 
mum binder content fo r  Kentucky Class I hot-mixes in  which they were to be used. 
By agreement with the Kentucky Highway Research Department a binder content of 
7 . 0  percent was f i r s t  used and later changed to 6 . 9  percent. 

and four batches of hot-mix binder, totalling approximately 150, 000 gallons were 
made in the pilot plant. One hundred batches (144,000 gallons) were of the three 
component type (CW-LU) with the following average composition. 
high-boiling coal tar o i l  and 8% coal; two batches (3 ,000 gallons) of thetwocomponent 

with agitation but without reflux. 

No major difficulties were encountered in the 

Three of the samples, selected as being 

During the period between August 13th and November 7th 1959 one hundred 

81% RT-12, 11% 

i 



62. type (CW-II) contained 96% RT-12 and 4% coal, and two batches (3,000 gallons) 
contained only RT-12 which was .heated t o  400 F i n  the digester before delivery to 
tes t  sites. 

Kentucky Field Tes ts  

of Kentucky. At twelve of the si tes thebinder wasused in 1-1/2 inch Kentucky, 
Class I overlays on existing black top pavements which, for the most part ,  had re -  
quired a large amount of maintenance because of base failures o r  the development 
of slippery-when-wet surfaces. At the other two tes t  s i tes  the GW-III binder was 
used i n  hot-mix that,was laid 2-3/4 inches thick over tar-primed soil roads in ac- 
cordance with Kentucky, Class J Modified Base specifications. 

London) i n  a 1-1/2 inch overlay of the Class I type. 

above.location and also i n  a 2-3/4 inch, C las s  I, modified base near Bowling 
Green for  comparison with the CW-ILI type of binder. 

The CW-III type binder was delivered to fourteentest s i tes  invarious parts 
, 

The CW-11 type binder was used at only one location (8 miles south of 

The RT-12 road t a r  w a s  used i n  a short 1-1/2 inch Class  I overlay at the 

The hot mixes were  made in eleven commercial, hot-mix plants of which s i x  
were batch and five continuous. No major difficulties were  encountered at  any of 
them i n  the u s e  of the coal-modified binders. Also, except for somewhat excessive 
fuming when paving temperatures  exceeded 260 F, paving operations by nine different 
contractors were very  satisfactory even though atmospheric temperatures  varied 
f rom about 27F  to  100 F during the construction period. 

However, service results from the vari'ous test  pavements were not entirely 
satisfactory. After the first winter, which was unusually severe, considerable s u r -  
face abrasion, (due in  part to t i r e  chains), and cracking w a s  observed particularly 
at center joints and near the edges where the new overlays-projected beyond the 
original pavement surfaces. Cracking w a s  particularly noticeable at  locations where 
the 1-1/2 inch overlays were  placed on old and unstable black top pavements that 
had required extensive maintenance in former  years.  It w a s  obvious that the over- 
lays containing the CW-ILI type binder (coal, RT-12 and high-boiling oil) were too 
hard and brittle and did not have enough flexibility, particularly at l o w  temperatures, 
for use over unstable pavements. 

At the one location (8 miles south of London) where overlays containing 
asphalt, RT-12, and each type of coal-modified t a r  binder (CW-LI and CW-III) could 
be compared under identical conditions, 
RT-12 was least satisfactory because of excessive bleeding during summer months, 
the section containing CW-ID binder [coal, RT-12 and oil) was too brittle and inflex- 
ible and the section containing the, CW-LI binder, .(4qo!oal plus  96% RT-12) compared 

it appeared that the one containing only 

most favorably with the asphalt control section. It appeared to have more flexib214ty 
-&d l e s s  b r i t t l e n e s s x w  temperatures  and a greater tendency to "self-heal" in hot 
weather, without bleeding excessively, than the CW-111 binder made with 8% coal, 
81% RT-12 and 11% oil. 

Soon after the tes t  sections were laid it w a s  apparent that the coal-modified 
binders should have been somewhat softer, i .  e., their initial ASTMpenetrations at  
25 C should have been higher, a somewhat greater proportion of each should have 
been used in the hot-mixes, and lower mixing and paving temperatures  should have 
been used to minimize hardening due to the evaporation or sublimation of some of 
the tar oils. With a view to making further improvements, the Quehanna investiga- 
tions were  directed along the following Lines during most of 1960. 



63.  By comparing the absolute viscosities, at different temperatures,  of the 
four binders used in Kentucky it was concluded that mixing and paving temperatures 
in the range of 200 - 250 should be adequate for coal-modified binders of the CW -fi 
and CW -In types. 

Ten percent dispersions of coal i n  RT-12 were made with a la rge  number of 
coal samples f rom various locations i n  North America, South America and Japan. 
Their softening points ( R  & B ) varied from 40 C to  65 C but they all appeared to 
have approximately the same temperature susceptibilities i n  the range of 25 to 32 C. 
F o r  these tests, 25 g ram portions of each coal were dispersed in 225 grams of RT- 
12 by heating the mixture, with agitation and reflux of condensible vapors, to 600 F 
for  one hour. The results were comparable to  those obtained f r o m  Quehanna auto- 
clave and Kentucky pilot plant digestions. 

Low, medium and high temperature coal tars distilled to RT-12 consistency 
were compared as dispersing media for  Freeport  seam coal. 
perature tar was unsatisfactory but dispersions made with RT-12 from two medium 
temperature t a r s  compared favorably with a dispersion of the coal in RT-12 from 
high temperature coke oven tar. 

type (coal, RT-12, and oil). Included in these tests were Hycar latex, natural rub- 
ber  latex, reclaimed rubber, Neoprene powder, Neoprene latex, Butyl rubber, Vis - 
tanex and Thiokol LP-3. Most of the mixtures sludged o r  crusted on heating at 
325F for five hours. Vistanex, Butyl rubber and Thiokol were best in this respect 
and appeared to effect some improvement i n  the temperature susceptibilities of the 
coal modified tars . 

The distilled low tem- 

Various polymers were added to a modified coal dispersion of the CW-111 

Three aromatic oils of petroleum origin were tried, in  place of high boiling 
coal t a r  oil, as  plasticizers o r  fluxes but were incompatible when the mixtureswere 
heated. 

Promising results were obtained by adding high-penetration, petroleum r e -  
siduals (180 - 200 o r  250 - 300) to a dispersion of coal in RT-12. 
ceptibilities, particularly i n  the range below 25 C appeared to be substantially 
improved. 

Temperature sus- 

11 A sand blast method of test  described by Rhodes and Gillander in 1936 
appeared to be especially suitable for  measuring the brittleness of hot mix binders 
particularly at low temperatures. 

Bureau of Public Roads Investigations 
As previously stated, the U. S. Bureau of Public Roads made independent 

studies of the asphalt, RT-12 and coal-modified tar binders used in the Kentucky 
experiments. They found that the temperature susceptibility of the CW-I11 binder 
was slightly lower than that of the RT-12 but not a s  low as the temperature suscep- 
tibility of the Kentucky 85- 100 penetration asphalt cement; t h e  absolute viscosities 
of the coal-modified t a r  binders were intermediate between those of the RT-12 and 
the asphalt cement; when subjected to thin-film oven tes t s  the losses  f rom Cw-In 
were somewhat lower and retained-penetrations were somewhat higher than those 
of RT- 12 but asphalt cement was better than either in  both respects; oven ageing 
at 140 F for 30 days caused the LMarshall stabilities of briquets made with the differ- 
ent binders to increase  as follows, RT-12 439 pounds, CW-111 2248 pounds, asph- 
alt cement 336 pounds; development of structure o r  reversible hardening took place 
to the greatest extent in  the coal modified binder (CW-III), to a l e s se r  extent in the 

P 



64. asphalt cement and, apparently not at a l l  in the RT-12 when thin films of each were 
sealed between g l a s s  plates and heated at l l O F  for 13 days; immersion of quartzite 
briquets in water at  120 F for 18 days caused those containing C W - I u  t o  lose 8% in 
strength and to swell 0 .2% whereas decrease in strength for asphalt briquets was 
44% and swell amounted to I. 4%; unconfined 
coal modified t a r  binder should provide higher stabilities than the asphalt cement at 
any temperatures encountered in service. 
taining RT-12 and CW-LZI were about double the stability-of the asphalt specimens 
and were in the range of strength of Portland cement concrete. 
Bureau of Public Roads repor t  concluded that coal-modified tar binders, such as 
those made by Curtiss-Wright, should be considered as improved tars that would be 
expected to perform better than yunodified tars in a number of applications but nor- 
mal precautions should be employed when using thern rather than attempting to substi- 
tute them for penetration grade asphalts. 

compression tests indicated that the 

At O ° F  the stabilities of specimens con- 

In general the 

Conclusion 

Although major  efforts have been made in Great Britain, South Africa and the 
United States to use coal-in-tar dispersions as highway construction materials, com- 
merc ia l  success has not yet been achieved. 
has been contributed by the investigations conducted to date but additional work is 
needed particularly along the following lines. 

Methods for determining the temperature susceptibilities and, particularly, 
the brittleness a t  low temperatures  of bituminous, hot-mix binders that have been 
used by previous investigators in this field should be compared and, if necessary, a 
new method should be developed. 
blast method might be  especially suitable and additional tests should he performed. 
Also better methods for evaluating and comparing hot-mixes containing asphalt and 
coal-modified binders should be selected or developed in order, by means of labora- 
to ry  tests, to predict most  accurately the service lives of the finished pavements. 

A large amount of important information 

A few tes t s  by Curtiss-Wright indicated that a sand- 

Formulations for road  binders of the coal-dispersion types should be further 
improved. LMost needed in this connection a r e  better and less expensive plasticizers 
fo r  use in place of high-boiling coal tar oil. Some of the materials which should be 
considered in  this connection a re  water-gas and oil-gas ta rs  and distillates there- 
from, low-temperature and mid-temperature tars and tar oils and also petroleum 
distillates, extracts and residues. High boiling oil f rom heavy water gas tar is 
known to have good possibilities in this connection and tests made by Karius and 
Dickinson and also by Curtiss-Wright indicated that soft (high-penetration) asphalts 
should be especially interesting. 

batch methods 5ave been used exclusively for the comrnercial, pilot plant and labora- 
tory dispersion of coal-as-coal in t a r s  and tar oils. However, finely pulverized coal 
dissolves so rapidly and completely that continuous digestion with inexpensive equip- 
ment should be practicable. 

Also the u s e  of coal modified binders in highway subgrades and bases as well 
as surface courses should be tried. Because of the high strengths of mixes contain- 
ing them and because of their extreme resistance to destruction by water, superior 
adhesion to aggregates and ability to penetrate soils and damp or dusty aggregates, 
coal dispersions made with coal t a r s  and tar oils should be especially suitable for 
subgrade and base stabilization whereas coal-in-tar dispersions containing materials 
such as high penetration asphalts might be more  suitable for use in surface courses. 

Continuous, ra ther  than batch digestion of coal should be tried. Heretofore 
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3uril.g -hveszigztLon of gitches, it was observed that when pi tch -ad calcined 
sezro lem coke vere r5xed together a d  heated at about l p o C ,  the paste showed 
ssri lckg differences; i t s  mezrance  v e e d  from wet a d  sticky t o  sandy a d  Clrj, as 
groportions of the tvo coqonents vere a g e d .  
binder:aggregate r z t i o  a t  which it occurred varied for  a number of citches, b sone 
cases even for gitches o f  s 9 i d - a  softeqing goints. 
t'ne t ene ra tu re  intensif ied the interaction between pi tch end aggregate a d  enharced 
differeaces io q g e c a n c e  of the heEted mi-ernes. 
:;ere folloved by quanzitative tests inwlving p r e h e a t i ~ g  s t q s  a t  terrperatures belmr 
b O 0 C  followed by a c o k b g  treatroent a t  55OoC. 
containing fmn  50 t o  7C$ of -200 nesh calcined setmleun coke in  iilcreraents o f  j t o  
1%). 
with a l i d  and tiie whole vas inbedded i n  calcined petrolem coke inside a nickel 
crucible. After heating f o r  50 rrinutes a t  200W and 30 m u t e s  at gOO°C ia a muffle 
furnace, the &;tures were coked a t  55OoC f o r  two hours. The percentage of original 
:itch conmrted in*& cote vas calculated fmn the t o t a l  carbon residue corrected for  
the original weight of aggres te ;  weight l o s s  of the w e g a t e  itself was negligible. 

The transit ion VELS sharp, and the 

I t  was also found that  increasfi-g 

These qud i t a t ive  observatiom 

Several mixtures vere prepared 

After thoro- a . i~Ag ,  the nixtxres were placed in porcelain cruci3les f i t t e d  

IIGL?Z 1, i l l u s t r a t e s  the effect  of preheati-ng on tiie mount of p i tch  coke 
formed S w i n g  the coking step. rTit'n no ?reheating, the -field of gi tch coke remains 
f a i r l y  constaqt o x r  t'ae ent i re  range of binder:aggregate ratios, a d  i s  substm- 
tid3.y the saae as the co!iing vshe of Yne pi tch de temqed separately. Xith the 
ixkxtures preheezted a t  ZOO and YO%, the resu l t s  are Zuite different.  
contents, variations in ? i tch  coke yield axe not s i d f i c m t .  
Bitch coctent decreases t o  a Toint - vhich we c a l i  the "satL-ation point" - where 
t'ne mixture pr-sunabl-y i s  no longer saturated with 2itch, the p i tch  coke yield 
increases suddenly q to a level a t  &ich it renains f a i r l y  constant even trith further 
yeduction b ? i tch  content. 
the vis ible  change jll the appearance of rLx%ures mectioned ;rexLously. 

i o r  high 
Hoqever, when the 

The  s w  increase in  pi tch coke yield coincides i n t h  

The shepe of Yne curve and location of t'ae saturztion 2 o i i t  are hI2uenced bj 
the  ;zr t ic le  size of the e m e g a t e  as shmm h FIGLFE 2. 
also found to be c r i t i ca l ,  eqec ia l l j r  i n  the  range f rom 200 t o  kOO°C where the ?itch 
i s  e:rtrec?ely nobile mcl s b v s  'hi& wet5inf; porrer towerds the aggegate. 

The heating p rogame  ~ras 

The increase in asomt of ? i tch  coke f o m d  fight be attrxbuted t o  the retention 
of iilcreasing quantit ies of mlatile gi tch fraczions as the aggregate proporXon h 
the ax: increases; horrever, thk increase ? ~ 1  pitch coke -rid& would be eqec ted  zo 
be g r 2 d d  aid not as sudden as The actuXLy observed c:wE;e. 
i x r e a s i c g  Yle aggregate ?&icle size resul ts  in a flattening of the curve ir-diceting 
that scrfece area i s  a lso  a factor. 3 s  i f  Dather  sG2orted bj our findings that  
the increased coke 'yield occurs orljr irith su-dace-acti-ie .xzterials such as Z'uller's 
e&h mind mleculzr  sieves, vheress it does 005 so v i s h  a a a t e r i d  such as @ass 
po\.der vhich e x h b i t s  30 s-xface actiTrity. 
offer  a corglete e:qlmacim. 

On the 2ther hand, 

Surface area doze  c a n o t ,  hmever, 
?le :'act that the shu?, bcrease  c2n be obr ;bed  om- 

I 



57 .  
after p i t c k a g r e g a t e  slixtures have been given e preheating treatment should also 
be taken into consideration. 
or  other g v e s  absorbed by the aggregate end t o  enter into be t te r  contact with the 
le t%er before bein& coked. %%en coking i s  carried out without preheating, any gases 
escqing  from the aggregate surface presumably interfere  with the interaction 
between the two ccnrponents. Other factors are undoubtedly inmlved and consequently 
no full  e:planation can yet be offered for  the increase in Gitch c o k  yield vhen 
binder and petroleum coke are mixed end heated under controlled conditions. 

Preheating probably permits pi tch t o  displace the air 

TIE technique described'iddove provides en d a t i o m i L  t e s t  f o r  conpzison of 
binders from! different sources or of different types; TAEZZ 1 l i s t s  sone results 
obtaiaFd znd shows that szturation point tends t o  wry with quinoline ir-soluble 
content, but cannot be related t o  softeniag poirk or colring v d w .  
can also be -plied t o  coqmrison of %gigregate cokes, and in  c e r t d n  cases t o  
estination of binder requirenents. 

The procedure 

"e mthor wishes to  e:Qress his a r e c i a t i o n  to  ULCsiz3.m iabora tor ix  LSnited 
f o r  perzlission t o  publish. 
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Pipeline Gas from Oil Shale by Direct Hydrogasification 
H. L. Feldkirchner and H. R.  Linden 

Institute of Gas Technology 
Chicago 16, IUinois 

IiTCROIXJCTION 

The gas industry b ~ s  been studying methods for  the production 
of natural gas subst i tutes  f r o m  coal a d  petroleum o i l s .  
f o r  direct  conversion o f  these fossil fuels t o  high heating value 
gases consisting largely of  nethane m e  Fn an  advanced stage of 
development ( 6 , 7 ) .  In the case of oil shale, existing technology 
w o u l d  involve a prelfninarg retorti,% step t o  produce cmde shale o i l ,  
and refining to  prepare a suitable feed for continuous destructive 
hydrogenation (hydrogasification). I$ was reasoned "ht a direct  o i l  

' 

Processes 

shale hydrogasification process might be preferable because of 
potentially higller conversion of the organic matter t o  gas, and 
el&nination of' a number of process steps. 

Feasibi l i ty  w a s  sho-m f o r  direct  hydrogasification of the 

4 
4 

In these t e s t s ,  the path of the hydrogenolysis of kerogen 
was only par t ia l ly  Fndicated a t  the long heatup times and long gas 
residence times encountered in the batch reactor. Only the slower 
f i n a l  breakdom- of higher gaseous paraffins t o  methane and ethane 
could be observed. 
action rates and precisely determine the effects  of temperature. 
Pressure effects were obscured by changes with temperature and degree 
of conversion. 

It was also not possible t o  measure overall  re- 

i 
'. i i 

The present work was conducted in a reactor system i n  

4 
rl 

which o i l  shale heatup times and exit gas holdup times Fn the heated 
portion of the reactor were of the order o f  a few seconds. After 
leaving the reactor, the reaction products were cooled rapidly t o  
minFmize f'urther reactions. 1 

1 
Three separate t e s t  se r ies  were conducted. The f h s t  

t e s t  series consisted of semiflow tests w i t h  short gas residence 
times. The purpose of  these t e s t s  was t o  measure the rate of kerogen 
conversion to  gaseous products and the rate of &era1 carbonate de- 
composition. The second test ser ies  was conducted w i t h  a bed of 
h e r t s  downstream of the oil shale c13arge , t o  simulate hot-spent 
o i l  shale in a cocurrent flow reactor and t o  provide tin;e for  
secondary vapor-phase hydrogenolysis reactions. Eere, the overall  
space velocity which gave methane md ethane as the major p rohc t s  
was determiried. The t h i r d  t e s t  ser ies  consisted of simlated continuous 
feeding tes t s  t o  measure the average Listantaneous rates  of production 
of gaseous hydrocarbons a t  controlled hydrogen-to-oil-shale feed ratios.  

/ 

' 
, 

mmAL 
Apparatus 

A schematic diagram of the semiflow reactor system I s  shown 
i n  Figure 1. The reactor contained a self-sealing, modified Bridgman 
closure a t  each end and was 2 inches in inside diameter, 4 inches i n  
outside diameter,and 60 inches in k s i d e  length. The reactor barrel, 
constructed of Uniloy N-155 super alloy, was rated fo r  operation at a 
maximum temperature o f  1700°F. at  1500 p.3.i.g. The closures were 



ra ted f o r  a maximum temperature of 14009. at  1500 p.8.i.g. Satis- 
factory closure operation was obtained with both 16-25-6 and lnconel-X 
sea l  rings. A-boundary lubricant of molybdenum disulfide, applied in 
aerosol form, was used on a l l  closure threads and on the sea l  rings to 
prevent galling. This reactor has been completely described elsewhere( ll) 
along w i t h  design de ta i l s  which describe the use of ex te rml ly  heated 
reactors at  combined klgh temperatures and high pressures. 

12-gage w a l l  thickness and 58 inches long, w a s  mounted ax ia l ly  in the 
bottom closure. The thermowell could contain up t o  f i v e  0.040-inch 
outside diameter thermocouples. Thermocouples were chromel-alumel, 
magnesium oxide insulated, and enclosed i n  a swaged Inconel sheath. 
To provide fo r  complete containment and recovery of the o i l  shale 
residue, the reactor w a s  provided w i t h  a removable s ta inless  s t e e l  in- 
ser t ,  1 4 8  inches i n  inside diameter by 1.990 inches i n  outside dia- 
meter and containing a l/2-inch outside diameter themowell sleeve. 

i’ne ceactor w a s  heated by means o f  an e l ec t r i c  resistance 
f’urnace containing four separately controlled heating zones, consisting 
of f o u r  rectangular heating elements, 7 inches wide and I2 inches Long. 
Temperatures were controlled manually during t e s t s  but were controlled 
by pyrometric ,controllers during reactor heatup. 
w a s  recorded a t  approximately 3-second intervals by means of a high- 
speed potentiometric temperature recorder during the test period. 

An Inconel-X thermowell of 3/8-inch outside diameter, with a 

Each temperature 

A feed hopper w a s  mounted d i rec t ly  above the reactor and was 
provided w i t h  a vibrator t o  a id  o i l  shale feeding. 
ur-operated ba l l  valve w a s  ins ta l led  between the hopper and the 
reactor. A second hopper contained a rotating-drum type feeder,which 
w a s  driven by a variable speed drive, fo r  conthuous o i l  shale feeding. 

Feed hydrogen flow rates were controlled manually and were 
measured by means of ‘an or i f ice  meter. The or i f ice  pressure and the 
reactor pressure were recorded continuously. The feed hydrogen w a s  
preheated to  reaction temperature within the reactor. 
passed through a water-cooled coil, a l iquids knockout pot, a high- 
pressure f i l ter  and a pressure-reducing back-pressure regulator, before 
be- sampled, metered and monitored. A sampling manifold w a s  in- 
s ta l led  upstream of the metering and monitoring system. 
specific gravity was monitored by means of a recording gravitometer. 

A full-opening, 

Exit  gases 

The exit gas 

Materials 

In a l l  tests,  the feed hydrogen contained an  accurately 
measured small  amount of helium, usual ly  1-2 mole $, as a t racer  f o r  
ex i t  gas flow rate measurement. The gases were mixed during compress- 
ion and stored i n  high-pressure cylinders a t  pressures up t o  3000 

Commercially available grades of e lectrolyt ic  hydrogen P 99.8% pure) and helium (99.99% pure) were used. 
i n  a l l  semiflow ‘tests was supplied by the Union O i l  Company. A n  
analysis of the o i l  shale i s  given i n  Table I. 

Procedure 

of the t e s t s  followed closely that employed i n  coal hydrogenolysis 
studies described recently (2,111. 
duration o r  less.  After the reactor w a s  heated t o  the desired 
operating temperature, the uni t  was pressurized and gas flow was 

. 3.i.g. 
The o i l  shale used 

The semiflow experimental technique employed i n  the majority 

Most t e s t s  were of &minute 



started. Heat inputs were then adjusted u n t i l  a l l  recorded reactor 
temperatures remained constant. When flow rates, temperatures, and 
pressures had been s tabi l ized completely, the feed gas was sampled. 
Tests were in i t i a t ed  by opening the quick-opening b a l l  valve connecting 
the hopper and the reactor. The vibrator mounted on the hopper w a s  
started only a f e w  seconds before the s t a r t  o f  the run t o  avoid 
compacthg the o i l  shale charge. 

The feed gas or i f ice  calibration was checked before each run 
with a wet test m e t e r .  Exit gases were also metered w i t h  the wet tea t  
meter during aach test, as a check on the flow rates calculated us ing  
t h e  helium tracer.  The  ex i t  gas specific gravity record w a s  used as 
.an a i d  in  selecting times f o r  exi t  gas samp-; i n  t e s t s  conducted 
to  simulate continuous operation, i t  w a s  also used t o  check the length 
of the o i l  shale feeding period, since it was not always possible t o  
obtain positive proof o f  the in i t ia t ion  of s o l i d s  feeding. G a s  
analyses were performed by mass spectrometer. 
three tes t s  conducted i n  the ser ies  t o  simulate continuous operation, 
combined values fo r  nitrogen plus carbon monoxide are reported, because 
of the inabi l i ty  t o  distinguish precisely between these two gases by 
the m a s  spectrometer. In the l a s t  three tests, carbon monoxide was 
also de€ermined by inf ra red  spectrophotometer and nitrogen w a s  obtained 
by difference. 

In the first ser ies  of tests, single charges of o i l  shale 
w e i g h F n g  from 10 t o  200 grams were fed. These charges were allowed to  
f a l l  f reely from the hopper,which resulted i n  a charging rate of about 
7 grans per second. Smal l  amounts of high-purity alumine, inerts,up 
to  4 inches in depth, were placed in the reactor before the run t o  
support the shale charge and t o  position it Fn the center of the third 
reactor heating zone. Temperatures were recorded f o r  thermocouples 
located at the center of the o f 1  shale charge a.nd a t  a polnt 6 inches 
above the charge t o  show whether the feed hydrogen w a s  being preheated 
completely before reaching the charge. 

Except for the last 

Table I.-A.NALBIS OF COLDRAEl OIL SHALE 

Sample Designation 4770 
TYPe Colorado, Mahogany Zone 
Source Union O i l  Company 
Pmt ic le  Size, 

( dry basis) 
Moisture 
Organic Carbon: 
Mineral ga.rbon 

U.S. Standard Sieve -6,+20 
Analysis, w t .  $l 

1pf 
Hydroge 2.36 

dry shale 35.9 

Organic C9E W t .  Ratio 7.4 
Fischer Assay Oil, gal./tonc 

a. ASTM method E71-58 adapted i n  accordance 
with technique o f  Grace and Gauger (35). 

b. Method A-3, U. S. Bureau of W e s .  
c. Modified mthod of Stanfield and Frost ( 1 4 ) .  
d. On oven-dry basis (dried f o r  1 hr. a t  105'- 

l l o o c .  1. 
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Since the void volume In  the bed of iner t s  was small, exit 
gas holdup times i n  the system downstream o f  the reaction zone were 
smll. A t  typical operating conditions of 1300°F., 1000 p.s.i.g., and 
100 SCF per hr. feed hydrogen flow rate, the t o t a l  ex i t  gas holdup 
time was only about 10 seconds, based on the appearance of the first 
hydrogasification products i n  the exit gas sample. Gas residence 
times in the reactor proper at these conditions were less  than 5 
seconds. During the Init ial  period of high rate of hydrogasification, 
gas samples were taken at  intervals as short as 5 seconds and there- 
a f t e r  a t  time intervals sufficiently small t o  delineate the en t i re  
course of the reaction. The last gas sample was usually taken a t  480 
seconds, at which tFme i t s  methane content was less than 0.1 mole $. 

The second series of tests was conducted w i t h  larger  amounts 
of alumina iner t s  below the o i l  shale bed t o  provide suff ic ient  
residence tFme f o r  the primary reaction products t o  undergo f’urther 
hydrogasification a f t e r  leaving the reaction zone. Sufficient alumina 
inerts,  to  s m l a t e  spent shale, were placed In the reactor pr ior  t o  
each t e s t  t o  give a t o t a l  bed volume ( o i l  shale plus inerts) of 
0.02 cu. f t .  Since gas flow rates were varied from 10 t o  200 SCF per 
hr.,the feed hydrogen space velocity varied from 500 t o  10,000 SCF 
per cu. f t .  bed-hr., and exit gas holdup times ranged from about 200 
t o  about 10 seconds, respectively. Temperatures of the center of the 
iner t s  and of the bottom of t h e o i l  shale charge were recorded. Here, sa 
Fn earlier tests, gas samples were taken at those time Intervals  re- 
quired t o  de lbea te  the ent i re  course of the reaction. 

I n  the third ser ies  o f  tests, continuous operation was 
simulated by semicontinuous feeding of o i l  shale. 
t es t s ,  o i l  shale was fed by opening the bal l  valve,connecting the 
reactor and feed hopper, eve 
t o t a l  charging times of from765 t o  840 seconds. 
ducted w i t h  a rotating drum-type feeder, o i l  shale feed rates were 
about 5.5 pounds per hour. Approximately 0.01 cu. f t .  of alumina 
iner t s  was placed i n  the reactor pr ior  t o  each of these tests t o  
mlnirnize changes i n  feed hydrogen space velocity accompanying bed 
volume changes, and t o  provide a zone simulating a bed of spent o i l  
shale wherein primary reaction roducts could be m t h e r  reacted. This 
resulted i n  a t o t a l  bed volume Toil  shale plus inerts) which Increased 
t o  a f i n a l  value averaging about 0.02 cu. f t .  Since, i n  these tests, 
the i n l e t  hydrogen-to-oil-shale r a t io  w a s  varied by varying gas 
flow rates,  the exi t  gas holdup times also varied. 
thbottom of the o i l  shale bed, of the bottom of the inerts,and of the 
center of the f inal  o i l  shale bed were recorded. 
taken during and a f t e r  the feeding period. 

.-> 

In  the first few 

15 or  20 seconds fo r  1 second and for  
In later tests, con- 

Temperatures o f  

Gas samples were 

Exploratory Teste 

Exploratory tests t o  select  the proper comblnations of oil 
shale sample weights and feed hydrogen flow ra tes  were made a t  1300°F. 
and 1000 p.s.i.g. 

conditions, it w a s  necessary that the smallest o i l  shale sample 
weights be used for  a given feed gas flow rate which s t i l l  permitted 
accurate product analysis. However, I t  w a s  also necessary to  maintain 
a sufficient sample size  so that representative samples o f  the highly 
heterogenous feed could be prepased by riff- of larger batches. 

To approach isothermal as w e l l  as d i f fe ren t ia l  reactor 
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Feed gas f l o w  rates were se t  as high as  possible to keep the 
residence time of the reaction products i n  the exit gas system small 
so as to minimize secondarg vapor phase reactions. This also ininhized 
baclanixing of reaction products i n  the exi t  gas system and o i l  shale 
par t ic le  heatup times. 
was calculated t o  be the mininnrm gas flow rate which could be used, 
assuming complete mLx3n.g i n  the exit gas system, withGut dis tor t ing the 
true relationship between reaction ra te  and time. 

A feed hy&ogen f l o w  r a t e  of 100 SCF per hour 

With 50- and 25-gram samples,the mrwdmum exi t .gas  hydrocarbon 
concentration w a s  too high a t  this hydrogen feed rate,  and temeratures 
changed too great ly  t o  allow the assumption of d i f fe ren t ia l  and 
isothermal reaction conditions. In tests with 10-gram samples, exi t  
gas  hydrocarbon concentrations and reaction zone temperature changes 
approached prac t ica l  Wting values. W i t h  such smal l  satnples, how- 
ever, quantitative recovery of l iquids  w a s  not possible. 

??unction of heat transfer.  The lack of accurate thermophysical data 
fo r  o i l  shales makes calculation of par t ic le  temperatures d i f f icu l t .  
However, heat t ransfer  calculations indicated that the -8, f 2 0  U.S.S. 
size  o i l  shale particles would be preheated t o  at  least llOO?F. i n  
falling from the hopper through the top two reactor heating zones. 

specific ra te  of conversion, expressed as pounds of carbon as gaseous 
al iphat ic  hydrocarbons formed per pound of organic Cesbon fed per hour, 
with decreases i n  sample w e i g h t .  Therefore, t o  obtain d i f fe ren t ia l  
rates of reaction, it was necessary t o  prepare a cross-plot of reaction 
rates versus sample w e i g h t  at selected l e v e l s  of organic carbon con- 
version. 
reaction rate versus sample w e i g h t )  a family o f  curves was obtained 
for the parameter, percent conversion. These curves approached 
straight Ilnes as sample w e i g h t s  approached zero so that reasonably 
good rate values f o r  zero sample weight could be obtained by l inear 
extrapolation. 
are shown i n  Figure 3,  as a function of conversion. 

The observed rates of conversionmay have been largely a 

A s  shown in Figure 2, there were large increases Fn the 

By plotting on semilogarithmic coordinates (logarithm of 

Reaction rates obtained by this cross-plotting technique 

RESULTS 

Single-Charge Tests at Short Gaseous Product Residence Times 

1200°, 1300' and 1400'F. t o  measure the effect  o f  temperature and 
conversionto gaseous aliphatic hydrocarbons on the rate of con- 
version of organic carbon (Figure 4 ) .  These results show a large 
increase in rate w i t h  increases in temperature. The effects  of 
increases in temperature and hydrogen f l o w  rate on gaseous and 
t o t a l  prochrct CiLstribution are shown in Figures 5 and 6. 
gaseous aliphatic hydrocarbon yields, and the percentage of paraffins, 
increased with increases in temperature and decreased w i t h  increases 
i n  feed hydrogen flow rate. 
opposite of gas yields. These resu l t s  indicate that the major steps 
Fr- the hydrogenolysis of kerogen are1 

1) 

A series of t e s t s  was conducted a t  temperatures of llOOo, 

The 

The variation of liquid yields was the 

Kerogen decompos3Aonwith initial formation of 
intermediates a t  least p m t i a l l y  recoverable as 
liquids a t  very short residence tlmes and/or l o w  
temperatures. 



2) Pyrolysis, hydrogenation and hgdrogenolysis reactions 
leading to gaseous aliphatic hydrocarbons of decreasing 
molecular weight and, finally, ethane and metme, along 
with some aromatic liquids. 

A comparison of the gaaeous molecular hydrogen consumption 
with the elemental gaseous hydrogen balance is given in Figure 7. 
l o w  levels of organic carbon conversion t o  gaseous aliphatic hydro- 
carbons, the amount of hydmgen donated by the oil shale is approxi- 
mately equal to the amount of feed hydrogen consumed. 
and hydrogenation reactions probably occup simultaneously. At high 
conversion levels, no accurate measurement can be made. 

At 

T1.lus, pyrolysis 

Rates of carbonate decomposition were also measured, although 
separate infrared spectrophotometer analyses were not psrformed for 
carbon monoxLde. Mass spectrometer analyses indicated, however, that 
nitrogen was negligible in comparison to carbon oxides. The strong 
increase in decomposition rate with increase in temperature is shown 
graphically in Figure 8. 
measured by Jukkola and others (4 )  Fn nltrogen or carbon dioxide at 1 
atmosphere. 
the lower concentration of carbon dioxide in these tests. 
increase in decomposition rate between 1200°F. and U O O O F .  is probably 
due to the combined decomposition of both magnesium carbonate and 
calcium carbonate above UOO'F. Jukkola and others (4)  found that 
calcite in o i l  shale begins to dissociate at 1150' to 1250'F. 
the molar ratio of calcium carbonate to magnesium carbonate is 2.3 in 
this oil shale any rate differences in a transition from a region where 
only magnesium carbonate decomposes at a measurable rate to one where 
both carbonstes decompose measurably fast would be accentuated. It 
would-be desirable to minimize mineral cesbonate decomposition in large- 
scale processbg since the decomposition reactions are endothermic and 
part of the feed hydrogen is consumed by reaction with part of the 
carbon dioxide formed. 
for magnesium and calcium carbonate breakdown, shown in Figure 9, 
indicate that it might be feasible to inhibit calcium carbonate de- 
composition, but not magnesium carbonate decomposition,by ma.intaidng 
a high carbon dioxide partial pressure. 

These rates are much higher than those 

This may be due to the more rapid oil shale heatup and 
The large 

Since 

Equilibrium carbon dioxide partial pressures 

Single-Charge Tests at b n g  Product Residence Times  

There were several shortcomings in the above tests. First, 
product residence times were short and liquid and olefinic gaseous 
hydrocarbons were major products. Second, product residence times 
in the reactor could not be practically controlled since they were 
a function of many other variables (e.g. ,temperature, pressure, flow 
rate and oil *le sample size). For process design purposes, it is 
necessarg to show the effects of variables under conditions where 
gaseous paraffhs are the primary products. 

a bed of inerts downstream from the oil shale bed to simuhte spent 
oil shale in a practical reactor system, which would allow flu?ther 
conversion of higher molecular weight hydrocarbons to gaseous 
paraffins. 
in these tests. The fraction of aseous hydrocarbon carbon appearing 

range of space velocities employed. 
less of the gaseous hydrocarbon carbon was nonparaffinic. 

Therefore, the test program was supplemented by tests using 

A s  can be seen in Figure 10, the above objective was met 

as methane plus ethane was about 8 0 $ or more over the entire 
In addition, only about 2% or 



76. 

The r e su l t s  ahown i n  Figure 10 are consistent w i t h  the 
reaction sequence described earlier. A t  the lower feed hydrogen space 
velocities, the conversion t o  gaseous hydrocarbons was reduced by coke 
forma.tion due t o  the lack of sufficient hydrogen. 
hydrogen space velocit ies,  the conversion t o  gaseous hydrocarbons 
reached a nearly constant value. The slight decrease a t  the highest 
feed hydrogen space veloci t ies  was accompanied by an increase i n  
liquids, which indicates that product6 residence times were insufficient 
fo r  conversion of liquid intermediates to  gaseous hydrocarbons. 
apparent increase i n  the maximum rate of conversion t o  gaseous hydro- 
carbons with increases i n  feed hydrogen space velocity above 5000 
SCF/cu. ft.-hr., was primarily the r e su l t  of increased linear velocity 
of the rapidly formed intermediate reaction products. Backmixing 
effects wepe found t o  be negligtble over most of the range of flow 
rates studied (5 ) .  
Simula.ted ContFnuaus Tests 

In view of the important effect  of the hydrogen-to-oil- 
shale feed r a t i o  on product distribution, t h e  semiflow techniques 
were modified t o  permit control of  this variable. Initially, small 
batches of o i l  ahale were fed at frequent intervals  onto a fixed bed 
of inerts. 
100% of the stoichiometric requirements fo r  conversion of the organic 
matter t o  methane, which w a s  unexpected on the basis of  o i l  hgdro- 
gasification results ( 8 , l O ,  12). However, these tests showed the 
expected negligible ef fec t  of an Increase in t o t a l  pressure from 
1000 t o  2000 p.s.i.g. 

A t  the higher feed 

The 

Results still showed an apparent effect  of feed r a t i o  above 

Further tests a t  1200' t o  14009. and 1000 p.s.i.g. were 
then conducted with a continuous fee- system in which o i l  shale was 
charged at  a nearly constant r a t e  fo r  5lO seconds,corresponding t o  an 
average oil shale reaidence t i m e  of about 5 minutes. 
hydrogen flow rate increased l inear ly  with hydrogen-to-oil-shale 
r a t i o .  A s  shown in Figure 11, instantaneous organic carbon gasifica- 
t i on  a t  hydrogen-to-oil-shale feed ra t ios  ranging from about 100 t o  
2 0 
6?f Total organic carbon gasification measured during the 1000-1100 
second run period w a s  about 70%. 
the residue and the aromatic l iquid products was about 13% 
each, at the lowest gas rate. 
decreesed with an increase i n  hydrogen feed rate, as would be expected. 
A l l  y ie ld  and organic carbon distribution data are uncorrected for  
low carbon balances (92 to  96%).  

be obtained by increasing o i l  shale residence times, although the 
mardrmun would be about 85 t o  90% s h c e  a midmum yield of aromatic 
l iquids of 10 to  15% would be expected from previous experience 
i n  hydrogasification of petroleum hydrocarbons similar i n  composition 
t o  kerogen (8,10,12). 

Thus, the 

of stoichiometric rema,ined nearly constant and averaged 63 t o  

The organic carbon distribution i n  

The organic carbon in the residue 

Higher conversions t o  gaseous hydrocarbons could, of  course, 
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Fig. 2.-Effects of Sample Weight and Time on Rate of Conversion 
of Organic  Carbon in Oil Shale to  Gaseous Aliphatic Hydrocarbons 

, 

Fig.  3.-Effects  oi Oi l  Shale Sample Weight and Organic  Carbon 
Converted to Gaseous Aliphatic Hydrocarbons on Conversion Rate 
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Fig. 6:-Effects of Temperature and Feed 
Hydrogen Flow Rate on Conversion of 
Organic Carbon to Gaseous Aliphatic 

Hydrocarbons, Liquids and Solid Residue 
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Fig. 8.-Effects of Temperature  and Time on 
Mineral Carbonate Decomposition 
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Chemical S t r u c t u r e  of Bituminous Coal 

Pe ter  H. Given 

Dept. of Fuel Technology, Pennsylvania S t a t e  Universi ty ,  Univers i ty  Park, Pa. 

Introduct ion 

i n  such a' way a s  t o  provide a usefu l  background t o  cons idera t ion  of the  production of  
chemical by-products. I n  a d d i t i o n  some deduct ions w i l l  be  drawn from s t r u c t u r a l  
knowledge about the probable c o n t r i b u t i o n  made by d i f f e r e n t  coa l  components and by 
d i f f e r e n t  p a r t s  of the  s t r u c t u r e  t o  t h e  v o l a t i l e  mat te r  evolved on carbonizat ion.  
Since the survey has  only t h i s  l i m i t e d  objec t ive ,  no at tempt  w i l l  b e  made t o  t r e a t  
the subjec t  e haus t ive ly ;  and s ince  d e t a i l e d ,  f u l l y  documented, reviews have appear- 
ed recently'", a f u l l  bibl iography i s  not  provided. 

The purpose of t h i s  paper i s  t o  survey present  knowledge of the  s t r u c t u r e  of c o a l s  

Examination of a sample of c o a l  with t h e  naked eye o r  under t h e  microscope 
revea ls  t h a t  the mater ia l  is apparent ly  heterogeneous. There a r e  bands of d i f f e r e n t  
re f lec tance  running through the coal ,  and even minute a r e a s  scanned microscopical ly  
show a v a r i a t i o n  of o p t i c a l  p r o p e r t i e s ;  moreover, t h e r e  a r e  regions showing var ious 
types of f o s s i l i z e d  p lan t  remains. These components have been c l a s s i f i e d  i n  var ious 
ways, and there  i s  no u n i v e r s a l l y  agreed system; moreover, the  s u b j e c t  i s  complex 
s ince  a l a r g e  number of a l l e g e d  components have been d is t inguished .  
i s  used i n  recogni t ion of the  f a c t  t h a t  the s i g n i f i c a n c e  of a component can only be 
es tab l i shed  t o  the s a t i s f a c t i o n  of coa l  s c i e n t i s t s  a t  l a r g e  i f  i t  has been separated 
phys ica l ly  and shown t o  d i f f e r  apprec iab ly  i n  chemical and phys ica l  p r o p e r t i e s  and 
i n  carbonizat ion behavior from m a t e r i a l  assoc ia ted  with i t  i n  t h e  whole coal .  The 
r e a l  s ign i f icance  of many components has not ye t  been e s t a b l i s h e d  i n  t h i s  way. 

The term "alleged" 

For present  purposes i t  w i l l  be s u f f i c i e n t  t o  p o s t u l a t e  t h a t  bituminous coa ls  
a r e  composed of th ree  major "maceral" groups, which, i n  the  common European terminol- 
ogy a r e  known a s  v i t r i n i t e ,  e x i n i t e  and i n e r t i n i t e .  The term " i n e r e i n i t e "  r e f e r s  to 
components i n e r t  i n  carboniza t ion ;  " i n e r t "  does not  imply t h a t  t h e  m a t e r i a l s  undergo 
no chemical react ion,  only t h a t  they do not s o f t e n  o r  swell on h e a t i n g  and c o n t r i b u t e  
l i t t l e  t o  the  v o l a t i l e  mat ter .  V i t r i n i t e  i s  q u a n t i t a t i v e l y  t h e  most important 
maceral, accounting f o r  probably 60-80% of most worked c o a l s ,  and it i s  the  mater ia l  
p r i m a r i l y  responsible  f o r  t h e  c h a r a c t e r i s t i c  coking behavior of h igher  rank bituminous 
coals .  Coals r e l a t i v e l y  r i c h  i n  the  o t h e r  components a r e  known, but  they a r e  r a r e  
i n  the U.S.A.;  nevertheless ,  even i n  minor amount, they can make s i g n i f i c a n t  con- 
t r i b u t i o n s  t o  the p r o p e r t i e s  of t h e  whole coal .  

In  what follows, the s t r u c t u r e  of v i t r i n i t e s  w i l l  b e  considered f i r s t .  So f a r  
a s  poss ib le  the conclusions s t a t e d  w i l l  be based on work with pure macerals, b u t  
some evidence r e l a t i v e  t o  v i t r a i n s  (br ight  bands of c o a l  seams, normally containing 
80-95% v i t r i n i t e )  w i l l  be used where i t  seems improbable t h a t  t h e  c h a r a c t e r  of broad 
q u a l i t a t i v e  conclusions could be a l t e r e d  by the  presence of small amounts of petrograph- 
i c  impurity. 
d i f f e r e n c e s  between them and o t h e r  macerals  w i l l  be reviewed;, a t  t h i s  po in t  some 
comments w i l l  be made on the sub-components of t h e  main maceral  groups. 

A f t e r  the  cons idera t ion  of v i t r i n i t e s ,  a v a i l a b l e  evidence on s t r u c t u r a l  

The St ruc ture  of V i t r i n i t e s  
It has long been bel ieved t h a t  v i t r a i n o u s  c o a l s  a r e  predominantly aromatic i n  - 

s t r u c t u r e .  
the  presence of c e r t a i n  bands i n  t h e i r  i n f r a - r e d  spec t ra .  However, t%e fu\3e% 

The p a r t l y  aromatic na ture  of c o a l s  i s  e s t a b l i s h e d  q u a l i t  t i v e  



and most convincing evidence on t h i s  po in t  comes from the s tudy of the s c a t t e r i n g  of 
x-rays by coals .  
complex business, and no complejtely adequate treatment has  ye t  been devised. 
method most recent ly  publ ished makes use of a c u r v e - f i t t i n g  procedure, i n  which 
t h e  s c a t t e r i n g  curve c a l c u l a t e d  f o r  var ious  hypothet ical  models i s  compared with 
t h e  curve observed experimental ly .  
f i t  requi red  the suppos i t ion  t h a t  i n  bituminous v i t r i n i t e s  a major i ty  of the carbon 
w a s  organized i n t o  aromatic  n u c l e i  conta in ing  on the  average 2-3 fused r ings.  For  
reasons t h a t  need not be d iscussed  here  the published work does not permit any accura te  
es t imate  of the f r a c t i o n  of carbon atoms i n  such systems nor  any information about 
t h e  o t h e r  carbon atoms. 
r e d  s p e c t r a ,  a r e  t h a t  t h e  a r o m a t i c i t y  i s  between about 60 and 85%, increas ing  with 
rank, though l e s s e r  f i g u r e s  a r e  poss ib le .  
is u n l i k e l y  to  change much t h e  s i z e s  of t h e  nuc le i  quoted above. 

<In  view of i t s  obvious importance, much ingenui ty  has been expended i n  t ry ing  

The i n t e r p r e t a t i o n  of the s c a t t e r i n g  d a t a  is  a d i f f i c u l t  and 
The 

Of the models t e s t e d ,  the  one t h a t  gave the best  

The i n d i c a t i o n s  from the x-ray work, and the s tudy of i n f r a -  

Fur ther  work may a l t e r  t h i s  es t imate  but 

t o  devise  methods of c a l c u l a t i n g  the  a romat ic i ty  from such physical  p roper t ies  a s  
d e n s i t y  and r e f r a c t i v e  index by "physical  c o n s t i t u t i o n  analysis" .  
worth, the  r e s u l t s  a r e  i n  accord wi th  the f i g u r e s  j u s t  given. 

For  what they a r e  

Non-aromatic carbon must be presumed a l i p h a t i c ,  and indeed the  inf raqred  spec t ra  
of v i t r i n i t e s  demonstate t h a t  a l i p h a t i c  mater ia l  i s  present .  J. K. Brown was a b l e  
t o  es t imate  
from the spec t ra ,  and h i s  va lues  have r e c e n t l y  been confirme 
towards h igher  values)  by n u c l e a r  magnetic resonance s t u d i e s  . It appears t h a t  
v i t r a i n s  of carbon content  between 80 and 90% have the  r a t i o  Har/H 
about  0.20 t o  0.50, t h a t  i s  between 80 and 50% of the hydrogen LS :itached t o  
a l i p h a t i c  carbon atoms. 
measured- y inf ra - red  methods, but  the  r e l a t i v e  i n t e n s i t y  of the methyl v i b r a t i o n  a t  
13756cm. ' ind ica tes  t h a t  these  groups a r e  r a r e  compared with CHZ. Nm.r .  d a t a  confirm 
t h i s  , and i n d i c a t e  a f a i r  p ropor t ion  of  t e r t i a r y  + CH. 
lower rank coals ,  the  aromatic  n u c l e i  a r e  h ighly  s u b s t i t u t e d .  

the r a t i o  of aromatic  t o  a l i p h a t i c  hydrogen i n  a s e r i e s  of v i t r a i n s  
with a small rev is ion  $,& ' 

r i s i n g  from 

The proport ion of hydrogen i n  methyl groups cannot be  

The spec t ra  show t h a t  i n  the 

Many workers have s t u d i e d  phenol ic  hydroxyl i n  c o a l s ,  by a v a r i e t y  of methods 
(see refs .  1, 2 f o r  a review). 
oxygen i n  bituminous v i t r i n i t e s  i s  present  a t  t h i s  type of func t iona l  group., Most 
of the balance of the oxygen i s  i n  some form of s t rongly  conjugated carbonyl . 

It i s  e s t a b l i s h e d  that between 40 and 80% of the 

Several  groups of workers have i n v e s t i g a t e d  t h e  dehydrogenation of hydroaromatic 
s t r u c t u r e s  i n  coals ,  and i t  i s  now c e r t a i n  t h a t  much of the a l i p h a t i c  hydrogen i s  

~ ~ ~ ~ ~ y p D .  The proport ion o f  hydrogen removeable by two d i f f e r e n t  dehydrogenation 
r e a c t i o n s  f a l l s  from about 30-40% a t  a carbon content  of 8 2 4 4 %  t o  12-25% a t  89-90% C. 
These f i g u r e s  correspond t o  minimum f r a c t i o n s  of carbon i n  hydroaromatic r ings  i n  
t h e  region of 30 and 12% r e s p e c t i v e l y .  
r e d  spectroscopic  results, i n d i c a t e  t h a t  i n  the average composition of the a l i p h a t i c  
p a r t  of coa ls ,  CHOJ n i s  cons iderably  less than 2 ,  a t  l e a s t  f o r  the  lower rank 
m a t e r i a l s .  This mplies, though does not  prove, t h a t  very l i t t l e  hydrogen o r  carbon 
can  be present  i n  a l k y l  groups o r  non-hydroaromatic a l i c y c l i c  r i n g s  ( i t  should b e  re- 
c a l l e d  t h a t  there  i . ~  no evidence of t h e  presence of  o l e f i n i c  o r  ace ty len ic  groups 
i n  coals ,  which could a l s o  l e a d  t o  a low value of n). 

e x t r a c t s '  give values  between about 500 and 3000. 
conta in  a number of aromatic  nuc le i ,  l inked  toge h 
t o  make a synshesis  of a l l  the above informationEJf6 show t h a t  i t  is  d i f f i c u l t  o r  
impossible  t o  suggest  any type of molecular s t r u c t u r e  t h a t  does not employ the hydro- 
aromatic  carbon a s  a means of l i n k i n g  the aromatic  nuc le i .  
of  t h i s  p r i n c i p l e  is  t h e  1,2- and l ,&cyclohexadiene r i n g  present  i n  t h e  9,lO-dihydro- 

t o  such s t r u c t u r e s  r a t h e r  than to a l k y l  groups o r  o t h e r  forms of a l i c y c l i c  

These data ,  toge ther  with n.m.r. and i n f r a -  

The molecular weights of c o a l s  a r e  not known; determinat ions with so lvent  
Therefore  each molecule must 

by non-aromatic groups. A t t e m p t s  

The most obvious expression 

4 

6 
1 

i 



35. 
phenanthrene and -anthracene molecules respect ively,  where two benzene r ings  a r e  
l i nked  by two methylene groups whjch complete a t h i r d ,  non-aromatic, r ing .  
p o s s i b i l i t i e f l h a v e  been discussed . 
and Neuworth 
by methylene br idges,  though here  the re  is no necessary impl i ca t ion  t h a t  these 
c o n s t i t u t e  hydroaromatic r ings .  

Other 
The "depolymerization" experiments of Heredy 

a l s o  s t rong ly  suggest t h a t  the  aromatic n u c l e i  a r e  l i nked  toge the r  

We have the re fo re  a r r i v e d  a t  the following p i c t u r e  o f  t he  s t r u c t u r e  of bituminous 
v i t r i n i t e s .  
5 o r  6 fused r ings ,  the  ma jo r i ty  containing 1,2 o r  3 rings.  
con ta ins  few replaceable  hydrogen atoms. 
and carbonyl oxygen, and p a r t l y  a l i p h a t i c  carbon atoms t h a t  are disposed i n  such 
a way a s  t o  c o n s t i t u t e  hydroaromatic r i n g s  and t o  serve a s  l i nkages  connecting the  
aromatic nuc le i  together.  
chains  and perhaps non-hydroaromatic a l i c y c l i c  r ings  ( the  l a t te r  includes the  
cyclopentadiene r i n g  system a s  found i n  indene and f luorene) .  
be very markedly non-planar. 
Fig. 1 shows a segment of a hypothet ical  coa l  molecule. 

Each molecule con ta ins  a number o f  aromatic n u c l e i  con ta in ing  from 1 t o  
Each aromatic nucleus 

The s u b s t i t u e n t s  are p a r t l y  phenolic hydroxyl 

I n  a d d i t i o n  there  is  a minor proport ion of s h o r t  a l k y l  

Such molecules would 
A s  an i l l u s t r a t i o n  of what i s  meant by this  desc r ip t ion ,  

It should be noted t h a t  on t h i s  view each coa l  molecule i s  a t r u e  s t a t i s t i c a l  
sample of the  bulk ma te r i a l ,  i n  the  sense t h a t  each con ta ins  a l l  the known s t r u c t u r a l  
fgatures  i n  approximately the  same proportions.  The o l d e r  v i e w  of coa l  s t r u c t u r e  
a s  a kind of s t rawberry jam, containing lumps of g r a p h i t i c  m a t e r i a l  embedded i n  a 
continuous medium, the bitumen, t he re fo re  becomes meaningless. Furthermore, i n  the 
model proposed t h e a l i p h a t i c  and aromatic p a r t s  a r e  so i n t ima te ly  i n t e g r a t e d  i n  the 
molecular u n i t s  t h a t  one cannot l a b e l  one p a r t  a s  tar-forming and ano the r  a s  coke- 
forming. 

S t ruc tu re  of E x i n i t e  and I n e r t i n i t e  Mate r i a l s  
The e x i n i t e  o r  i e i p t i n i t e  s u i t e  includes a group of components not  der ived.  l i k e  - -  

v i t r i n i t e  and f u s i n i t e ,  from woody t i s sue .  
about which most i s  known, i s  s p o r i n i t e ,  t he  remains of p l a n t  spo res  (indeed, t he  name 
e x i n i t e  is  o f t e n  used to mean on ly  t h i s  type of ma te r i a l ) .  Spor in i t e  con ta ins  con- 
s ide rab ly  more hydrogen, and le s s  oxygen, than the  a s soc ia t ed  v i t r i n i t e .  It i s  less 
so lub le  i n  organic solvents ,  more resistfqt to  oxidat ion,  and has a lower a romat i c i ty  
(see the  exce l l en t  review by J. K. Brown and r e fe rences  the re in ) .  A group of 
spore e x i n i t e s  from B r i t i s h  coa l  seams was found t o  con ta in  more hydroaromatic hydrogen 
(corresponding t o  a minimum f r a c t i o n  of hydroaromatic carbon equal  t o  about 0.4) than 
the  a s soc ia t ed  v i t r i n i t e s ;  less phenolic hydroxyl w a s  foygd, both as a f r a c t i o n  of 
the  weight of coal and as  a f r a c t i o n  of the  t o t a l  oxygen 
about the  same s i z e  a s  those i n  v i t r i n i t e s ,  but  themean i n t e r l a y e r  spacing is l a r g e  
suggest ing t h a t  f5equent occurrence o f  naphthenic s t r u c t u r e s  keeps the  planes a p a r t  
It was concluded 
a s  v i t r i n i t e s ,  but  t h a t  the  molecules a r e  l a r g e r ,  less p o l a r  and more hydroaromatic. 

they s o f t e n  a t  around 400' and acqu i re  a f l u i d i t y  much too high to be measured with a 
Ciessler plastometer.  lEven 60% e x i n i t e  concen t r a t e s  have f l u i d i t i e s  g r e a t e r  than 
20,000 d i v s  pe r  minute . 
which is  so weak t h a t  a di la tometer  p i s t o n  s i n k s  and r e s o l i d i f i c a t i o n  cannot be observ- 
ed t h i s  way. 
e x i n i t e s  than f o r  v i t r i n i t e s  and i s  i n  many cases 70-80%. 

The most abundant member  o f  the  group, 

. The aromatic  n u c l e i  a r e  

f r  . 
t h a t  sporinites probably con ta in  the  same type of molecular s t r u c t u r e  

Ex in i t e s  have a h igh ly  c h a r a c t e r i s t i c  behavior on heat ing.  Of whatever rank, 

They swell enormously to  a t h i n  f r a g i l e  bubble s t ruc tu re ,  

The l o s s  i n  weight i n  t h e  v o l a t i l e  matter test  i s  much g r e a t e r  f o r  

L i t t l e  i s  known of the  o t h e r  members of t he  l e i p t i n i t e  s u i t e .  Res in i t e ,  t he  
,remains o f -p l an t  r e s i n s  and waxes, is widely d i s t r i b u t e d  i n  samll amount, and a l s o  
appears t o  b e  hydrogen-rich and very f l u i d  when heated. The o t h e r  components, c u t i n i t e  
(from c u t i c l e s ) ,  a l g i n i t e  (found only i n  boghead coa l s )  and s c l e r o t i n i t e  (from fungal 
s c l e r o t i a )  a r e  probably of l i t t l e  importance f o r  p re sen t  purposes. 

The i n e r t i n i t e  group con ta ins  two major components, f u s i n i t e  and m i c r i n i t e .  

. 



86. 
F u s i n i t e  c lose ly  resembles charcoa l ;  i t s  carbon content  i s  always over 91%,13t does 
not show f l u i d i t y  o r  swel l ing,  it cont f fbutes  l i t t l e  to  the v o l a t i l e  matter 
chemically i t  i s  r e l a t i v e l y  unreact ive . Micr in i tes  have appreciably higher carbon 
and lower hydrogen contents  than the  assoc ia ted  v i t r i n i t e s ,  though the d i f fe rence  i s  
not so extreme a s  i t  i s  wi th  f u s i n i t e s .  The aromatic n u c l e i  a r e  l a r g e r  than i n  
v i t r i n i t e s .  
and so no spec t ra  have been reported.  
N bromosuccinimide, a reagent  s p e c i f i c  f o r  p lac ing  bromine on a l i p h a t i c  carbon i n  the 
a!-position to  a double tond (e.g. the methyl groups i n  p r  y ne o r  toluene);  t h i s  
suggests  t h a t  a t  l e a s t  some a l i p h a t i c  mater ia l  is  present  ' 3 7 ' g  (see Table I). Both 
a l s o  contain.  some phenol ic  hydroxyl. Micr in i tes  do not swell o r  become f l u i d  o n  
heating. 

, and 

Both m i c r i n i t e s  and f u s i n i t e s  a r e  v i r t u a l l y  opaque t o  i n f r a - r e d  rad ia t ion ,  
Both macerals undergo subs t i tu t im w i t h  

For convenient re ference  some proper t ies  of sets of  macerals each separated from 
one seam a r e  c o l l e c t e d  i n  Table I. Two German and four  B r i t i s h  c o a l s  a r e  included; 
no corresponding da ta  have ye t  been published f o r  American c o a l s  so f a r  a s  the author 
is  aware. 
d i f fe rences  i n  elemental composition, hydroxyl contents ,  e t c .  It w i l l  be not iced 
t h a t  the e x i n i t e s  a s s o c i a t e d  with B r i t i s h  and German v i t r i n i t e s  of c l o s e l y  s imi la r  
rank d i f f e r  considerably i n  y i e l d  of v o l a t i l e  matter. 

Unfortunately r e f l e c t a n c e  da ta  are not  ava i lab le  f o r  the  samples quoted, and 

Data w i l l  b e  found i n  t h e  Table t h a t  support the s ta tements  made above about 

so some r e f r a c t i v e  ind ices  a r e  included a s  an i n d i c a t i o n  of o p t i c a l  p roper t ies .  

Chemical Chnges on Heat ing 
L i t t l e  d i r e c t  experimental  evidence is  a v a i l a b l e  on t h i s  subject ,  but ava i lab le  

information can be u s e f u l l y  supplemented by the r e s u l t s  of experiments on models and 
by predic t ions  from the  type  of s t r u c t u r e  bel ieved to be  present .  

The phenolic hydroxyl conten t  nQ bituminous v i t r a i n s  drops sharp ly  t o  low values 
when the  coal  is heated t o  450-508" 
Peover's method with benzoquinone , suggest t h a t  the hydroaromatic Pgdrogen content  
a l s o  drops sharp ly  i n  a s i m i l a r  o r  somewhat lower temperature range 
spec t ra  of v i t r a i n s  heated t o  400" shows l i t t l e  ch except  t h a t  the a l i p h a t i c  
C-H and phenolic OH absorp t ion  a r e  s l i g h t l y  weake>'?'By 460" a l i p h a t i c  CH is much 
weaker, and OH s l i g h t l y  so; the Har/Hal r a t i o s  of two v i t r a i n s  of carbon contents  
82 and 89% had reached 2.4 (values  f o r  t h e  unheated c o a l s  were about 0.25 and 0.6 
respec t ive ly ,  and f o r  the h igher  rank c o a l  heated to  U O " ,  0.8). By 550" both OH 
and-f l ipha t ic  C-H a r e  very  weak, but  the aromatic C-H bending frequenciesat  700-900 
cm. a r e  s t i l l  wel l -def ined.  Above t h i s  temperature the c o a l s  become opaque, owing 
no doubt to i n c i p i e n t  g r a p h i t i z a t i o n .  No s i g n i f i c a n t  changes. i n  x-ray s c a t t e r i n g  
a r e  observed u n t i l  a v i t r a i n  has  been heated t 2  500°, a t  which temperature the  growth 
of t h e  aromatic n u c l e i  begins t o  b e  no t iceable  . Between 500 and 1000° t h e r e  is  
f u r t h e r  continuous growth, the average layer diameter of one sample, f o r  example, in-  
c reas ing  from A' t o  14A". It w i l l  be r e c a l l e d  t h a t  the  f r e e  r a d i c a l  conten t  of  
v i t r a i n  chars" passes  through a sharp maximum at,500-550", the  maximum r a t e  of 
v o l a t i l e  evolut ion occurs  a t  about 450"; and e l e c t r i c a l  con 
sharp ly  (by many o r d e r s  of magnitude) i n  the range 600-650" 

. Prel iminary experiments on two v i t r a i n s ,  using 

. The inf ra - red  

0 

c t r v i t y  increases  . PY . 

Dryden and h i s  co-workers have s t u d i d  t h e  primary products o f  the evolu t ion  
of v o l a t i l e  matter from v i t r a i n s  by two methods: 
mater ia l  e x t r a c t a b l e  from c o a l s  heated very r a p i d l y  t o  temperatures near 400" ; 
(b) d i s t i l l a t i o n  o r  p y r o l y s i s  of coa ls  spread i n  t h i n  l a y e r s  on a heated p l a t e  i n  a 
high vacuum, a condenser being placed j u s t  above the p l a t e .  
and d i s t i l l a t e  t o  have c l o s e l y  s i m i l a r  i n f r a - r e d  spec t ra ,  and t o  resemble the or ig ina l  
coa l  spec t roscopica l ly  much more c l o s e l y  than a t a r .  
p lay an important p a r t  i n  producing f l u i d i t y  and r e s o l i d i f i c a t i o n  t o  a coke when a 
coking coa l  i s  carbonized. 
the raw coal  and a r e  only  t o  a small e x t e n t  products of decomposition. 

(a) s tudy of the chloroform-soluble 

They f i n d  the  e x t r a c t  

These m a t e r i a l s  appear t o  

They conclude t h a t  the  m a t e r i a l s  mostly e x i s t  a s  such i n  
However, 
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88. 
they are thermally unstable ,  and i n  carbonizat ion a t  a more normal rate of heat ing 
they would undoubtedly decompose i n  s i t u  to  a considerable  extent .  

The temperature o f  maximum r a t e  of vp$afjle evolut ion i s  about t he  same f o r  
e x i n i t e s  and m i c r i n i t e s  a s  f o r  v i t r i n i t e s  . Ladam and Alpern carbonized a 
v i t r i n i t e  concentrate  and an e x i n i t e  concentrate  from the  same coa l  seam a t  600" 
and made a d e t a i l e d  a n a l y s i s  of t he  v o l a t i l e  products by vapor-phase chromatography. 
They found the products from the e x i n i t e  concentrate  t o  con ta in  much more a l i p h a t i c  
ma te r i a l ,  more benzene homologues, more s ide-chain-subst i tuted aromatics  and l e s s  
phenols. This r e s u l t  i s  i n  accord with the  d i f f e rences  i n  s t r u c t u r e  believed to  
e x i s t  between the s t a r t i n g  ma te r i a l s ,  and implies  t h a t  the  process  o f  thermal de- 
composition does not ,  a t  least  i n  t h e i r  condi t ions,  b l u r  the e f f e c t s  of d i f f e rences  
i n  s t ruc tu re .  

It i s  well-known t h a t  t he  C - 0  bond i n  phenols is considerably weaker than the 
C-C, and t h a t  the C-H bond i n  the  a l i p h a t i c  p a r t s  of hydroaromatics i s  weaker than 
aromatic C-H. It i s  the re fo re  reasonable t o  suppose t h a t  when molecules of the  type 
a t t r i b u t e d  t o  v i t r i n i t e s  a r e  heated, the primary changes w i l l  be homolytic d i s -  
s o c i a t i o n  o f  OH groups and l o s s  of hydrogen from naphthenic r ings,  t he  l a t te r  r e s u l t -  
i n g  i n  thermal aromatizat ion.  It is l i k e l y  t h a t  i n  an assembly of l a r g e  complex 
molecules of the type descr ibed,  where the  changes of conf igu ra t ion  required by 
aromatizat ion may be d i f f i c u l t ,  t h a t  some of the  hydroaromatic br idges w i l l  s p l i t  
r a t h e r  than dehydrogenate; t h i s  may be the  means whereby the  aromatic ma te r i a l  found 
i n  tar i s  broken o f f  the  main s t ruc tu re .  These var ious changes w i l l  produce i n  the 
f i r s t  i n s t ance  OH r a d i c a l s  and H atoms, and leave f r e e  r a d i c a l  c e n t r e s  i n  the  main 
s t r u c t u r e ,  which would i n i t i a t e  f u r t h e r  rearrangement and decomposition. 

It i s  w e l l  known t h a t  l i t t l e  molecular hydrogen i s  evolved from coa l s  u n t i l  
temperatures near 600' a r e  reached. The hydrogen released by thermal dehydrogenation 
a t  lower temperatures must be consumed i n  s a t u r a t i n g  f r e e  r e a d i c a l  c e n t r e s  i n  the  
v o l a t i l e  matter and the  residue.  

py ro lys i s  o f  model substances reported by van Krevelen and h i s  co-workersq5theThese 
authors  synthesized a number of polymers containing var ious s u b s t i t u t e d  and unsub- 
s t i t u t e d  aromatic nuc le i  l i n k e d  and cross-linked by methylene bridges.  They found 
tha t ,  on pyrolysis ,  unsubs t i t u t ed  hydrocarbon polymers showed a maximum r a t e  of de- 
composition a t  about 500°, and s p l i t  ex t ens ive ly  a t  the  br idge u n i t s ,  leaving l i t t l e  
s o l i d  (coke) residue. On the o t h e r  hand polymers containing naphthenic r ings ,  o r  s t i l l  
more i f  they contained phenolic hydroxyl subs t i t uen t s ,  showed a maximum r a t e  of de- 
composition a t  considerably lower temperatures and l e f t  a much g r e a t e r  amount of coke 
residue. 
t he  normal depolymerization react ion,  a d i r e c t  condensation proceeding a s  a r e s u l t  
of d i s s o c i a t i o n  o f  the s u b s t i t u e n t s ,  and the  l a t te r  tends to  produce molecular en- 
largement. In support  of t h i s  suggestion of competing r eac t ions  they adduce the  
f a c t  t h a t  when s u b s t i t u e n t s  a r e  present  t he  coke y i e l d  inc reases  g r e a t l y  with de- 
c r e a s i n g  r a t e  of heating. 

These ideas r ece ive  some confirmation from a s e r i e s  of experiments o 

They concluded t h a t  when subs t i t uen t s  a r e  p re sen t  t he re  is ,  competing with 

There & one o t h e r  f a c t o r  t h a t  should be mentioned. The la te  D. H. Bangham 
pointed out  
t o  d i f f u s e  i n  amobile adsorbed f i l m  i n  f i n e  pores t o  the ou t s ide ;  while so adsorbed i t  
i s  exposed t o  surface f o r c e s  t h a t  could promote secondary r eac t ions  and a l s o  could a c t  
as a lub r i can t  i n  promoting f l u i d i t y .  
a m i n i m u m  a t  a carbon con ten t  about 89%, the  magnitude of these e f f e c t s  w i l l  a l s o  
vary with rank. 

t h a t  v o l a t i l e  ma t t e r  evolved in s ide  a p a r t i c l e  of coa l  may w e l l  have 

Since po ros i ty  v a r i e s  with rank, passing through 

There i s  no experimental  evidence bear ing on the chemistry of t he  py ro lys i s  of 
t he  i n e r t  macerals. From t h e  na tu re  of this s t r u c t u r e  one would deduce t h a t  some 



89. 
s t r i p p i n g  of pe r iphe ra l  groups would occur, pe rmi t t i ng  condensation with neighborin? 
molecules, but  l i t t l e  a l t e r a t i o n  of the  bas i c  s k e l e t a l  s t r u c t u r e ,  The behavior of 
i n e r t  maceralsas. seen with the  ho t  s t age  microscope i s  b e a u t i f u l l y  demonstrated i n  
the c o l o r  f i lm  prepared by W. Spackman and h i s  co l l abora to r s .  E x i n i t i c  ma te r i a l  can 
b e  seem t o  l i q w f y  and flow round g ra ins  of i n e r t i n i t e ,  the  morphology of the  l a t t e r  
remaining almost unchanged. 

A Chemical Descr ipt ion of Carbonization 
A syn thes i s  of t h e  information given above permits a f a i r l y  d e t a i l e d  desc r ip t ion  

o f  the  main chemical phenomena of carbonizat ion.  The f i r s t  major change i s  a sof ten-  
i ng  of t he  " v o l a t i l e  solids",  i n  Dryden's terminology, which, i t  i s  suggested, represent  
t he  lower molecular weight, hydrogen-rich, f r a c t i o n  of t he  coa l .  
accompanied by the i n i t i a t i o n  of the  decomposition of t h i s  f r a c t i o n ,  and perhaps a l s o  
of the i n v o l a t i l e  residue, t he  primary s t e p  being d i s s o c i a t i o n  of hydrogen from hydro- 
aromatics,  s h o r t l y  followed by d i s s o c i a t i o n  of OH. 
p r i n c i p a l  secondary r eac t ions ,  one l eav ing  a more aromatic hydrogen-poor ma te r i a l  and 
the o t h e r  a breaking o f f  o f  v o l a t i l e  p a r t l y  aromatic fragments a s  a r e s u l t  o f  the de- 
s t a b i l i z a t i o n  of the main s t r u c t u r e  owing to r a d i c a l  formation i n  i t .  A l imi t ed  amount 
of c ros s - l i nk ing  may a l s o  occur, giving a more s t a b l e  and less v o l a t i l e  res idue.  
These var ious changes, i n i t i a t e d  by d i s s o c i a t i o n  of H and OH, are more o r  less complete 
by about 500-550". By t h i s  s tage,  much of the oxygen has been s t r ipped  off  and. the 
aromatic nuc le i  have not  grown much i n  s i z e  bu t  t he  molecules are more highly cross-  
l inked.  Some of the  f r e e  r a d i c a l  c e n t r e s  produced by decomposition remain as  such, 
"trapped" i n  the carbon matrix.  

This sof tening i s  

These chemical changes cause two 

A t  600-650° enough energy is a v a i l a b l e  t o  break a few aromatic  carbon-carbon 
bonds, so t h a t  the carbon ske le ton  can rearrange and condense t o  l a r g e r  polycyclic 
nuc le i  of lower H/C r a t i o ,  and hydrogen gas i s  re leased.  
t he  p a i r i n g  of the odd e l e c t r o n s  i n  the  f r e e  r a d i c a l  cen t r e s .  The dramatic change 
i n  e l e c t r i c a l  conduc t iv i ty  no doubt r e s u l t s  p a r t l y  from the  growth of t h e  aromatic 
lamellae,  p a r t l y  from the  e l imina t ion  of i n s u l a t i n g  ma te r i a l  between the  lamellae,  
and p a r t l y  from a g r e a t e r  degree of o rde r  i n  t h e i r  stacking. 

These changes a l s o  permit 

These changes no doubt cont inue a t  a diminished r a t e  a t  h ighe r  temperatures s t i l l ,  
and some of the oxygen, n i t rogen  and sulfur i s  s t r ipped  out.  

This desc r ip t ion  probably has  some a p p l i c a t i o n  t o  spof3ni tes  a l so .  But i t  has 
been suggested t h a t  t h e r e  may be a n  a d d i t i o n a l  f a c t o r  here  . The g r e a t e r  i n t e r l a y e r  
spacing i n  e x i n i t e s  and the  less p o l a r  na tu re  o f  the molecules w i l l  cause the  i n t e r -  
molecular fo rces  of adhesion t o  be weaker than they a r e  i n  v i t r i n i t e s .  This may be 
an important cause of the  g r e a t e r  f l u i d i t y  of e x i n i t e s  and the  f a c i l i t y  with which 
v o l a t i l e  ma t t e r  escapes. 
competing react ions,  t h a t  i s ,  t he  d i r e c t  breakdown and the  condensation t o  l a r g e r  u n i t s  
r e s u l t i n g  from d i s s o c i a t i o n  o f  H and OH. 
hydrogen t o  hydroxyl i s  much g r e a t e r  i n  e x i n i t e s  than v i t r i n i t e s .  

Discussion and Conclusions 

chemical by-products from coa l  w i l l  be discussed with r e fe rence  to  hydrogenation, 
carbonizat ion,  and o t h e r  methods. 

Moreover, i t  w i l l  change the  balance between van Krevelen's 

In  any case  the  r a t i o  o f  hydroaromatic 

The relevance of the  above information and speculat ion t o  the  production of 

(a )  Hydrogenation 

high p a r t i a l  pressure of hydrogen, t o  cause hydrogenolysis of a l k y l  groups i n  a lkyl  
It i s  possible  by use of a carbon c a t a l y s t ,  an e l eva ted  temperature,and a 

aromatics  without s a t u r a t i n g  the r ing ;  f o r  example: 

R.CH3 + H2 + B.H + CHq. 



90. I d e a l l y ,  t h i s  is  i n  e f f e c t  what one would wish t o  do i n  t h e  hydrogenation of c o a l ;  

and t h e  individual  aromatic n u c l e i  would be  re leased  a s  a mixture o f  r e l a t i v e l y  simple 
phenols, hydrocarbons and perhaps quinones o r  quinols .  However, i f  the 1,2-cyclo- 
hexadiene type of l i n k i n g  u n i t ,  a s  i n  9,10-dihydrophenanthrene, were common, s t a b l e  
s i n g l e  l inkages between aromatic  n u c l e i  would remain i n  the product. Thus f o r  
example dihydrophenanthrene i t s e l f  would give diphenyl and e thane, whereas the 
isomeric  dihydroanthracene would give benzene and methane. 

hydroaromatic p a r t s  of t h e  s t r u c t u r e  would be el iminated as methane and ethane 

There a re  of course p r a c t i c a l  d i f f i c u l t i e s  i n  contac t ing  s o l i d  coa l  with a 
s o l i d  c a t a l y s t .  For t h i s  reason, and because of  the complexity of coa l  s t r u c t u r e ,  
such s e l e c t i v i t y  of hydrogenolysis is  improbable. It i s  more l i k e l y  t h a t  p a r t i a l  
o r  complete s a t u r a t i o n  of t h e  aromatic  n u c l e i  w i l l  precede any extensive hydrogenoly- 
sis of the  l ink ing  u n i t s .  
naphthenic s t r u c t u r e  i n  which t h e r e  i s  nothing t o  d i s t i n g u i s h  between the  l i n k i n g  
and aromatic p a r t s  of the o r i g i n a l  s t r n c t u r e  (except perhaps some oxygen s u b s t i t u e n t s  
and he terocycl ic  atoms). 

Once s a t u r a t i o n  occurs, w e  a r e  l e f t  with an extended 

Perhaps, then, from a chemical point  of view t h e  b e s t  hope of breaking down 
coa l  s t r u c t u r e  t o  usefu l  products  by hydrogenation i s  t o  proceed i n  two s teps ,  f i r s t  
a c a t a l y t i c  addi t ion  of  hydrogen t o  the aromatic p a r t s ,  and then a cracking,  perhaps 
wi th  a conventional c racking  c a t a l y s t  i n  a h igh-boi l ing  o i l .  

The above remarks should apply e q u a l l y  to e x i n i t i c  mater ia l .  
one needs, i n  o r d e r  to make a good coke, an  optimum f l u i d i t y  and not a maximum. 
view of the  d i f f i c u l t i e s  of r e a c t i o n s  involving two s o l i d  phases, i n  hydrogenatior, 
the maximum f l u i d i t y  i s  c l e a r l y  des i rab le ,  and so the  g r e a t e r  the e x i n i t e  content  of 
the raw mater ia l  the  b e t t e r .  I n d e e d  i t  would be  des i rab le ,  i f  economically f e a s i b l e ,  
to  use a blend of a coa l  with a black dura inor  o t h e r  e x i n i t e  concentrate .  

In  carbonizat ion 
I n  

On the  o ther  hand the i n e r t  components a r e  two g r a p h i t i c  t o  b e  a t  a l l  r e a d i l y  
hydrogenated and broken down, and inasmuch a s  they w i l l  tend to  decrease f l u i d i t y  
a r e  undesirable  contaminants of the raw mater ia l  f o r  hydrogenation. 

(b) Carbonization 
Carbonization of coa l  i s  c a r r i e d  out  i n  t h e  U;S:A. almost e n t i r e l y  f o r  the 

purpose of making coke, and it i s  doubtful  how f a r  the process can be  modified merely 
to  improve t h e  y i e l d  o r  q u a l i t y  of by-products. However, s ince the purpose of t h i s  
paper i s  to  d iscuss  the  b a s i c  chemistry involved, t h i s  f a c t o r  i s  ignored i n  what 
follows. 

It seems l i k e l y  t h a t  both the t o t a l  y i e l d  of chemicals from coal  carboniza- 
t i o n  and the content  of usefu l  m a t e r i a l s  w i l l  increase  with the e x i n i t e  content  
of the charge, even though in commercial opera t ion  the v o l a t i l e  mat te r  i s  exposed 
t o  much secondary change. Since t h e  y i e l d  of v o l a t i l e  mat te r  from e x i n i t e s  i s  so 
much (50-100%) g r e a t e r  t h a n  t h a t  from v i t r i n i t e s ,  the r e l a t i v e l y  small amount (10- 
25%) commonly found i n  whole coa ls  charged t o  coke ovens can make a very s i g n i f i -  
c a n t  cont r ibu t ion  to  the v o l a t i l e  mat te r  co l lec ted .  Moreover the d i f fe rences  i n  
behavior between d i f f e r e n t  c o a l s  of apparantly similar rank may be due i n  p a r t  t o  
d i f f e r e n c e s  i n  t h e i r  conten t  of s p o r i n i t e  and r e s i n i t e .  The i n e r t  macerals w i l l  
decrease the y i e l d ,  not  merely because they a r e  r e l a t i v e l y  i n e r t  d i l u e n t s  but iilso 
because they are l i k e l y  t o  be e f f i c i e n t  f r e e  rad ica l  t r a p s  i n  the e a r l y  s tages  of 
t h e  r e l e a s e  of v o l a t i l e  mat te r .  

Coking blends commonly conta in  the b a s i c  coa l  t o  provide the bulk of the coke 
matrix, a comrJonent designed t o  increase f l u i d i t y  to  t h e  des i red  ex ten t ,  and an 
i n e r t  d i l u e a t  t o  increase  the  coke hardness. Clear ly  there  a r e  l i k e l y  to  be a 
range of three-component mixtures  t h a t  w i l l  g ive  the d e s i r e d  r e s u l t .  
l e a s t  a theore t ica l  p o s s i b i l i t y  t h a t  one could s e l e c t  a mixture within the range 
such t h a t  i n e r t i n i t e  i s  used a s  l i t t l e  a s  poss ib le  a s  an  i n e r t  d i l u e n t  and e x i n i t e -  

It is  a t  

I 
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conta in ing  mater ia l  is  used b o t h  t o  c o n t r i b u t e  f l u i d i t y  and t o  increase  the y i e l d  91 * 
of by-products. 

might carbonize,  perhaps i n  a f l u i d i z e d  bed, i n  the presence of a d d i t i v e s .  Addi- 
t i v e s  could be gaseous and inc lude  steam and a l i t t l e  a i r ,  o r  be a s o l i d  and con- 
s i s t  of a c a t a l y s t  designed t o  a s s i s t  the  breakdown of v o l a t i l e  matter t o  simpler 
m a t e r i a l  immediately on release from t h e  coa l  p a r t i c l e s .  In any case  i f  one 
wishes t o  i n t e r f e r e  with the carboniza t ion  mechanism i n  t h i s  o r  i n  any o t h e r  way, 
one must obviously do i t  i n  the  d i s s o c i a t i o n  s t a g e  (380-480°) o r  e a r l i e r .  

I f  s t i l l  f u r t h e r  depar tures  from present  p r a c t i c e  can be considered,  one 

(c) Other Methods 

a v a r i e t y  of  monomer units l inked  toge ther  by a r e l a t i v e l y  weak bond. as i n  
A t  one time i t  w a s  thought. t h a t  coa l  might be l i k e  a polymer i n  conta in ing  

- 
c e l l u l o s e .  This view can  no longer  be maintained; 
conside'r coa l  a type of polymer, t he  l i n k i n g  u n i t s  are not  weak but  very s t rong.  
The hopes of  f ind ing  a simple economically f e a s i b l e  means of breaking t h e  s t r u c t u r e  
down i n t o  usefu l  chemicals a s  main r a t h e r  than by-products are therefore  small. 
The depolymerization oflcoal with t h e  boron t r i f l u o r i d e / p h e n o l  complex, descr ibed 
by Heredy and Neuworth, i s  a very  i n t e r e s t i n g  c o n t r i b u t i o n  to  t h i s  problem and 
w i l l  no doubt be developed f u r t h e r .  

The c l a s s i c a l  organic  chemis t ' s  answer t o  the  problem of breaking down a 
mixed a l ipha t ic -aromat ic  s t r u c t u r e  i s  s e l e c t i v e  oxida t ion  of  t h e  a l i p h a t i c  par t s .  
It has so f a r  proved impossible to o x i d i z e  c o a l  s e l e c t i v e l y  i n  t h i s  sense, but  i n  
any case  a range of aromatic  a c i d s  w i l l  be t h e  p r i n c i p a l  products ;  these may have 
p r a c t i c a l  appl ica t ions ,  but n e c e s s a r i l y  only i n  a s t r i c t l y  l i m i t e d  f i e l d .  The 
f l u o r i n a t i o n  procedure descr ibed  by Farendon and Pri tchard27 i s  another  r e a c t i o n  
t h a t  might give chemical products  usefu l  i n  a l i m i t e d  f i e l d .  

p r ices ,  i t  might be poss ib le  t o  use e x i n i t e  concent ra tes  a s  raw m a t e r i a l s  f o r  
chemical processing, and they possess  c e r t a i n  advantages. 
t h a t  should b e  explored f u r t h e r .  The cannel and boghead c o a l s  a r e  descr ibed  as 
being l a r g e l y  e x i n i t e ,  but  i n  view of  t h e i r  d i f f e r e n t  o r i g i n  it seems doubtful  
whether they a r e  very similar t o  the  e x i n i t e  m a t e r i a l  assoc iared  with bituminous 
coals .  However, they n ight  be usefu l  s t a r t i n g  mater ia l s .  

i n  so f a r  a s  i t  i s  j u s t  t o  

Provided the bulk of t he  products  could be s o l d  a t  chemical r a t h e r  than f u e l  

This  i s  a p o s s i b i l i t y  
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FIGURE 1. Hypothetical segmenr of u 

bituminous cod. 
typical molecule in a 



94. 

* 
t t 

Year Tonnage Produced % of a l l  Tar Produced 

1950 931,127 35.55 . 
1951 977,379 35 64 
1952 1,032,361 36-22 
1953 1,056,767 37.10 

1955 1 , 101,294 36 76 
1956 1,191,129 38-33 
19 57 I, 252,079 40-27 
1958 1,164 , 554 40.03 
1959 1,096,399 40.40 

1954 1,095,085 37.37 

1960 1,187,205 42.42 
(1 

1 

TBE COMPOSITION OF HIGH TEMPERATURE C m  OVEN TABS 

Donald McNeil 

The Coal Tar Research Association 
Gomersal, Nr. Lee& 

England 

Introduction 

Unt i l  1882 crude gas  works tar w a s  t h e  only type produced i n  Great Br i ta in  
since, up to that t i m e ,  coking plants  were not equipped for the  recovery of 
by-roducts. 
introduced a t  about t h e  same time i n  Germany, Belgium and England. Its use, 
coupled with the o i l  w a s h i n g  process for benzole recovery which was Fntroduced by 
Carve's i n  1884, w a s  extensively adopted in Continental Europe but i t  took twenty 
years f o r  the advantages of by-product coke ovens t o  be appreciated i n  -land. 
Since then, however, coke oven tar production has increased year by year reaching 
a peak in 1957 of 1,250,000 tons. 
following table shows the production of coke oven tar in the United Kingdom in 
the years 1950 - 1960. 

The by-product coke oven was f i r s t  developed i n  France and 

For those in te res ted  i n  s t a t i s t f c s  the  
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About 150,OOO tons of crude coke oven tar -is burned, the remainder is 
d l s t i l l e d  f o r  the manufacture of pitch,  creosote, naphthalene, anthracene, some 
benzene, toluene, xylenes and naphthas and phenol and cresy l ic  acid. It w i l l  
be noted that coke oven t a r  accounts f o r  about two-fifths of the  t o t a l  tar 
production in the U.K. 
r e t o r t  tar (42-85%), intermittent v e r t i c a l  r e t o r t  tar  (4.051, horizontal r e to r t  
tar (5-4293, low-temperature tar ( 2 * 0 8 % )  and other  types (1-174k). 

The remainder i n  1960 was made up of continuous ver t ica l  

Coke oven tar thus represents an important raw material w h o s e  chemical 
composition has been the subject of considerable study during t h e  p a s t  s ix ty  
yea%. 
and it is probably safe t o  say that a t  l e a s t  t ha t  number are still unidentified. 
The vast majority of the components are present in very small amounts and can 
never be of any commercial i n t e re s t .  It is not the in ten t ion  i n  this paper t o  
recite a catalogue of the known components of high-temperature tars; many 
exhaustive compilations exlst, one of t he  most comprehensive and complete 
being that compiled by K.C. Linepensel of Koppers Co. I=. 

To date some 400 individual components have been i so l a t ed  o r  ident i f ied  

@says of Coke Oven Tar s  

Unti l  recently,published analyses of coke oven tars took the form af 
distillFng the crude t a r  under rather empirical conditions in to  a rb i t r a ry  
f rac t ions  which were intended to simulate the f rac t ions  obtained on commercial 
pract ice .  Frequently these f rac t ions  w e r e  given non-specific names l i k e  
Tlight naphtha", ''light creosote", "carbolic oil" etc.  and the content of 
major components such a s  naphthalene o r  phenol recorded w e r e  not those actual ly  
occurring in the crude tar but the amounts of t h e  component ( f requent ly  impure) 
which c rys ta l l ized  from, or could be extracted from, one of these fractions.  
Since the d i s t i l l a t i o n  conditions and t he  degree of f ract ionat ion,  the boiling 
ranges of the d i s t i l l a t e  o i l s  and the method of a n a l y s i s  of these oils f o r  
individual components d i f fe red  f o r  each worker, i t  is Fmpossible t o  compare 
the results of most of the published assays of coke oven tars and they contribute 
comparatively l i t t l e  to  our knowledge of i t s  actual chemical composition. 

A few assays of coke oven t a r s  which determine the ac tua l  amounts of 
commercially Important components present have been published, f o r  example 
the examination of American coke oven tar by Weiss and Down$ and of Australian 
coke oven tars by workers a t  the Coal Research Section of the Commonwealth 
G i e n t i f i c  and Industrial. Research Organisation.' Assays of this type on a 
representative se lec t ion  of US. coke oven tars have been ca r r i ed  out by The 
Coal T a r  Research Association during the pas t  eight years and it is these 
which are described and discussed i n  geeater d e t a i l  below. 

The C.T.R.A. Assay Method 

Preliminary work showed that the f i r s t  stage of the method could be e i t h e r  
accomp-shed by solvent extract ion or by d i s t i l l a t i o n  without a l t e r ing  the 
yields of products except the p i tch  yield and the amount of t a r  acids and t a r  
bases. It was shown that about one t h i r d  of the t a r  acids are retained as 
complexes with tar bases in the  residue on solvent ex t rac t ion  and are not 



subsequently determined i n  the  extract .  D i s t i l l a t i o n  was therefore chosen as  
the preliminary f rac t iona t ion  procedure and the conditions selected were those 
which, by trial and er ror ,  gave the  same yield 02 medium s o f t  p i t c h  (70°C K & S) 
as w a s  obtained from the  same tar on continuous d i s t i l l a t i o n  i n  a Wilton pipe 
still. 

5-5  ki los  of the  crude tar a r e  placed i n  a c a s t  i ron pot and heated gently 
t o  20O0C t o  remove water and l i g h t  o i l s .  The l a t t e r  are then fractionated on a 
30 p l a t e  low hold-up column t o  give benzole (up t o  100°C), toluole  (100-125°C) 
and xylole (125-15OoC). 
the  dehydrated tar i n  t h e  pot s t i l l  and d i s t i l l a t i o n  continued a t  a ra te  of 14 g./ 
minute u n t i l  the vapour temperature reaches 358OC. 

The residue from this d i s t i l l a t i o n  i s  added back t o  

The o i l s  from this primary separation s tep are then washed with a lka l i  and 
acid t o  'recover tar acids  and tar bases respectively and the  neutral  o i l s  
fractionated on a 50 p l a t e  column at progressively reduced pressure to  yield 
seven fract ions and a residue a s  follows:- 

Fraction 1 
Fraction 2 
Fraction 3 
Fraction 4 
Fraction 5 
Fraction 6 
Fraction 7 
Fraction 8 

Naphtha f r a c t i o n  Boiling Range 15OoC/76Onnn. - 137°C/100 mm. 
Crude Naphthalene f rac t ion  'I " 137°C/100m. - 145°C/100 mm. 
Methyl Naphthalene O i l  " 145°C/100mm. - 155OC/50 mm. 
Diphenyl O i l  f r a c t i o n  " " 155°C/50mm. .. 168OC/50 mm. 
Acenaphthene O i l  f rac t ion  '' " 168°C/50nrm. - 1 8 4 O C / 5 0  mm. 
Fluorene O i l  f r a c t i o n  " " 184°C/50mm. - 15OoC/20 mm. 
Anthracene O i l  f rac t ion  " If 15OoC/2Omm. - 20O0C/5 mm. 
Heavy O i l  R e s i d u e  

Each of these f rac t ions  i s  then analysed by sui table  chemical, spectroscopic 1 
and/or chromatographic methods for the quant i ta t ive  determination of its major 
components. 

The extracted t a r  acids  are  a l s o  subjected t o  high eff ic iency fractionation i 
< 

1 

and the  individual f r a c t i o n s  analysed by gas-chromatography f o r  phenol, cresol  
isomers and xylenols. 

3 i The prac t ica l  d e t a i l s  of this method have been published and are not given 
here. 

The Results of Assays of Br i t i sh  Coke Oven Tars 

For the purpose of this paper it w i l l  be suff ic ient  t o  s e t  down the highest, 
lowest and mean values obtained for the content of major consti tuents in  Br i t i sh  
coke oven tars .  This is done i n  Table 2. For comparison the corresponding 
f igures  for some Canadian coke oven tars (average of 6 )  and one Australian coke 
oven t a r  carr ied out by the  C.T.R.A. method are  included. 4 
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Table 2 

Source 

Benzene 
Toluene 
o-Xylene 
m-Xyle ne 
p-Xylene 
Ethyl Benzene 
Styrene 
Phenol 
ocCresol 
mLCresol 
p-Cresol 
Xylenols 
High-Boiling 

Tar Acids 
Naphtha 
Naphthalene 
d a d e t h y l  Naph 

thalene 
f i  &thy1 Naph 

thalene 
Acenaphthene 
Fluorene 
Diphenylene 

Oxide 
Anthracene 
Phenanthrene 
Carbazole 
Tar Bases 
Pi tch (7OoC 

I( & S) 

> 

Amount of Comonents i n  Brit ish.  Canadian and Australian Coke Oven T a r s  
(Results are given as w t .  % on d r y . t a r )  

E - 
Max. 

0.42 
0.35: 
0.071 
0.17: 
0.07; 
0-05 
0.067 
1-15 '  
0.84 
1.00 
0.70 
1- 30 

- 

2.09 
2-66 
1.31 

0- 86 

1.63 
1-28 
1.80 

2.00 
1- 38 
8.8 
1.73 
2.60 

i3.9 

- 

i t i s h  
Min. 

0- 124 
0.090 
0.020 
0.056 
0.020 
0- 005 
0 ..020 
0.14 
0.10 
0.16 
0.07 
0.13 

0.31 
0.52 
7-29  

0.60 

1.15 
0-42 
0.46 

1.40 
0- 52 
2.3 
00 58 
1.25 

:9.5 - 

- 
Mean 

0.252 
0.224 
0.037 
0- 106 
0.040 
0.02 
0.038 
0.57 
0- 32 
0.45 
0.27 
0-48 

0.91 
1.18 
8-94 

0.72 

1.32 
0.96 
0 - 8 8  

1.50 
1.00 
6 - 3  
1.33 
1.77 

59.8 - 

0.297 
0.467 
0- 133 
0-215 
0.083 
0.04 
0.046 
0.98 
0.51 
0.84 
0.52 
0.85 

1.51 
2 - 2 1  

15 * 30 

1.08 

1.76 
1.27 
1.29 

" 
1.01 
3.00 
1.23 
2.90 

70.85 - 

0.003 
0.01 
0.008 
trace 
trace 
t race 
trace 
0.01 

0- 14  
0- 15 
3.08 

0.026 
0.02 
0.020 
0.61 
0.25 
0-45  
0- 27 
0.36 

0.83 
0.97 
8-80 

0w37 I 0*65 
0.65 
0- 71 
0- 47 

I 

0.47 
2-14 
0.32 
1-88  

1-23  
1.06 
0.84 

- 
0.75 
2.66 
0.60 
2-05 

52-4 63.5 ! 

Australian 

-~ 

trace 
0.14 

0.15 

1.03 
0.28 
0.49 
0.25 
0.34 

0-45  
1-03 
9.44 

0- 58 

1-16 

1.90 

1.00 
0- 68 
2-32  
0- 35 
1- 34 

- 

62-4 

The immediately striking feature of these f igures  is t h e  var ia t ion they 
show i n  the content of par t icu lar  components. 
and cresols  found i n  B r i t i s h  coke oven tars can v a r y  by a f a c t o r  of ten; 
naphthalene content can be a s  high as 11% or as  low as 7% and the amount of 
p i t c h  produced on d i s t i l l a t i o n  may be l e s s  than 50% or greater  than 60%. 

Thus the content of phenol 

The reasons f o r  these var ia t ions i n  the amounts of individual components 
i n  coke oven tars are  not a t  present w e l l  defined. Qualitatively it may be 
sa id  that the nature of the  coal,  the design of coke oven, the  carbonisation 
conditions used and t h e  nature of the  recovery system at the carbonising 

i 



plant  all play a par t .  
i n  Br i t i sh  tars compared with the Canadian tars or the  Australian tars is almost 
cer ta in ly  t o  be a t t r i bu ted  t o  differences i n  the coa l  structure.  
Br i t i sh  and Canadian tars, which show a low content of components boiling up 
t o  23OoC (benzene, toluene, xylenes, naphthas, naphthalene and phenol), a re  
products of p lan ts  which operate their by-product recovery system in  such a way 
tha t  more of the vo la t i l e  carbonisation products are scrubbed from the gas and 
l e s s  precipi ta ted as tar. 
y ie ld  and ' l o w  tar  acid content go hand-in-hand, except f o r  t a r s  produced from low 
vo la t i l e  coa ls  e.g. Welsh steam coals. 
naphthalene and phenanthrene content but a low p i t ch  yield. 

The generally higher l eve l  of phenanthrene and carbazole 

Certain 

Generdly speaking high naphthalene content, high pi tch 

These are characterized by a high 

I It may be noted i n  passing that the tars produced in  continuous gasworks 
ve r t i ca l  r e to r t s  are much more uniform in composition. 

The large var ia t ions i n  the  content of valuable components which can occur 
i n  coke oven tars is of more than theore t ica l  significance.  To the operator 
of coke ovens .tar is t a r ,  an unwanted by-product which he seeks t o  get r i d  of 
i n  any way he can. B u t  t o  the tar distiller it  is  the raw material  which m u s t  
be transformed in to  products which can be sold a t  a prof i t .  Changes i n  operation 
or i n  the blend of coal carbonised may occur a t  coke ovens which a f fec t  t he  nature 
of the  tar produced. 
changes is when his f ract ionat ing column is thrown out of balance or when his 
naphthalene or tar  ac id  production mysteriously drops. His first reaction is to 
suspect that his d i s t i l l a t i o n  and recovery plant have f a l l en  i n  efficieocy and 
he frequently spends some frustrat ing days - o r  even weeks or months - trying t o  
locate  nonexis ten t  f au l t s .  

The first indication which the  d i s t i l l e r  has of these 

These considerations suggested that there was a reaF need f o r  some simple 
and rapid method of analysis  and characterization of t a r s  by which the  tar 
d i s t i l l e r  could check whether any major var ia t ion i n  his raw material  had 
occurred. 

Characterization of T a r s  

With this object i n  view a study of all tars in the storage tanks of 
Br i t i sh  tar d i s t i l l e r s  w a s  ca r r ied  out some t i m e  ago. The idea behind this 
study was t o  ana lyse  these tars by simple and, as f a r  as possible,  rapid 
methods and t o  see, by a s t a t i s t i c a l  analysis of t h e  resu l t s ,  which properties 
showed some correlation. It was hoped that, by select ing a few key properties 
with which other propert ies  are correlated,  some su i tab le  character izat ion index 
could be derived, 

In  a l l  6 1  tars, of which 21  were from coke oven ins ta l la t ions ,  were received 

dehydrating the crude tar, determining the spec i f ic  gravi ty  and solvent a n a l y s i s  

three d i s t i l l a t e  o i l  f ract ions,  - O-25O0C, 250-3OO0C and 30O0C - pitch and a 
70 2 2OC (K & S) residue. 

and the analysis method, which has been described i n  de ta i l ,4  consisted i 0  ! 

, 
4 of t he  d r y  tar which was then subjected to  a standard d i s t i l l a t i o n  t o  yield 

The d i s t i l l a t e  o i l s  were analysed f o r  t a r  acid content, 

I 
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paraf f in  content and naphthalene content and the  p i tch  was analysed for C/H 
r a t i o  and subjected t o  a Mallison solvent a n a l y s i s  fo r  its content of H- and 
M-resins. 

S t a t i s t i c a l  a n a l y s i s  of a l l  the results showed that the  most useful index 
This gave a high degree of correlat ion was the  specif ic  gravi ty  of the dry tar. 

with the p i tch  yield < i n  f a c t  this relat ionship was used t o  determine the  end 
poiat  of the  d i s t i l l a t i o n  t o  leave a p i tch  of the  desired softening point)  (Fig.1); 
i t  also showed a good corre la t ion  with the v iscos i ty  of the  dry tar <FSg.ZY and with 
the C / a  r a t i o  of the pitch.  
co&.nunus ve r t i ca l  r e t o r t  tars, intermit tent  ve r t i ca l  r e t o r t  tars, horizontal  
r e to r t  tars and blended tars) the  cor re la t ion  coef f ic ien ts  between specif ic  gravi ty  
of the tar and paraff in  content, specific gravi ty  of the tar and phenol content 
and between phenol content and naphthalene content were s t a t i s t i c a l l y  
s ignif icant  but, i f  the a n a l y s i s  was confined to  coke oven t a r s ,  these 
correlat ions and that between the  paraff ins  and t a r  acids or those between 
any of th’ese propert ies  and the  naphthalene content mrenot  s ign i f icant  as 
w l l l  be appreciated from the almost random dis t r ibu t ion  of points  in Figures 
3 and 4. 

For the  f u l l  range of  tars (coke oven tars, 

Although a character isat ion index was suggested based on th ree  numbers 
indicating t h e k v e l  of dry t a r  gravity, phenol content of t h e  O-25O0C 
d i s t i l l a t e  and the benzene insoluble content of the dry tar, this index is 
not of par t icu lar  value i n  detecting changes in coke oven tar supplies t o  a 
d i s t i l l e r y .  
ca rbods ing  pract ice  and i n  anticipating changes in plant operation when the 
r a t i o  of different  types of t a r  in a blended feedstock is a l t e r ed  but i t  
m u s t  be admitted that the problem of a simple characterization procedure 
for coke oven tars is s t i l l  unsolved. 
coke oven samples examined are indicated i n  Table 2. This gives the 
maximum,  minimum and mean values for  the propert ies  determined and also 
lists those properties for  the coke oven tars with the highest and lowest 
phenol, paraff in  and naphthalene contents ( t a r s  A l a  A2, B1, B2, C 1  and C2) .  

I t  has proved of value in detecting changes i n  g a s  works 

The var ia t ions i n  propert ies  of the 
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4 

1 

Property :ar c2 

1.217 

1971 

7.8 
9.6 
68.6 

9.5 
0.8 

Sp.Gr. of Dry Tar at 
.2ooc 

Viscosity of Dry T a r  
(Redwood No.1 secs at 

6OoC) 
W t . %  O i l s  t o  25OoC 

W t  .$ P i t c h  
% Phenols i n  O i l  to 

% Paraff ins  " " . ' ?  

% Naphthalene i n  Dry 

% Benzene Insols in  

W t . %  O i l s  250400oc 

2 50°C 

Tar 

Dry Tar 

, 

Table 2 

A l l  ( 
Max. 
- 
- 
1.218 

1.971 

15.6 
12.2 
69.2 

19 -7  
2.3 

10.5 

12.1 

7 

ke OVI 
Min. 
- 
- 
1.141 

172 

6.7 
9.3 
52.2 

nil 
nll 

6.4 

4.1 

- 

T a r s  - 
&an - 
1- 188 

72 3 

12.1 
11 30 
61.0 

7.8 
0.9 

9.1 

8.5 

- 

7 

T a r  Al 

1.141 

253 

15.2 
12.2 
52-2 

19.7 
2.1 

6.8 

4.3 

- 

- 
r- ~2 

- 
1.209 

1247 

8.0 
9.4 
66.8 

nil 
0.2 

8.4 

9.4 

- 
rar BI 

- 
1.184 

3 82 

14.7 
9.7 

59.3 

6-2 
2.3 

9.1 

7.4 

- 

- 
Par 82 

1.203 

546 

10.0 
9.7 

62.9 

nil 
nil 

9.9 

11.3 

- 

- 
:ar C l  

- 
1.185 

438 

13.5 
12.2 
59-1 

9.2 
1.8 

100 5 

11.8 

- 
The Chemical Comosition of Coke Oven T a r  D i s t i l l a t e  O i l s  

It is only recent ly ,  with the development of vapour chromatography, t h a t  
i t  has been possible t o  obtain any information on the quant i ta t ive composition 
of tar  distillate o i l s .  The data so f a r  obtained ire, however, scanty and 
incomplete, m a i n l y  due t o  t h e  limited number of reference compounds available 
f o r  ca l ib ra t ion  of chromatographic columns. I 

Benzoles and Naphthas 

Coke oven tar oils boiling up t o  15OOC which have been washed f r ee  from tar 
bases a re  remarkably uniform i n  composition. 
33440%; toluene, 24433%; m-xylene, 1045%;  o-xylene, p-xylene and styrene, 
about 5% each, e thyl  benzene about 2% and thiophene and methyl thiophenes 14%. 
Non-aromatics which may occur i n  amounts up to 5%,are m a i n l y  methyl cyclohexane. 

Their major components a re  benzene, 

In the naphtha range (150-20O0C) the main neutral  components ape indene, 
hydrindene, courazone and pseudocwene with smaller amounts of ethyl  toluene, 
mesitylene and hemimellitene and an amount of paraffins varying from a trace 
t o  5%. In some samples n-propyl benzene i s  detectable and there is  generally 
up t o  15% naphthalene and some methyl naphthalenes depending on the efficiency 
of the fract ionat ion procedure. The r a t i o  of the components boiling Up t o  
2OO0C varies  considerably a s  i s  shown in  Table 3 which lists the  maximum, 
m i n i m u m  and mean values. 

i 
4 

1 
1 
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Table 3 

Comosition of Coke Oven Coal Tar NaDhthas (15040O0C boiling range) 

component 

nc9ropyl Benzene 
meta & p a r a  ethyl 

To l u n e s  
&si tylene 
Pseudocumene 
Hemimelli tene 
Hydrindene 
Indene 
Coumarone 
Paraffins 

Max. 

3.9 

8- 5 
6 - 5  

14.8 
6.9 

46.5 
'53.0 
15.9 
10.0 

. W t .  % 

Min. 
~~ 

nil 

0- 4 
0.8 
3.7 
t r a c e  

12-7 
10.0 
5.2 
nil 

Mean 

0.6 

2.8 
3.2 
8-7 
2.9 

28.9 
38.2 
11.0 
3.7 

Naphthalene O i l s  

By f a r  the major component of the tar-acid f ree  coke oven o i l s  boiling i n  
the range 200-i25OoC is naphthalene which i n  w e l l  f ractionated samples may be 
65% of the tar-acid f r e e  o i l .  The remaini'ng 3540% is made up of thionaphthene 
2&%, OL methyl  naphthalene 6-lo%, methyl  naphthalene 15-20%, quinoline 2-5%, 
paraffins,  mainly dodecane 04% and amounts of dimethyl naphthalenes, dimethyl 
hydrindenes and acenaphthene. 

O i l s  Boiling i n  the 250-30O0C Rawe 

The analysis of coke oven wash o i l s  and l i g h t  creosotes which have so 
f a r  been carr ied out indicate  tha t  i n  this range the main const i tuents  are, 
as  would be expected, acenaphthene, diphenylene oxide and fluorene and these 
three components account for a t  l e a s t  50% of the fraction. The remainder is  
very complex with numerous minor unidentified compounds. 
dimethyl naphthalenes make Up l0-20% of this range-and some of the trimethyl 
naphthalenes have been ident i f ied  i n  it. 

Diphenyl and 

Anthracene O i l s  and Heavy O i l s  

Phenanthrene, anthracene and carbazole make up on the average 75% of the 
coke oven t a r  f ract ions d i s t i l l i n g  from 30O0C t o  350OC. 
f a r  the major component, there  being 6-8 times as much phenanthrene as  
anthracene; carbazole content i s  generally somewhat higher than tha t  of 
anthracene. 
which include tri- and te t ramethyl  naphthalenes, diphenylene sulphide, phenyl- 
naphthalenes, acridine,  methyl fluorenes and dimethyl diphenylene olddes. 

Phenanthrene i s  by 

The remaining 25% consists of a large number of minor components 
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Coke Oven Pi tch  

As the boiling range is  ascended the  complexity of coke oven tar fract ions 
increases and their  analysis  becomes more d i f f i cu l t .  Not only are the limits 
of v o l a t i l i t y  fo r  f ract ionat ion reached but the value of analysis  by vapour 
chromatography becomes increasingly limited by the lack of reference compounds. 
4565% of coke oven p i t c h  can be separated from the remainder e i the r  by 
exhaustive extract ion with petroleum e ther  o r  by vacuum d i s t i l l a t i on .  These 
f rac t ions  have average molecular weights i n  the range 200-1300 and appear t o  
contain about one OH group p e r  ten molecules and one Ca, or  C& group fo r  
every three molecules. NH groups occur once i n  every t en  molecules and =N- 
groups once per  8 molecules. 
column shows the main hydrocarbon components t o  be fluorene, anthracene, 
phenanthrene, pyrene, chrysene, fluoranthene, benzfluorenes, benzfluoranthenes, 
benzpyrenes, perylene, benzperylenes and p i c e ~ e . ~  
with brazan, dihydronaphthacene, triphenylene are the compounds which can be 
i so la ted  most readi ly  from coke oven p i t ch  d i s t i l l a t e s  or solvent extracts. 

Vapour chromatography on a high-temperature 

These compounds, together 

A t  this stage it i s  worth w h i l e  s e t t i ng  down the major hydrocarbon 
components of coke oven tar i n  order of their complexity. This gives the 
following picture:, 

Boiling Range Average % Major Components 
of Tar 

0.8 @ uta" 
Benzene Toluene 

0 - 15OoC 

150 - 2oO°C 2 

200-25OoC ' 12 

250-3OO0C 8 

Hydrindene Indene Coumarone 

c63 &-- 
Naphthalene bk-enes 

Single 6- 
membered , 

r i n g s  

Fused 6,5- 
ring systems 4 

, 

4 
Fused 6,6-  
r ing systems 

Fused 6,5,6-. 4 
ring systems 

Acenaphthene Fluorene Diphenylene 
Oxide 



Boiling Range Average % 
of Tar 

300-35OoC 15 

Pitch 
Crystal loids  32 

Major Components 

Anthracene Phenanthrene Carbazole 

- 
Fluoranthene 3,443enzf luorene Brazan 

Dihydronaphthacene Chrysene Pyrene Triphenylene 

.T3 
a, 34enzfluoranthene 

103. 

Fused 6,5,6- 

r ing  systems 
and 6,6,6- 

Fused 6,5,6,6- 
r ing systems 

Fused 6,6,6+- 
r ing systems 

Fused 6,6,5,6,6- 
r ing systems 

7,843enzf luoranthene 8,O-Benzf luoranthene 

lI2-Benzpyrene 4,543enzpyrene 

Fused 6,6,6,6,6- 
r ing systems 

Perylene Picene 

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

1,1243enzperylene 



I t  would be expected that the remaining t h i r t y  odd per cent 0: pitch - 
the resinoid,C2 ana C, f ract ions - would extend this logical  sequence, the 
number of fused rings i n  the Icain components increasing from SLX to a considerably 
high value. There i s  st i l l ,  however, some controversy about the molecular weight 
of these fractions.  Values obtained a t  C.T.R.A. by osmotic pressure measurements 
and by ebullioscopic determinations i n  benzene and pyridine gary fKUn~40Q 
1200 f o r  f ract ions of the  resinoids with an average value of about 550 and f z o n  

1000 - 1500 f o r  the C, f rac t ion  ( i .e .  the benzene insoluble-pyridine soluble 
f ract ion) .  Other workers have recorded much lower values. These lower values 
we believe t o  be due t o  the presence of low molecular weight material  i n  the 
fract ions analysed e i t h e r  due t o  the imprecise nature of the fract ionat ion method 
adopted, or more probably, t o  the incomplete removal of solvent from the recovered 
fract ions.  

5 I f  the r e s u l t s  w h i c h  Wood gives for the  fract ions of a coke oven p i tch ,  
separated by a precise and reproducible solvent fractionation, are accepted and 
subjected t o  s t a t i s t i c a l  s t ruc tura l  a n a l y s i s  i n  the same manner i n  which 
van Krevelen and his coworkers  have m i d e r e d  coal macerals, the 
conclusions are  tha t  the more complex fract ions of  coke oven p i tch  form a 
log ica l  extension of the s e r i e s  formed by the d i s t i l l a t e  o i l  fractions.  

8 7  

In carrying out this analysis cer ta in  assumptions must -be made. For 
example i t  is assumed that both -NH' (determined by potentiometric t i t r a t i o n  
with perchloric acid) ,  *Ny (determined from t o t a l  nitrogen content, l e s s  
the \NH- groups) and -0- groups (determined by substracting d H  groups from 
the t o t a l  number of oxygen atoms i n  the average molecule) are present i n  ring 
systems. Hydrogen which cannot be accounted f o r  as dH, -NH- or aromatic 
- C H  (determined from the infra-red absorption a t  3050 cm4) are assumed t o  be 
equally divided between C% and CQ groups. By van Krevelen and C h e d n 3 s 6  
" l i f t  out and replace principle" an equivalent hydrocarbon s t ructure  may be 
calculated and the  aromaticity (Ar) i.e. number of "equivalent" ring carbons 
divided by t o t a l  "equivalent" carbons calculated. The number of rings i n  the 
average molecule can be derived from the formula:- 

and by subtracting the number of ReqUivalentlv ring 4%- groups and the  number 
of 4H.c. and 4% groups from the t o t a l  number of "equivalent" C atoms, a 
figure i s  obtained for  t h e  number of C atoms a t  the w c t i o n  of fused rings. 

The largest  f rac t ion  - that soluble i n  heptanedoxan - has a molecular 
weight of 2 2 0 ,  an average fOrn tUlZ  Of c1S.7H11.76 -2,k .2z% -07 and an 
"equivalent" hydrocarbon s t ruc ture  of Ci7.142 Its aromaticity is 
0.98, the  average number of r ings per molecule i s  3.6 and the number of 
ring joining carbon atoms per molecule i s  5.3 which suggests an average degree 
of condensation s imilar  t o  that found i n  pyrene. These r e s u l t s  are  consistent 
with what other data are avai lable  for  the s t ruc ture  of p i tch  crystal loids .  

The next major f r a c t i o n  which makes up 10% of the p i tch  is  that soluble 
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i n  heptane and t h i s  has a molecular weight of 400, a molecular formula 
of G g  - &g 5 % .SS% .49$3 '14.  
molecule, a n  aromaticity of 0.923 with, on the average 2.13 C& o r  CQ and 
0-19 OH groups per molecule. The number of ring-joining atoms is 11.9 which 
f o r  28.6 equivalent r ing carbons (C,) is  close to  CR 

It contains on the average 7 r ings  per 

\ 

and consis tent  with a -- 3 
s t ruc ture  such as  1 ra ther  than 13 .  2 

I I1 

The next major f rzc t ion  is  tha t  insoluble i n  methanol but soluble i n  
benzene whose number average molecular weight is 910 and whose molecular 
formula is  Css~s4i-ool.esUI-04S0,31. It  has an aromaticity of 0.92 and 
the average number of rings i n  the  molecule is  17.4. Ring joining carbons 
t o t a l  31 and the equivalent r ing carbons 64.8. This again is more consistent 

condensed s t ructure .  Thus the seventeen ring aromatic system, I11 has 64 
r ing carbons and 32 ring joining carbons against 50 carbon atoms and 32 ring 
jo in i ig  carbons fo r  the highly condensed s y s t e m  I V .  

b 

' y  

I with a "ring-chain", f a i r l y  open s t ructure  than a c losely packed, highly 

k,  

I11 I V  

I t  i s ,  however, only  r igh t  t o  point out t ha t  the two smaller fract ions 
of the p i tch  amounting t o  1 4  and 3 M %  of the p i tch  respectively do not fit 
i n t o  the ser ies ;  i t  is, however, believed tha t  the analyt ical  r e su l t s  on 

I these are  unrel iable  because of adsorbed solvents. 

I 

I 
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Tar Acids 

65 t o  70% of the tar acids extracted from the d i s t i l l a t e  o i l s  a re  made up of 
phenol, cresols  and xylenols, the d is t r ibu t ion  being as  indicated in Table 4. 

Table 4 

Cowosition of Phenols Extracted from Coke Oven Oils 

I I 1 
T a r  Acid w t .  % of Total 

Max. 1 Min. I Mean 

Phenol 
o-Cresol 
m-Cresol 
p d r e s o l  
Xylenols and ethyl  phenols 
Higher Boiling Tar A c i d s  

30 
11.3 
16-3 
9.5 

17.6 
36.9 

14.3 
8.7 

13.5 
7.1 
6.4 

. 28.7 

19.0 
9.8 

14.8 
8.2 

14.1 
34.1 

I I I I 

The higher boiling t a r  acids are a complex mixture of which the major 
const i tuents  are  3-methyl4i-ethyl phenol, 2-methyl4-ethyl phenol, 4-indan01, 
5-indan01, 6-methyl-l-indano1, 7-3nethyl-5-indano1, %--naphthol and j3 -naphthal. 

Tar Bases 

No complete analysis  of the bases extracted from the d i s t i l l a t e  o i l s  of 
B r i t i s h  coke oven tars is  a s  yet  available. 
worker2 the bases from an Australian coke oven tar contain 33.17% quiuil ine,  
8*28% isoquinoline, 8.92% quinaldine, 0.91% 8-methyl quinoline and 3.21% 
6-methyl quinoline. 

The General Structure of Coke Oven Tars 

According t o  the  C.S.I.R.O. 

The data given in  t h i s  paper indicate  t h a t  high-temperature coke oven tars 
are complex mixtures of aromatic and heterocyclic ring compounds. A t  the  
lower end of the boi l ing range sinzgle six-membered r ing sys t ems  occur, 
with t h e i r  corresponding hydroxy and alkyl subst i tuents  and the alkyl groups; 
wMle predtiminantly methyl, include ethyl  and n-propyl s ide chains. Single 
ring compounds make Up, however, less than 5% of tar. 
as the boiling range i s  ascended, by fused six and f ive membered r ing systems 
with. their corresponding methyl and hydroxyl substi tuents;  such systems, however, 
again make up less than 5% of the to ta l .  The next members of  the ascending 
s e r i e s  - molecules containing two fused six membered rings,  two six membered 
r ings and one f ive  membered r ing,  or . th ree  fused six membered rings-are major  
consti tuents making up some 3045% of the tar. 
phenanthrene a re  the major components with the other unsubstituted aromatic 

They are  followed, 

In  t h i s  range naphthalene and 



compounds, acenaphthene, f luorene and anthracene, also prombent. Methyl and 
dimethyl derivatives of these aromatic hydrocarbons and the corresponding 
heterocyclic compounds occur as minor consti tuents.  
the oxygen i n  a f i v e  membered r ing are the most  c o m n  heterocyclic COmpoUnds 
followed by t e r t i a r y  bases with the nitrogen in a six membered r ing system 
or as 4H- i n  a f ive  membered ring. 

Oxygen compounds with 

The same pat tern is preserved i n  the p i tch  o i l s  which make Up about 30% of 
the tar. These consis t  predominantly of w b s t i t u t e d  aromatic hydrocarbons 
containing from four t o  seven or eight fused rings and, i n  general, the ring 
sy'stems are  not f u l l y  condensed. Methyl and hydroxy subst i tuents  a re  rare  but 
do occur and about ten  per cent of the molecules contain a heterocyclic oxygen, 
nitrogen or sulphur atom i n  the ring system i n  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 par t ly  
subst i tuted ring sys t ems  are also present i n  small amount but i n  most of the 
compounds containing r ing 4%- groups, the 4%- i s  par t  of a f i v e  membered 
ring. 

The most complex 30% of pi tch represented by the p i tch  resins and the 
so cal led C, and C, f ract ions appears, from our present knowledge, t o  be 
a coctinuation of the s e r i e s  formed by the less complex and more v o l a t i l e  
f ract ions and consis ts  essent ia l ly  of ring compounds containing from 8 t o  
more than 2 0  rings i n  the molecule. The evidence, however, points  t o  the 
fac t  that these more complex consti tuents have ring systems which a re  not 
highly condensed but ra ther  consist  of highly branched r ing  chain s t ructures  
i n  which the majority of the rings are  fused t o  no more than three  other rings. 

As fur ther  evidence of the re la t ive ly  low degree of condensation i n  the 
ring st ructure  of the molecules i n  pitch,  may be c i t e d  the f a c t  tha t  the  infra- 
red spectra of p i tch  fract ions shows much stronger bands at  750 cme due to  
ortho subst i tut ion i n  the aromatic r ing than a t  the other  wave lengths 
character is t ic  of other types of subst i tut ion,  indicat ing that there  a re  a 
f a i r  number of unsubstituted end-rings i.e. r ings fused t o  o n l y  one other 
ring.' 

The ComDosition of T a r s  and the Structure of Coal 

It has been said that the products of carbonisation of coal  have about as  
much resemblance t o  the or ig ina l  coal s t ructure  as  the fragments of ash from a 
burning l ib rzry  bear t o  the or ig ina l  books. 
f o r  15% of the coal  s t ructure  i n  low-temperature carbonisation and, despite the 
complexity of the reactions occurring i n  the carbonisation process, some 
inferences a s  t o  the nature of the coal "molecule" should follow from a study 
of the composition of the t a x .  

On the  other  hand t a r  accounts 

8 9  
This approach has been made by K a r r  and his coworkers on the basis  of 

the divergence between the determined d is t r ibu t ion  of isomers i n  low-temperature 
t a r s  and the predicted thermodynamic and kinet ic  d i s t r ibu t ions  at the 
temperature of carbonisation. Karr's argument i s  that the tar produced 
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i n  low-temperature carbonisation of coa l  may be regarded e i the r  from the stand- 
point of thermodynamic equ i l ib r i a  or  chemical kinetics.. I f  thermodynamic 
equilibrium has been achieved the  proportion of various isomers w i l l  be that  
predicted by theory. If the  residence time is  too short t o  enable equilibrium 
t o  be achieved the  most abundant isomers should be those predicted from the 
r e l a t ive  r a t e s  of fornation. Isomeric d is t r ibu t ions  outside the range 
predicted by the combined thermodynamic and k ine t ic  systems might indicate  
dependence on the coa l  structure.  

An examination of the d is t r ibu t ion  of a lkyl  benzenes, a lkyl  phenols, phenyl 
pyridines, methyl quinolines and substi tuted an i l ines  found i n  low-temperature 
t a r s  showed very considerable differences from the d is t r ibu t ions  predicted on 
e i the r  thermodynamic o r  chemical k ine t ic  considerations. 
was the re la t ive ly  high proportion of para isomers i n  s t ruc tures  f o r  which 
thermodynamic equ i l ib r i a  predicted a preponderance of the meta isomer and 
k ine t ic  consideration a preponderance of the ortho compound. There seemed, 
therefore, some j u s t i f i c a t i o n  f o r  the suggestion t h a t  these isomers derived 
from some common monomeric unit of the coal s t ructure .  One such unit which 
would account f o r  the isomeric d is t r ibu t ions  found and whose occurrence when 
coal is carbonised would be biogenetically plausible is 4-n-propyl-2-methoxy 
phenol derived from l i g n i n  which has been subjected t o  the coa l i f ica t ion  
process. 

Par t icu lar ly  s t r ik ing  

P r io r  t o  Karis publications a s imilar  idea had been put forward, although 
not published,by W.Waddington of The Coal Tar Research Association. 
suggested s t ructure  of that  pa r t  of the coal molecule from which t a r  i s  derived 
was tha t  of a polymer cons is t ing  of a long paraf f in ic  o r  conjugated chain from 
which a t  in te rva ls  were attached l a l k y l 4 2 ~ ~ 1 e t h o x y  phenol units, substi tuted 
i n  the &posi t ion by o ther  paraffinic o r  conjugated s ide chains. It  i s  now 
generally agreed tha t  Freudenberg's view of the biosynthesis of l i gn in  from 
coni fer in  v i a  the  condensation of monomeric uni t s  of the s t ructure  

H i s  

.i 
C& OH 
I1 1 

OH 
1 

1 i s  probably cor rec t ,  and although the s t ructure  of  l ign in  has not been f ina l ly  
c1arified;the production, on pyrolysis of fo s s i l i s ed  lignin,of a un i t  having 
the  s t r u c t u r e x i s  not d i f f i c u l t  t o  envisage. 

The isomeric d i s t r ibu t ion  of t h e  h l e n e s  and cresols i n  high-temperature 
t a r s  i s  a s  expected from thermodynamic considerations w i t h  the meta compound 
predominating but i n  the xylenols the observed d is t r ibu t ion  i n  continuous 
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ver t ica l  r e t o r t  tar d i f f e r s  f r o m  w h a t  would be expected f r o m  e i t h e r  themdynamic 
or kinet ic  considerations. 
31% 3,5lxylenol, 12% 2,6-xylenol and between 7119% of each of the 2,3-, 2 , 5 r  
and 3,4-isomers. The thermodTnarnic d is t r ibu t ion  should give almost equal 
amounts of the 2,4-, 2-50 and 3,5-isomzrs while f r o m  b ine t ic  considerations 
the 2,4- and'3,4-isomers would be expected t o  predominate. Shortening of 
the side-chains and loss  of one or other  of the oxygen containing groups would 
yield 2,4wxylenol or 3,5-xylenol from the proposed coal degradation product:- 

Thus the  observed d is t r ibu t ion  i s  33% 2,4-xylenol, 

In the higher boiling t a r  acids from both low-temperature and high-temperature 
t a r s j  4-indanol and 5-indanol and t h e i r  monomethyl derivatives predominate. 
These can be regarded as  derived from the postalated progenitor thus:- 

q* 
l - m e y -  7L77hy1- cE5 

5-inda 5 -indano 1 

5-indanol 
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The dis t r ibut ion of t h e  isomeric methyl indanols found in v e r t i c a l  
r e t o r t  tar  is 18 p a r t s  7-methyl-5-indanol: 12 p a r t s  3-methyl4-in&~ml: 8 p a r t s  
each of 6-methy1-4-indano1, 7-methyl4-indanol and l-methyl-5-lndanol: 6 par ts  
of 3-methyl-5-indanol: 1 par t  each of 4-methyl-5-indanol and B-methylb-indanol, 
It w i l l  be seen that this dis t r ibut ion,  except for the  absence of l-m&hyl-4- 
indanol, is i n  conformity with the above scheme, 

the three isomers 2,3,4-trimethyl phenol, 2,3,5-tr-thyl phew1 a d  3,4s5" 
trimethyl phenol. 
benzenes i n  tar is in t h e  order 1,2,3.> 1,2,4 >l ,3,5 whereas both the  thermo- 
dynamic and kinetic d is t r ibu t ions  would predict  1,2,4 7 1 , 3 , 5  7 1,2,3. "h.e 
following scheme would explain these divergencies. 

The trimethyl phenols found i n  v e r t i c d  r e t o r t  tars are  r e s t r i c t e d  t o  

Also the  isomeric d is t r ibu t ion  of the three trimethyl 

I 2,3,4-t rimethyl 3,4,5-t rimethyl 1,2,3--trFmethyl 
phenol phenol benzene 

0 O\ m3 

2,3,5*trimethyl 1,2,4-trimethyl 
phenol benzene 

If r ing closure yields  six-membered rings the predominant products would be 
expected t o  be acenaphthene and 1,B-dimethyl naphthalene. 

o \  
1 acenapht hene 

o \  
I 

\/. 1,6-dirmethyl naphthalene 
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whereas experimental thermodynamic evidence favours the  2 , 6- and 2 , 7-isomers 
as  the predominant forms. The analyses of the 250-30O0C f rac t ions  of 
continuous ver t ica l  r e t o r t  t a r  give the ratio of acenaphthene and dimethyl 
naphthalenes as  acenaphthene 1.0, 1,B-dimethyl naphthalene 0.44, 2,6- and 
2 ,7dme ' thy l  naphthalenes 0.35, 1,7-dimethyl naphthalene 0.19, 2,3-dimethyl 
naphthalene 0- 16 and 1 , 5-dimethyl naphthalene 0.14. 

It is appreciated t h a t  the evidence from the isomer ratios of t a r  
components f o r  a common precursor derived d i rec t ly  from the coa l  StNCtLUe is 
very flimsy but i t  seems an in te res t ing  speculation and it i s  i n  this sense 
that  i t  i s  mentioned i n  this paper. As more re l iab le  data accumulate on 
the f i n e  s t ructure  of tar fract ions,  par t icu lar ly  those from primary and 
low temperature tars, and be t te r  data become available,  e i t h e r  from calculations 
or experiments of the thermodynamic d is t r ibu t ion  and kinet ic  d i s t r ibu t ion  of 
isomers a t  the carbonisation temperatures, it should be possible t o  provide 
stronger evidence f o r  or against  this hypothesis. This possible approach t o  
the problem of the chemical s t ructure  of c o a l  should not be ignored. 
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PF3SEI?TLY LITTLF-USED BUT POTENTIALLY IMPORTANT 
COAL TAR CHEMTCALS 

Hein?.-Gerhard Franck 

G e s e l l s c h a f t  f* Teerververtung m.b.H. 
Dui sburg-Me i d e r i  ch, West Germany 

To d a t e ,  about 400 of t h e  myriad substances contained i n  c o a l  tar  have been 
d e f i n i t e l y  i d e n t i f i e d .  Th i s  f i g u r e  may seem smal l  compared t o  t h e  10,000 est imated 
t o  be i n  tar b u t  it probably inc ludes  a l l  the  components t h a t  w i l l  be used commer- 
c i a l l y  as such s i n c e  some of t h e  c o n s t i t u e n t s  are p r e s e n t  in extremely small amounts. 
The compounds v h i c h  have been i d e n t i f i e d  a r e  e i t h e r  t hose  which are p resen t  i n  the  
l a r g e s t  amounts o r  those which are r e l a t i v e l y  easy t o  i s o l a t e .  It should be remem- 
bered that  t h e  composition of t h e  lower b o i l i n g  f r a c t i o n s  is more completely under- 
s tood than is  t h a t  of t he  h ighe r  b o i l i n g  f r a c t i o n s  and o f  c o a l  tar  p i t ch - - the  d i s t i l -  
l a t  ion r e s idue  . 

The composition of c o a l  tar  v a r i e s  g r e a t l y .  It  is in f luenced  by the type 
of coking c o a l  employed, by the  coking process  and by t h e  coking temperature .  
t a r  undergoes c e r t a i n  changes i n  composition on d i s t i l l a t i o n  and t h e  y i e l d  of v a r i s u s  
c o n s t i t u e n t s  is in f luenced  by t h e  d i s t i l l a t i o n  process  used. 

F u r t h e r ,  

The development of gas chromatography has g r e a t l y  f a c i l i t a t e d  t h e  quant i -  
t a t i v e  de t e rmina t ion  of c o a l  tar  c o n s t i t u e n t s .  It proved to be an almost i dea l  method 
of i w e s t i g a t i n g  t a r  and i ts  f r a c t i o n s ,  and has g e n e r a l l y  superseded o the r  a n a l y t i c a l  
mechods t h a t  were less a c c u r a t e  and more t ed ious .  The fo l lowing  q u a n t i t a t i v e  d a t a  on 
t h e  occurrence of compounds i n  c o a l  tar  were l a r g e l y  obtained wi th  t h e  a i d  of gas 
chromatography. It should be noted t h a t  t h e s e  d a t a  r e l a t e  t o  high-temperature tar  
from s o f t  c o a l  of t h e  Ruhr area processed by continuous vacuum d i s t i l l a t i o n .  

F i g u r e  1 is  a gas  chromatogram of such tar .  The i n d i v i d u a l  peaks r e p r e s e n t  
t h e  most important  c o n s t i t u e n t s  from indene ( b o i l i n g  p o i n t  a t  one atmosphere: 183.1"C) 
t o  coronene ( b o i l i n g  p o i n t  a t  one atmosphere: 525°C) i n  the o r d e r  o f  t h e i r  b o i l i n g  
ranges.  As this  is a schematic  diagram covering the  whole t a r ,  not  a l l  t h e  quant i -  
t a t i v e l y  important  compounds are ind ica t ed  by s e p a r a t e  peaks.  For i n s t a n c e ,  t he  
peaks of 1- and 2-methylnaphthalene and a l s o  those  of phenanthrene and anthracene co- 
i nc ide .  A more d e t a i l e d  gas chromatographical a n a l y s i s  of  t h e  tar  would separate 
these  isomers.  However, s i n c e  gas chromatograms become l e s s  e a s i l y  followed a s  t h e  
number of peaks i n c r e a s e s ,  f u r t h e r  diagrams w i l l  not  be shown. 

All t o g e t h e r ,  t h e  compounds i d e n t i f i e d  t o  d a t e  make up about  55 per  c e n t  
of the tar .  In a d d i t i o n ,  tar  con ta ins  about 2 p e r  c e n t  of r e l a t i v e l y  high-molecular- 
weight ,  s o o t - l i k e  compounds t h a t  cannot be d i s so lved  o r  d i s t i l l ed - -mak ing  ir: impos- 
s i b l e  t o  determine t h e i r  composition by chemical methods. Thus it is  apparent t h a t  
only a small p e r  c e n t  of t h e  number of compounds be l i eved  t o  be p re sen t  i n  coal  tar  
have been i d e n t i f i e d ;  t hose  t h a t  have been i d e n t i f i e d  r e p r e s e n t  a ve ry  s i g n i f i c a n t  
p o r t i o n  of t h e  tar .  

According t o  p r e s e n t  knowledge, a maximum o f  e l even  compounds occur i n  c o a l  
tar  i n  p ropor t ions  g r e a t e r  than 1 pe r  c e n t .  Except ing the  two methylnaphthalenes,  a l l  
of them are n o n s u b s t i t u t e d ,  aromatic  substances without  f u n c t i o n a l  groups.  The 
th ree  compounds p r e s e n t  i n  t h e  largest p ropor t ions  are a b i n u c l e a r ,  a t r i n u c l e a r ,  and 
a quadr inuc lea r  hydrocarbon. 
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Table I 

Compounds Present  i n  Coal Ta r  in Amounts 
Grea ter  Than 1 Per  Cent 

Compound Per  Cent 

Naphthalene 
Phenanthrene 
Fluoranthene 
Pyrene 
Fluorene 
Chrysene 
Anthracene 
Carbazole 
2-Methylnaphthalene 
Dibenzofuran 
1-Methylnaphthalene 

10 
5 
3 . 3  
2.1 
2.0 
2.0 
1.8 
1.5 
1.4 
1.0 
1.0 

U n t i l  q u i t e  r e c e n t l y  c o a l  tar has been the only source  of aromatic  compounds. 
The s l i g h t  ex ten t  t o  which t h i s  source  has been e x p l o i t e d ,  however, is not  widely 
known. Of the  e leven  most abundant c o n s t i t u e n t s  of coa l  t a r ,  only two--naphthalene 
and anthracene--are  being used on Large s c a l e  as  pure products f o r  chemical processes .  
Cont ras ted  with naphthalene,  a lmost  a l l  of which is recovered and f u r t h e r  processed,  
an thracene  is used only t o  a l i m i t e d  e x t e n t  i n  t h e  chemical i n d u s t r y ,  a l though t h e  
amount has increased r e c e n t l y .  This  paper is not  concerned, however, w i t h  compounds 
now used t e c h n i c a l l y  on a r e l a t i v e l y  l a r g e  s c a l e ,  but  with t h e  s t i l l  untapped p o s s i -  
b i l i t i e s  of coal  t a r .  What c o a l  t a r  c o n s t i t u e n t s  have been used widely i n  t h e i r  pure 
form? Compared t o  t h e  p o t e n t i a l ,  t h e  number i s  extremely smal l :  besides  naphthalene 
and an thracene ,  t h e  l i s t  inc ludes  only phenol and i ts  homologs ( c r e s o l s  and x y l e n g l s ) ;  
p y r i d i n e  and i t s  homologs; and q u i n o l i n e .  With both phenol and pyr id ine  homologs, m i x -  
t u r e s  and not  pure products  a r e  f r e q u e n t l y  used. Never the less ,  i t  should not be con- 
cluded t h a t  l i t t l e  a t t e m p t  has been made over t h e  years  t o  e x p l o i t  the  chemical pocen- 
t i a l i t y  of t a r .  

Most organic  i n d u s t r i a l  p rocesses  f o r  the  manufacture of s y n t h e t i c  f i b e r s ,  
r e s i n s ,  p e s t i c i d e s ,  d y e s t u f f s ,  d r u g s ,  e t c .  employ s m a l l ,  r e a c t i v e  b u i l d i n g  blocks from 
which t h e  end products  a r e  s y n t h e s i z e d .  When c o a l  t a r  components a r e  smal l  and reac-  
t i v e ,  as phenol and t h e  p y r i d i n e  bases, they meet t h e s e  requirements  and are used. 
But most of t h e  compounds p r e s e n t  i n  c o a l  tar have r e l a t i v e l y  l a r g e  molecules without 
f u n c t i o n a l  groups and a r e  q u i t e  i n e r t  chemical ly .  This  is why--what seems s u r p r i s i n g  
a t  f i r s t  glance--of t h e  e l e v e n  most abundant c o n s t i t u e n t s  of c o a l  t a r ,  only two f ind  
wide a p p l i c a t i o n .  Naphthalene,  the c h i e f  c o n s t i t u e n t ,  is a noteworthy except ion  
among the  t a r  a iomat ics .  It  has  become a va luable  r a w  m a t e r i a l  because,  f o r t u n a t e l y ,  
i t  can be oxidized i n  h i g h  y i e l d  t o  p h t h a l i c  anhydride.  

Conditions may seem l e s s  favorable  when w e  cons ider  the  o t h e r  a romat ics ,  

C e r t a i n l y  i n  
but  it never the less  would seem a d v i s a b l e  t o  i n v e s t i g a t e  t h e  var ious  p o s s i b i l i t i e s  
o f f e r e d  by these raw materials which a r e  a v a i l a b l e  i n  such q u a n t i t y .  
r e c e n t  years  remarkable p r o g r e s s  h a s  been made i n  recovery techniques ,  so t h a t  today 
most of t h e  products a r e  a v a i l a b l e  i n  purer  grades and a t  lower p r i c e s  than  a few 
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years  ago. Although t h i s  has  l e d  t o  a g r a t i f y i n g  i n c r e a s e  i n  sales,  t h e r e  is s t i l l  
no real is t ic  comparison between t h e  demand f o r  most products  and t h e  q u a n t i t i e s  t h a t  
could b e  produced. 

Phenanthrene 

Phenanthrene, t he  second l a r g e s t  c o n s t i t u e n t  of c o a l  t a r ,  s t i l l  has not been 
used t o  any apprec iab le  e x t e n t  though t h e  phenanthrene s k e l e t o n  u n d e r l i e s  mul t i t ud in -  
ous hydroaromatic compounds widely d i s t r i b u t e d  i n  n a t u r e  and having g r e a t  physiolog- 
i ca l  s i g n i f i c a n c e .  These n a t u r a l  products  include:  resin a c i d s ,  morphine, s t e r o l s ,  
b i l e  a c i d s ,  d i g i t a l i s  g lycos ides ,  s ex  hormones, and a n t i r a c h i t i c  v i t amins .  

There is an  e x t e n s i v e  l i t e r a t u r e  on the  chemical r e a c t i o n s  of phenanthrene-- 
such as ha logena t ion ,  n i t r a t i o n ,  s u l f o n a t i o n ,  a l k y l a t i o n ,  ch lo romethy la t ion ,  metal-  
l i z a t i o n ,  hydrogenation, and oxidat ion--with numerous uses  proposed f o r  che r e a c t i o n  
products .  Uses such as i n  t h e  manufacture of resins, d y e s t u f f s ,  d r u g s ,  p l a s t i c i z e r s ,  
and--as s o l i d  c h l o r i n a t i o n  products--nonflammable e lectr ical  i n s u l a t o r s  and impreg- 
nan t s .  

About 10 m i l l i o n  tans of crude tar  are d i s t i l l e d  annua l ly  i n  the  Western 
World. Assuming t h a t  this e n t i r e  output  has t h e  same phenanthrene con ten t  as coal  
tar  from t h e  Ruhr area, o r  5 per  c e n t ,  and t h a t  about h a l f  of the phenanthrene could 
be recovered,  the impressive q u a n t i t y  of 250,000 tons of phenanthrene y e a r l y  would be 
a v a i l a b l e .  Sepa ra t ion  on a l a r g e  scale would, of cour se ,  r e s u l t  i n  lower product ion 
c o s t s .  S ince  phenanthrene has  a h ighe r  b o i l i n g  p o i n t  than naphthalene and because 
i t  i s  more d i f f i c u l t  t o  recover ,  i t  will always be more expensive,  but i f  produced 
on t h e  same s c a l e  as naphthalene,  i t s  p r i c e  would be much lower than i t  is a t  the 
p re sen t  t i m e .  

By analogy t o  naphthalene,  i t  may be expected t h a t  phenanthrene can be 
oxidized t o  produce a b iva len t  a c i d ,  d iphen ic  a c i d ,  which i f  cheap enough could be 
used i n  the  manufacture of s y n t h e t i c  r e s i n s  and p l a s t i c i z e r s .  

Diphenic a c i d  is a l r e a d y  being produced from phenanthrene,  bu t  so far t h e r e  
has been no success  i n  developing a s imple commercial process  wi th  a h igh  y i e l d  f o r  
the conversion of phenanthrene i n t o  d iphen ic  a c i d  o r  i t s  anhydride.  The process  cur-  
r e n t l y  followed g ives  no t  on ly  d iphen ic  a c i d  bu t  a l s o  cons ide rab le  amounts of o the r  
ox ida t ion  products .  Because of t h e  poor y i e l d  and t r o u b l e  wi th  subsequent p u r i f i c a -  
t i o n ,  d iphen ic  ac id  i s  c u r r e n t l y  p r i ced  so  high t h a t  i t  is used only f o r  s p e c i a l i z e d  
purposes .  However, much r e sea rch  is going i n t o  t h e  problem, so t h e r e  a r e  good pros- 
c e c t s  t h a t  an  economic p rocess  w i l l  be developed be fo re  long. As soon as one ap- 
p l i c a t i o n  of phenanthrene ga ins  i n d u s t r i a l  importance,  t h e  p r i c e  r educ t ion  w i l l  open 
up a d d i t i o n a l  markets where phenanthrene has  been unable t o  compete f o r  price reasons.  

Fluoranthene 

While i t  is w e l l  known t h a t  l a r g e  amounts o f  phenanthrene a r e  a v a i l a b l e  
from c o a l  tar ,  we seem t o  be less prone t o  r e a l i z e  t h a t  next  t o  naphthalene and phe- 
nan th rene ,  f luoranthene i s  the  most abundant c o a l  t a r  c o n s t i t u e n t .  Assuming the  



cond ic ions  descr ibed f o r  phenanthrene recovery,  Eluoranthene is  a v a i l a b l e  i n  t h e  
amounr of 165,000 tons y e a r l y  a s  a raw aater ia l .  The f a c t  t h a t  organic  chemistry 
t r e a t i s e s  f r equen t ly  ignore  f luo ran thene  e n t i r e l y  o r  mention i t  only i n  marginal 
n o t e s ,  shows how neglected the compound has been. Nevertheless ,  Eluoranthene has  
a n  advantage over phenanthrene s i n c e ,  l i k e  naphthalene,  it can be r e a d i l y  obtained 
from the appropr i a t e  f r a c t i o n  i n  a high p u r i t y ,  because t h e  f luoranthene f r a c t i o n  
has  no s i g n i f i c a n t  con ten t  o f  material less s o l u b l e  than f luoranthene o r  which forms 
mixed c r y s t a l s  w i t h  it .  

Thus Eluoranthene i s  o f f e r e d  i n  t e c h n i c a l  grade i n  a p u r i t y  of 97-98X"  
As wi th  phenanthrene, mass p roduc t ion  could reduce its p r i c e  cons ide rab ly .  

Coal tar  i s  now u s u a l l y  processed by continuous d i s t i l l a t i o n .  The f r a c t i o n s  
r ecove red ,  i n  t he  o rde r  of t h e i r  b o i l i n g  r anges ,  are:  water, l i g h t  o i l ,  middle o i l  
( c a r b o l i c  o i l ) ,  naphthalene o i l ,  wash o i l ,  low-boiling anthracene o i l ,  h igh-boi l ing 
an th racene  o i l ,  and p i t c h  ( d i s t i l l a t i o n  r e s i d u e ) .  Other c l o s e l y  c u t  d i s t i l l a t e  f r ac -  
t i o n s  y i e l d i n g  concen t r a t e s  of o t h e r  main c o n s t i t u e n t s  could be sepa ra t ed  i n  t h e  same 
way as t h e  naphthalene f r a c t i o n  i n  t h e  primary d i s t i l l a t i o n .  However, s i n c e  the lar- 
g e s t  p a r t  o f  coal  tar  d i s t i l l a t e  i s  used a s  c r e o s o t e ,  a broad complicated mixture of 
compounds, t h i s  t ype  of  d i s t i l l a t i o n  is no t  p r o f i t a b l e  o r  g e n e r a l l y  p r a c t i c e d .  

Fluoranthene is a c o n s t i t u e n t  of t he  high-boi l ing anthracene o i l ,  and t o  
a l e s s e r  ex ten t  of t h e  p i t c h .  
an th racene  o i l  must be d i s t i l l e d  f u r t h e r .  Th i s  y i e l d s  a number of o t h e r  f r a c c i o n s ,  
t h e  most important one be ing  t h e  pyrene ( b o i l i n g  po in t s  a t  one atmosphere: pyrene, 
393OC; f luo ran thene ,  3 8 3 . 5 " C ) .  Fluoranthene c o s t s  would be much lower i f  t he  pyrene 
f r a c t i o n  could a l s o  be used i n s t e a d  of being r e tu rned  t o  the  high b o i l i n g  anthracene 
o i l .  (The co-product problem becomes more complex and important as t h e  amount of the 
d e s i r e d  m a t e r i a l  i n  t he  tar  becomes less .  I n  p r a c t i c e ,  only the  two mDSt abundant 
c o n s t i t u e n t s ,  naphthalene and phenanthrene, are f r e e  of t h i s  burden).  

To o b t a i n  the f luo ran thene  f r a c t i o n ,  t h e  h i g h - b o i l k g  

Compared t o  phenanthrene,  the l i t e r a t u r e  on the  chemical r e a c t i o n s  of 
f l u o r s n t h e n e  is l i m i t e d .  Halogenat ion,  n i t r a t i o n ,  s u l f o n a t i o n ,  hydrogenat ion,  oxi-  
d a t i o n ,  and condensat ion w i t h  p h t h a l i c  anhydride and a c i d  ch lo r ides  are r e p o r t e d ,  
Desp i t e  t h e  symmetry of its molecule,  f l uo ran thene  is not  chemically i n e r t !  Since 
f luo ran thene  i s  r e a d i l y  a c c e s s i b l e  i n  a high p u r i t y  and is r e l a t i v e l y  r e a c t i v e ,  why 
has  i r  had no important p r a c t i c a l  a p p l i c a t i o n  t o  d a t e ?  Probably because the  compound 
f a i l e d  t o  a t t r a c t  t he  a t t e n t i o n  of chemists i n  the p a s t  and s i n c e  the e a s e  of i t s  r e -  
covery w a s  not f u l l y  a p p r e c i a t e d .  An examination of its r e a c t i o n s  sugges t s  f l u o r -  
anthene could perhaps be used as a s t a r t i n g  p o i n t  f o r  t he  syn thes i s  of drugs and. 
p a r t i c u l a r l y  of d y e s t u f f s .  

The price of f luo ran thene  would be the determining f a c t o r  i n  the  commer- 
c i a l i z a t i o n  of any dye d e r i v e d  from i t  and the  p r i c e  could be reduced only i f  a 
c e r t a i n  minimum sales o u t l e t  were assured.  A s  f a r  a s  w e  know a t  t he  p re sen t  t i m e  
t h e  o x i d a t i o n  type r e a c t i o n s  are not  as promising as wi th  naphthalene o r  phenan- 
th rene  because no ncvel  mu l t i ca rboxy l i c  ac ids  have been made from i t .  
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Pyrene 

Unlike phenanthrene and f luoranthene ,  pyrene is a l r e a d y  being used a s  a raw 
m a t e r i a l  on a very modest s c a l e  compared t o  t h e  p o t e n t i a l  100,000 tons  a year  which 
is  a v a i l a b l e .  The chemistry of pyrene has  been e x t e n s i v e l y  i n v e s t i g a t e d  (ha logenat ion ,  
n i t r a t i o n ,  hydrogenat ion,  o x i d a t i o n ,  s u l f o n a t i o n ,  condensat ion,  etc.). A l a r g e  number 
of condensat ion r e a c t i o n s  have been repor ted  and deserve  s p e c i a l  mention, These i n -  
c lude not  on ly  condensat ion wi th  p h t h a l i c  anhydride but  a l s o  w i t h  a c e t i c  anhydride,  
benzoyl c h l o r i d e ,  d i a z o a c e t i c  e s t e r ,  dichlorodiphenylmethane, g l y c e r i n ,  cyanuric  
c h l o r i d e ,  and formylmethylani l ine.  

t The p o s s i b i l i t y  of combining t h e  product ion of f luoranthene  and pyrene 
I ( b o i l i n g  p o i n t s  a t  one atmosphere: f l u o r a n t h e n e ,  383.5"C; pyrene ,  393.5'C) has a l -  

, i s  more complicated because i t s  f r a c t i o n  has some s l i g h t l y  s o l u b l e  components b o i l i n g  

ready been d iscussed  under f luoranthene .  As i n  t h e  c a s e  of f l u o r a n t h e n e ,  pyrene i s  
found i n  both  t h e  h igh-boi l ing  an thracene  o i l  and p i t c h .  However, recovery of pyrene 

c l o s e  t o  pyrene,  inc luding  1,2-benzodiphenylene oxide and 2,3-benzodiphenylene oxide.  
These are troublesome and expensive t o  remove. This  e x p l a i n s  t h e  f a c t  t h a t  pyrene is  

I no t  o r d i n a r i l y  o f f e r e d  i n  as h igh  a p u r i t y  as f luoranthene .  The t e c h n i c a l  grades a v a i l -  
I a b l e  have a pyrene conten t  of on ly  90-95%. 

It is d i f f i c u l t  t o  f o r e c a s t  i f  pyrene ,  so  f a r  used mainly as a s t a r t i n g  
material f o r  the  s y n t h e s i s  of d y e s t u f f s ,  w i l l  become important  i n  o t h e r  f i e l d s .  With 
s u c c e s s f u l  u t i l i z a t i o n  of f luoranthene  as a chemical raw material, t h e  market out iook 
f o r  pyrene would undoubtedly improve. Many p o s s i b i l i t i e s  f o r  i t s  use are c u r r e n t l y  
bar red  b y . i t s  h igh  price. Even i f  pyrene and f luoranthene  recovery  are combined, how- 
e v e r ,  pyrene product ion  c o s t s  would be reduced only  s l i g h t l y  because,  as previous ly  
mentioned, i t  is harder  to upgrade t h e  pyrene f r a c t i o n  than  t h e  f luoranthene  f r x t i o n .  

, 
I 

t 
Like phenanthrene,  t h e r e  are i n t e r e s t i n g  o x i d a t i o n  products  of pyrene,  

such as 4,5-phenanthrenedicarboxylic a c i d  and 1,4,5,8-naphthaienetetracarboxy?ic a c i d .  

\ Kaphthalenetetracarboxylic a c i d  would be a p a r t i c u l a r l y  promisrcg pyrene 
d e r i v a t i v e  i f  t h e r e  w e r e  a s imple o x i d a t i o n  process  a v a i l a b l e  g i v i n g  a h igh  y i e l d  of 
the  a c i d .  Experiments d i r e c t e d  t o  thk end have n o t  y e t  g iven  reason  f o r  optimism. 

!, Fluorene 
, I  

Wash o i l  b o i l s  between 230°C and 300°C; f l u o r e n e ,  occur r ing  i n  tar  i n  about  
t h e  same propor t ion  as pyrene,  has  t h e  h i g h e s t  b o i l i n g  p o i n t  of main c o n s t i t u e n t s  i n  
t h i s  f r a c t i o n .  Acenaphthene and dibenzofuran (diphenylene oxide)  b o i l  s l i g h t l y  below 
f l u o r e n e  ( b o i l i n g  p o i n t s  a t  one atmosphere: acmaphthene ,  278.2"C; dibenzofuran ,  
285.1"C; f luorene ,  297.9OC). It i s ,  t h e r e f o r e ,  convenient  t o  c o n s i d e r  the  t h r e e  t o -  

b g e t h e r .  However, f luorene  and d ibenzofuran  must be c a r e f u l l y  s e p a r a t e d  by d i s t i l l a -  
t i o n  because they form a cont inuous series of s o l i d  s o l u t i o n s  which,  of course ,  can- 
not  be s e p a r a t e d  by c r y s t a l l i z a t i o n  techniques .  

\ '  
b -Format ion  of  mixed c r y s t a l s  is common among t h e  c o n s t i t u e n t s  of c o a l  t a r .  

Phenanthrene and an thracene ,  phenanthrene and c a r b a z o l e ,  and chrysene and 1 , 2 -  
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benzanthracene are o t h e r  q u a n t i t a t i v e l y  important compounds which form a continuous 
s e r i e s  of  mixed c r y s t a l s  c h a r a c t e r i z e d  by a curve having no maximum o r  minimum be- 
tween t h e  f r eez ing  p o i n t s  of  t he  pure components. The formation of  mixed c r y s t a l s  
between phenanthrene, an th racene  and ca rbazo le  is the main reason t h a t  phenanthrene 
is more d i f f i c u l t  t o  p u r i f y  than  naphthalene.  

Fluorene is  t h e  f i r s t  of t h e  coa l  tar  c o n s t i t u e n t s  d i scussed  s o  f a r  t o  have 
a r e a c t i v e  group: i n  t h i s  c a s e  t h e  methylene group between the two benzene r i n g s  has  
h igh ly  r e a c t i v e  hydrogen atoms. In s p i t e  of  numerous r eac t ions  desc r ibed  i n  the  l i tera-  
t u r e  and numerous uses sugges t ed ,  such  as the  manufacture of c leaning and we t t ing  
a g e n t s ,  t e x t i l e  a u x i l i a r i e s ,  pharmaceut icals ,  d i s i n f e c t a n t s ,  p s s c i c i d e s ,  d y e s t u f f s ,  
l i q u i d  s c i n t i l l a t o r s ,  and t h e r m o p l a s t i c  r e s i n s ,  a l l  a t t empt s  t o  promote widescale  
development of f luo rene  a s  a chemical raw material have been u n f r u i t f u l  t'3 d a t e .  
Recent developments i n d i c a t e  t h a t  there may be an o u t l e t  i n  drug s y n t h e s i s  because 
pharmacological substances c u r r e n t l y  being t e s t e d  have been obtained from f luorenone,  
a product r e a d i l y  prepared from f luo rene .  

Chrvsene 

Chrysene, t h e  most abundant c o n s t i t u e n t  of coa l  tar  p i t c h ,  is a l s o  found i n  
smaller amounts i n  h igh -bo i l ing  anthracene o i l .  
(440.7OrJ a t  one atmosphere) and t h e  e x t r a o r d i n a r i l y  high-melting p o i n t  ( 2 5 S ° C ) ,  t h e  
product is hard t o  recover  i n  i t s  pu re  form. The s t a r t i n g  p o i n t  f o r  chrysene pro- 
duc t ion  is usua l ly  t h e  d i s t i l l a t e  from the manufacture of  hard p i t c h ,  though p i t c h  
coke oil from t h e  coking o f  ha rd  p i t c h  is also r i c h  in chrysene.  

Because of a high-boi l ing po in t  

Provided t h a t  s u i t a b l e  a p p l i c a t i o n s  can be found, t h e r e  seems t o  b e  no 
reason why a l l  of t h e  compounds d i scussed  up t o  this  po in t  should n o t  be used on 
l a r g e  s c a l e  i n d u s t r i a l l y .  There is, however, less chance f o r  chrysene d e s p i t e  t he  
f a c t  t h a t  i t s  occurrence i n  c o a l  tar  is about the same as t h a t  of f l uo rene  and pyrene. 
P u r i f i c a t i o n  of chrysene is more d i f f i c u l t  and t h e  higher  c o s t  of the compound w i i i  
be a s e r i o u s  handicap t o  i t s  broad u t i l i z a t i o n .  Chrysene d e r i v a t i v e s  have been used 
t o  some e x t e n t  i n  u l t r a v i o l e t  f i l t e r s  and s e n s i t i z e r s .  

Carbazole  

Carbazole,  q u a n t i t a t i v e l y  t h e  most important h e t e r o c y c l i c  c o n s t i t u e n t  of 
tar  w a s ,  u n t i l  r e c e n t l y ,  s o l d  i n  l a r g e  q u a n t i t i e s .  It is recovered as a co-product 
i n  anthracene p u r i f i c a t i o n .  It w a s  used f o r  the product ion of d y e s t u f f s  and p e s t i -  
c i d e s .  

When fused w i t h  p o l y s u l f i d e  i n  bu tano l  o r  roas t ed  with p o l y s u i f i d e  i n  the 
presence of organic  bases  s u c h  as benz id ine ,  t he  3-(4'-hydroxyphenyl)-arninocarbazoles 
obtained by the  condensat ion of carbazole  wi th  p-ni t rosophenol  y i e l d  t h e  s u i f u r  dya- 
s t u f f ,  hydron blue R ,  o r  when N-ethylcarbazole  i s  employed, hydron blue G ,  2-Xg- 
droxycarbazole-3-carboxylic-acid-p-chloroanilide has become f a m i l i a r  as the browc 
d y e s t u f f ,  naphthol AS-LB. 1,3,6,8-Tetranitrocarbazole became important  as an in- 
s e c t i c i d e  under the  t r a d e  name, Nirosan.  

A 

! 
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F i n a l l y ,  through t h e  product ion  of poly-N-vinylcarbazole a p l a s t i c  has been 
developed from carbazole  having good d i e l e c t r i c  p r o p e r t i e s ,  good chemical r e s i s t a n c e ,  
high s o f t e n i n g  p o i n t ,  and thermal s t a b i l i t y .  This  product  has fotind c o m e r c i s 1  USE 

I n  the  e l e c t r i c a l  i n d u s t r y  ( t r a d e  names f o r  po lyvlnylcarbazole :  Luvican and PoLec-  
t ron)  . 

Unfor tuna te ly ,  the  use  of a l l  t h e s e  i n t e r e s t i n g  d e r i v a t i v e s  has aec i ined  
cons iderably  i n  recent  y e a r s ,  and some manufacturers  of  d y e s t u f f s  now s p e c i f y  t h a t  
t h e  anchracene material suppl ied  t o  them c o n t a i n  less than a c e r t a i n  amount of  car -  
bazole .  

A prognosis  of t h e  market f o r  carbazole  i s ,  t h e r e f o r e ,  d i f f i c u l t ,  I h e r e  i s  
reason f o r  c e r t a i n  optimism about t h e  f u t u r e  o f  carbazole  because it  i s  a co-product 
i n  the  product ion of an thracene  and i t  does have a number of s i g n i f i c a n t  USES.  Vcver- 
t b e l a s s ,  carbazole  s a l e s  can be r e s t o r e d  only w i t h  t h e  development of new U S E S .  

The twn monomethylnaphthalenes are present  i n  tar  i n  very  c o n s l d e r l b l e  
amocnts, w i t h  2-methylnaphthalene predominant. I n  high-temperature  t a r ,  the  r a t l o  
of naphth i lene  t o  t h e  monomethylnaphthalenes is about 421, t h e  lower t h e  cQhmg tem- 
p e r a t u r e ,  t h e  more t h i s  r a t i o  s h i f t s  i n  favor  of t h e  methyl- end dimethy;DaFb:hal~nes. 

The methylnaphthalene f r a c t i o n  is a c o n s t i t u e n t  of t h e  "wash o i l " .  It  is  
d i s t i l l e d  a f t e r  the  naphthalene f r a c t i o n  before  diphenyl  and the  dimethy1vaFhtha;onos. 
Xethylnaphthalene prqduct ion ,  t h e r e f o r e ,  f i t s  n i c e l y  i n t o  recovery of  the  o t h e r  t h r e e ,  

Because of t h e i r  ready a c c e s s i b i l i t y  t h e  rnethyinaFhtha!enes hzvs become more 
imporcant r e c e n t l y ,  even though t h e  q u a n t i t i e s  so ld  are s t i l l  very L i s i t e d .  F:any p n = -  
s i b l e  uses have been proposed For each  isomer; b c t  these  f requencly  over!aF u i i s  F>r  
naFhthalene,  S ince  naphtha lene  is cheaper ,  i c  has  an advantage over  t h e  mooomerhy:- 
nqhtha1ene.s i n  these  cases .  The syntheses  of 1-naphthylace t ic  a c i d  s e r v e s  t o  i l ics t ra te  
s c c h  compet i t ion  between naphthalene and 1-merhylnaphthalene, 1-Naphthylacet ic  a c i d ,  
used as a growth promoter ,  can be made from l-methylnaFhtha?ene by c h l w i n a t z m ,  re-  
actior? w i t h  KZS and subsequent  h y d r o l y s i s .  i t  can a i E o  be made by t h e  chioromethvl3- 
tion of naphthalene fol lawed by t h e  same r e a c t i o n s .  The s y n t h e s i s  s e l e c t e d  then  be- 
come.s a mat te r  of c o s t .  

1-Methylnaphthalene has  an unusual iy  low f r e e z i n g  poin t  (-30.6'c')  which is 
lor;e.red f u r t h e r  in  t h e  t e c h n i c a l  grade by t h e  presence of isomeric  ?-methylnaphtha- 
l e n e .  Because of t h i s  p r o p e r t y  and i ts  high s o l v e n t  power, t h e  a l p h a  isomer is tised 
i s  a s o l v e n t  and as a hea t  t r a n s f e r  o i l .  I t  can  a l s o  be used as a c a r r i e r  i n  tho  
dyeing of p o l y e s t e r  f i b e r s ,  a s  a cetane-number i n d i c a t o r .  It has bean used f o r  de- 
termining t h e  t h e o r e t i c a l  number of t r a y s  i n  d i s t i l l a t i o n  columns. Other suggesLions 
f o r  use  a r e  as an e x t r a c t i o n  agent  f o r  s u l f u r ,  a s  a c o n s t i t u e n t  O E  l i q u i d  d i e l e c t r i c s ,  
and as a s t a r t i n g  material i n  t h e  manufacture of  p l a s t i c i z e r s ,  p e s t i c i d e s ,  p l a s t i c s ,  
and t e x t i l e  a u x i l i a r i e s .  However, t h e s e  sugges t ions  have n o t  been developed t o  any 
s i g n i f k g n t  e x t e n t ,  
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The numerous uses vh ich  have been proposed f o r  2-methylnaphthalene,  i nc lude  
t h e  product ion of d y e s t u f f s ,  t e x t i l e  a u x i l i a r i e s ,  growth i n h i b i t o r s ,  d e t e r g e n t s ,  emul- 
s i f i e r s ,  and we t t ing  agen t s .  The b e t a  isomer is  of importance i n  that  i t s  1,b-quinone 
is a s t a r t i n g  product  fo r  t h e  manufacture of Vitamin K .  

Dibenzofuran (Diphenylene Oxide) 

Dibenzofuran is the most abundant oxygen h e t e r o c y c l i c  compound i n  coa l  tar .  
The analogy i n  composition and occurrence between dibenzofuran and ca rbazo le ,  the most 
important  n i t rogen  h e t e r o c y c l i c ,  is s t r i k i n g .  The presence of dibenzofuran i n  the wash 
o i l  and the  advantages of combining its product ion wi th  t h a t  of f l uo rene  and acenaph- 
t h e m  have a l r eady  been d i s c u s s e d .  

Dibenzofuran is t h e  s k e l e t a l  subs t ance  of morphine. The r e a c t i o n s  of diben-  
zofuran (halogenat ion,  n i t r a t i o n ,  s u l f o n a t i o n ,  methylat ion,  hydrogenat ion,  and conden- 
s a t i o n )  are reported i n  t h e  l i t e r a t u r e .  P o s s i b l e  uses are also desc r ibed ,  such a s  the 
manufacture of d i s i n f e c t a n t s ,  i n s e c t i c i d e s ,  wood and o t h e r  types of p r e s e r v a t i v e s ,  
t e x t i l e  a u x i l i a r i e s ,  s y n t h e t i c  r e s i n s ,  high-temperature l u b r i c a n t s ,  d y e s t u f f s ,  and ad- 
d i t i v e s  f o r  candle mixes. Dibenzofuran has been used t o  some e x t e n t  as a dyes tu f f  
i n t e rmed ia t e .  Because of i t s  h igh  thermal s t a b i l i t y ,  t h e  product  is s u i t a b l e  f o r  
h e a t  t r a n s f e r  media a l though  i t s  h i g h  me l t ing  p o i n t  (f82'C) is  an  ob jec t ion .  

An i n t e r e s t i n g  d e r i v a t i v e  of dibenzofuran is o,o ' -biphenol  (2,2 '-dihydroxy- 
d ipheny l ) ,  obtained by f u s i o n  w i t h  c a u s t i c  potash.  This compound is used i n  the  manu- 
f a c t u r e  of d i s i n f e c t a n t s  and p e s t i c i d e s .  

Acenaphthene 

The acenaphthene c o n t e n t  of  crude tar is  about  0.5%. However, l a r g e r  
q u a n t i t i e s  may be found i n  c o a l  tar  d i s t i l l a t e s  because acenaphthene is  one of those 
few compounds which may be formed i n  t a r  du r ing  d i s t i l l a t i o n .  The amount formed i n  
t h i s  way may b e  equa l  t o  t h a t  o r i g i n a l l y  p r e s e n t  and t h e  n e t  acenaphthene content  of  
c o a l  tar  i s  about 1%, roughly the  same as  dibenzofuran.  Like f luo ran thene  it is 
e a s i l y  p u r i f i e d  by c r y s t a l l i z a t i o n  of the appropr i a t e  d i s t i l l - a t i o n  f r a c t i o n  and t h e  
t e c h n i c a l  grade is u s u a l l y  97-98% pure.  

The chemical r e a c t i o n s  which r e s u l t  i n  the  product ion of secondary ace- 
naphthene a r e  no t  compIetely understood. The most l i k e l y  r e a c t i o n  would be the  de- 
hydrogenat ion of 1 ,8-dimethylnaphthaiene bu t  since t h i s  cannot be demonstrated quan t i -  
t a t i v e l y ,  it must be assumed t h a t  t h e r e  are oeher  compounds i n  c o a l  tar which are COP- 

ve r t ed  t o  acenaphthene by h e a t .  

Like pyrene,  acenaphthene belongs t o  t h e  class of aromatics  t h a t  have been 
used as s t a r t i n g  materials f o r  d y e s t u f f s ,  but  on a scale which consumes only a f r ac -  
t i o n  of  t h a t  which could be produced. 

By means of c a t a l y t i c  gas-phase dehydrogenat ion,  acenaphthene can be con- 
ve r t ed  t o  acanaphthylene,  which can be e a s i l y  polymerized wi th  peroxide c a t a l y s t s .  
Like co-polymers con ta in ing  acenaphthylene,  t he  polyacenaphthylenes are noted 



c h i e f l y  f o r  t h e i r  good e l e c t r i c a l  p r o p e r t i e s  and h i g h  mel t ing  p o i n t s  but  have not y e t  
a t t a i n e d  p r a c t i c a l  importance. A high  y i e l d  of n a p h t h a l i c  anhydride is obtained f r 3 m  
acenaphthene by c a t a l y t i c  gas-phase o x i d a t i o n .  Naphthal ic  anhydride has been used 
c h i e f l y  i n  the  manufacture of d y e s t u f f s .  A t  a lower pr ice  it could probably be used 
f o r  t h e  product ion of s y n t h e t i c  r e s i n s .  

On t h e  whole, t h e  market out look for acenaphthene is more favorable  than 
f o r  i t s  two by-products ,  d ibenzofuran  and f l u o r e n e .  To reduce product ion  c o s c s  3s 
f a r  a s - p o s s i b l e ,  e f f o r t  must be concsnt ra ted  on f i n d i n g  uses f o r  s u b s t a n t i a l  q u a n t i c i e s  
of a l l  t h r e e  compounds. 

Indene 

Indene, t h e  lowes t -boi l ing  of the  most abundant c o a l  tar  c o n s t i t x e n t s ,  is 
t h e  r e v e r s e  of acenaphthene s o  f a r  as r e c o v e r a b i l i t y  is concerned. The primary indens 
conten t  of tar  is almost  1 p e r  c e n t .  But i n  c o u n t e r - d i s t i n c t i o n  t o  acenaphthene, the 
amount of which i n c r e a s e s  d u r i n g  d i s t i l l a t i o n ,  t h e  amount of indene is decreased be- 
cause a t  high temperatures  and i n  t h e  presence of hydrogen it is e a s i l y  converced i n t o  
indan.  The e x t e n t  t o  which t h e  indene conten t  is reduced and indan formed depends on 
the  type  of d i s t i l l a t i o n  p r o c e s s ;  t h e  longer  and h igher  t h e  temperature  a t  which t h e  
t a r  conta in ing  indene is  h e a t e d ,  t h e  g r e a t e r  the  r e d u c t i o n  of  indene c o n t e n t .  Cnder 
unfavorable  c o n d i t i o n s ,  more than  50 per  c e n t  of the  o r i g i n a l  indene c o n t e n t  of  the 
t a r  may be l o s t .  S ince  indene is more v a l u a b l e  t h a n  indan because of its h igher  KE-  

a c t i v i t y ,  t h e  hydrogenat ion of indene is an ex t remely  u n d e r s i r a b l e  r e a c t i o n . .  

Indene cannot  be c l a s s e d  as one of those c o a l  t a r  c o n s t i t u e n t s  which has 
no p r a c t i c a l  use a t  t h i s  t i m e  even though i t  is not  i s o l a t e d  and used as such. Tn- 
dene is the  p r i n c i p a l  c o n s t i t u e n t  o f  coumarone r e s i n s .  These wocld more accura te ly  
be c a l l e d  indene r e s i n s .  

Because of i t s  r e l a t i v e l y  h igh  f r e e z i n g  point--(-1.6'C) pure indene can b e  F r c -  
pared from t h e  a p p r o p r i a t e  d i s t i l l a t i o n  f r a c t i o n  by extreme c o o l i n g ,  E m e v e r ,  i n  
sp i t e  of t h e  many uses proposed f o r  i t ,  pure indene i s  n o t  important  commercially, 

In a d d i t i o n  t o  t h e  l a r g e  volume c o n s t i t u e n t s  of c o a l  t a r  s o  f a r  d i scussed ,  
t h e r e  a r e  many o t h e r  m a t e r i a l s  a v a i l a b l e  i n  reasonably  l a r g e  amounts, which l ikewise  
have not  a t t a i n e d  commercial s i g n i f i c a n c e .  The most important  of t h e s e  appear  i n  
t h e  fo l lowing  t a b l e .  

Table 11 

Important  Coal T a r  C o n s t i t u e n t s  

Compound 
Diphenyl 
I n d o l e  
2-Phenylnaphthalene 
I s o q u i n o l i n e  
Quinaldine 
Acr id ine  
Phenant h r  i d  i n e  
7,8-Benzoquinol i n e  
Thianap h t  hene 
Diphenylene Sulphide 

Content  of Coal Tar  ( P e r  Cent! 

0.4 
0,2  
0 . 3  
0 .2  
0 . 2  
0.6 
0 .2  
0 . 2  
0 . 3  
0.3 
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Diphenyl 

The d iphenyl - indole  f r a c t i o n  occurs  between the  methyl- and dimethyl-  
naphthalene f r a c t i o n s .  Recovery s f  diphenyl  and indole  i s  convenient ly  combined 
w i t h  the  methylnaphthalenes.  

Diphenyl is wel l  known as a c o n s t i t u e n t  of h e a t  t r a n s f e r  o i l s .  The e u t e c t i c  
mixture  of diphenyl  and d iphenyloxide  is s o l d  under the t r a d e  names "Dowtherm A" ana 
"Diphyl" . 

Diphenyl is a l s o  used as a p r e s e r v a t i v e ;  f o r  example, c i t rus  f r u i t  wrappers 
are f r e q u e n t l y  impregnated w i t h  d iphenyl .  It should b e  mentioned t oo  t h a t  diphenyl  
i s  t h e  b a s i c  subs tance  o f  t h e  benz id ine  d y e s t u f f s ,  though they are normally produced 
from o t h e r  s t a r t i n g  materials. 

Contrasted w i t h  what could be produced, very  l i t t l e  c o a l  tar  diphenyl  is used 
commercially. Coal tar  d iphenyl  is under a handicap because d iphenyl  is a v a i l a b l e  
from o t h e r  sources .  It i s  obta ined  as  a by-product i n  t h e  s y n t h e s i s  of phenol by 
t h e  c h l o r i n a t i o n  process  and it can  be made by t h e  p y r o l y s i s  of benzene. The d i -  
phenyl market ,  t h e r e f o r e ,  is d iv ided  between t h a t  recovered from c o a l  t a r  and t h a t  
made s y n t h e t i c a l l y .  

I n d o l e  

I n d o l e ,  t h e  n i t r o g e n  analog of indene,  i s  one of t h e  most i n t e r e s t i n g  con- 
s t i t u e n t s  of  c o a l  t a r .  S e p a r a t i o n  of indole  and d iphenyl  i s  not  p o s s i b l e  by simple 
d i s t i l l a t i o n  because t h e  two compounds have vapor p r e s s u r e  curves which l i e  c lose 
toge ther  and a l s o  form an a z e o t r o p i c  mixture .  The b o i l i n g  p o i n t  of the  diphenyl-  
indole  azeotrope is a f e w  degrees  lower than t h e  pure products  ( b o i l i n g  p o i n t s  a t  
one atmosphere: i n d o l e ,  2 5 4 . 7 O C ;  diphenyl ,  2 5 5 . 6 O C ) .  S e p a r a t i o n  of indole  and d i -  
phenyl is achieved by tak ing  advantage of t h e  s l i g h t a c i d i t y  of  t h e  imide group and 
i s o l a t i n g  t h e  indole  from t h e  diphenyl  f r a c t i o n  v i a  i ts  potassium compound by fus ion  
wi th  c a u s t i c  potash.  Diphenyl then  can be recovered from the  i n d o l e - f r e e  oil by f rac-  
t i o n a t i o n  and c r -  ! t a l l i z a t i o n .  

4 

Another method of s e p a r a t i n g  t h e  two compounds is by t h e  a d d i t i o n  of a t h i r d  
component, d i e t h y l e n e  g l y c o l .  Azeotropic  mixtures  o f  d iphenyl -d ie ihylene  g l y c o l  and 
indole-d ie thylene  g l y c o l  b o i l  cwelve degrees  a p a r t ;  under normal p r e s s u r e  they  b o i l  
a t  230.4OC and 242.6"C r e s p e c t i v e l y  ( u n c o r r e c t e d ) .  In t h i s  case, t h e  a z e o t r o p i c  e€-  
f e c t  i s  s o  pronounced t h a t  s e p a r a t i o n  by d i s t i l l a t i o n  does not r e q u i r e  p s r t i c u l s r i y  
e f f i c i e n t  columns. 

I n d o l e  is used commercially i n  s e v e r a l  f i e l d s  of  chemis t ry .  A s  might be 
expected from i t s  occurrence  i n  n a t u r e  as a c o n s t i t u e n t  of jasmine and orange blossom 
o i l s ,  i t  has long been used as a perfume f i x a t i v e .  The e x t r a c t i o n  o f  indole  from 
c o a l  t a r  i n  a s t a t e  of p u r i t y  which s a t i s f i e s  t h e  perfume manufacturers  is a chemical 
achievement s i n c e  even  t r a c e  amounts of  impuri ty  w i l l  f a l s i f y  t h e  aroma. 

Indole  is a s t a r t i n g  material f o r  growth-promoting subs tances  and f o r  amino 
a c i d s .  3 - Indoleace t ic  a c i d  ( indole-3-ace t ic  a c i d )  is one of t h e  f i r s t  growth-promoters 

! 
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used.  
d e n s a t i o n  of i n d o l e  w i t h  formaldehyde and hydrochlor ic  a c i d  fol lowed by condensat ion 
wi th  potassium cyanide and hydro lys is  of  t h e  r e s u l t i n g  n i t r i l .  
p ropionic  a c i d ,  known a s  t ryptophane,  i s  a n  i n t e g r a l  component of many types of  pro- 
t e i n  and one of  t h e  v i t a l  amino a c i d s .  3-(Dimethylaminomethyl)-indole (gramine) ,  
obtained by a Mannich React ion of  i n d o l e  w i t h  formaldehyde and dimethylamine,  is an 
i n t e r m e d i a t e  in t h e  s y n t h e s i s  of t ryptophane.  Tryptophane is made by r e a c t i n g  gramine 
w i t h  acetaminomalonic ester and subsequent  s a p o n i f i c a t i o n .  

I t  is  known commercially as heteroauxin.  One way of  making i t  i s  by t h e  con- 

Alpha-amino-3-indole- 

Although t h e  q u a n t i t y  of indole  used is s t i l l  small, improvement i n  t h e  re- 
covery process  in  r e c e n t  years  has  r e s u l t e d  i n  s t e a d i l y  increased  s a l e s .  P o s s i b i l i t i e s  
f o r  indole  are not  a t  a l l  exhausted w i t h  t h e  uses  mentioned. I n t e r e s t i n g  in te rmedia tes  
€or  d y e s t u f f s  and drugs can be made by r e a c t i n g  t h e  hydrogen atom a t t a c h e d  t o  t h e  n i -  
t rogen .  Of course ,  t h e  r e l a t i v e l y  small amounts of i n d o l e  i n  c o a l  tar  and t h e  compli- 
c a t e d  methods f o r  e x t r a c t i n g  and p u r i f y i n g  i t  w i l l  never  permi t  a p r i c e  comparable t o  
mass-volume products ,  bu t  i t  i s  hoped t h a t  t h e  r e c e n t  advances i n  t h e  p r e p a r a t i o n  of 
i n d o l e  w i l l  l e a d  t o  a g r e a t e r  use  of t h i s  i n t e r e s t i n g  compound. 

2-Phenylnaphthalene 

Unlike i n d o l e ,  2-phenylnaphthalene is a subs tance  about  which l i t t l e  can be 
s a i d .  Recent ly  it was found t h a t  t h i s  compound, former ly  c l a s s e d  among t h e  r a r e  con- 
s t i t u e n t s ,  a c t u a l l y  i s  r a t h e r  abundant i n  c o a l  tar  and can be recovered i n  r e l a t i v e l y  
l a r g e  amounts. The 2-phenylnaphthalene f r a c t i o n  b o i l s  below f l u o r a n t h e n e ,  s o  i t s  
recovery must be combined w i t h  t h a t  o f  f luoranthene  and pyrene.  S i n c e  t h e r e  i s  no 
demand, 2-phenylnaphthalene i s  p r e s e n t l y  produced only i n  l a b o r a t o r y  q u a n t i t i e s .  I f  
a demand should develop t h e  methylphenanthrenes,  which b o i l  below phenylnaphthalene,  
would become more a c c e s s i b l e .  There are c o n s i d e r a b l e  q u a n t i t i e s  o f  these  i n  t a r .  

i soquinol ine /Quina ld ine  

As a l r e a d y  mentioned, t h e  only  c o a l  tar  bases  p r e s e n t l y  being used t o  any 
e x t e n t  cormnercially are p y r i d i n e ,  p y r i d i n e  homologues and q u i n o l i n e .  The problem of 
s e p a r a t i n g  tar  bases from t h e i r  co-products i s  even g r e a t e r  than  i n  t h e  case of t h e  
n e u t r a l  hydrocarbons. Crude bases  are e x t r a c t e d  from t h e  a p p r o p r i a t e  d i s t i l l a t i o n  
f r a c t i o n  by means of mineral  a c i d  from which they are subsequent ly  l i b e r a t e d  by t h e  
a d d i t i o n  of c a u s t i c  soda.  Because of t h e  complex n a t u r e  of t a r ,  d i s t i l l a t i o n  f r a c -  
t i o n s  do  n o t  c o n t a i n  only  t h e  p a r t i c u l a r  tar  base d e s i r e d .  F u r t h e r ,  t h e  formation 
of a z e o t r o p i c  mixtures  between t h e  hydrocarbons and t h e  tar  bases  causes  t h e  l a t t e r  
t o  be d i s t r i b u t e d  over  a broad d i s t i l l a t i o n  range.  Thus t h e  e x t r a c t i o n  process  in-  
v a r i a b l y  y i e l d s  f r a c t i o n s  which a r e  mixtures  o f  s e v e r a l  compounds. 

I s o q u i n o l i n e  and quina ld ine  a r e  the  most important  compounds which occur 
w i t h  q u i n o l i n e  i n  t h e  q u i n o l i x  f r a c t i o n .  S ince  they  b o i l  above q u i n o l i n e  they 
occur  i n  t h e  d i s t i l l a t i o n  res idue  from which they  could be recovered i f  a demand 
f o r  them were t o  develop.  

Table  111 

B.P. a t  Atmospheric 
P r e s s u r e  - O C  

Quinol ine 237.3 
I s o q u i n o l i n e  242.8 
Quinaldine 246.9 



There is e x t e n s i v e  l i t e r a t u r e  on the chemical r eac t ions  of i soqu ino l ine  
and qu ina ld ine .  I s o q u i n o l i n e  is used as an a u x i l i a r y  s o i v e n t  i n  dyeing and as a 
s t a r t i n g  product i n  the  p r e p a r a t i o n  of i soqu ino l ine  red and o t h e r  cyanine d y e s t u f f s ,  
photographic  s e n s i t i z e r s ,  d r u g s ,  p e s t i c i d e s ,  and v u l c a n i z a t i o n  a c c e l e r a t o r s .  Quin- 
a l d i n e  can be used f o r  similar purposes .  The most important quinaldine d y e s t u f f s  
i nc lude  qui'noline yel low,  q u i n o l i n e  r ed ,  and e t h y l  r e d ,  a s  w e l l  as s e n s i t i z i n g  dyes.  
Quinaldine can a l s o  b e  used a s  an  i n h i b i t o r  f o r  metals and a s  a seed d i s i n f e c t a n t .  
Although both t h e s e  compounds could be produced i n  cons ide rab le  volume, none of the 
uses  has  reached s i g n i f i c a n t  s i z e .  

Acr id ine  Phenanthr idine 7,8-Benzoquinoline 

The t h r e e  nost  important  and most ea s i ly  recovered t a r  bases i n  anthracene 
o i l  a r e  a c r i d i n e ,  phenan th r id ine ,  and 7,8-benzoquinol ine.  

Acridine is t h e  best-known and occurs  i n  the  l a r g e s t  amount. None of  t he  
t h r e e  bases  has a s  y e t  been used on l a r g e  s c a l e ,  a l though i n t e r e s t  i n  a c r i d i n e  has 
been inc reas ing  r e c e n t l y .  

Acridine is  i n  p o i n t  of f a c t  the base of numerous d y e s t u f f s  and d rugs ;  
b u t  a c r i d i n e  d y e s t u f f s  are u s u a l l y  manufactured from 1,3-diaminobenzene and a l i -  
p h a t i c  o r  aromatic a ldehydes.  Even t h e  syn theses  of such well-known a c r i d i n e  d e r -  
i v a t i v e s  as the drugs T r y p a f l a v i n  (3,6-diamino-l0-methylacridinium c h l o r i d e )  and 
Rivanol (2-ethyoxy-6 ,g-diaminoacridine)  do  no t  u sua l ly  involve a c r i d i n e .  

The e x t e n t  t o  which 7,8-benzoquinol ine occurs  i n  coa l  t a r  has only been 
r e a l i z e d  r ecen t ly .  I t s  o n l y  use a t  the  p r e s e n t  t i m e  is i n  the  s e p a r a t i o n  of meta 
and para c r e s o l  in gas chromatography. As with a c r i d i n e ,  s e v e r a l  drugs can be  de- 
r ived  from phenanthr idine;  f o r  example, qua r t e rna ry  s a l t s  of diaminophenanthridinium 
s e r i e s  have good t rypanoc ida l  p r o p e r t i e s .  

Because of l i m i t e d  demand and t h e  r e s u l t i n g  h igh  c o s t s  of producing ve ry  
sma l l  batches of chese compounds, t h e  p r i c e s  of a c r i d i n e ,  phenanthr idine,  and 7 ,8 -  
benzoquinoline are s t i l l  h igh .  Product ion on a l a r g e r  scale--and t h e  amounts of raw 
m a t e r i a l  a r e  very adequate  f o r  this--would reduce c o s t s  cons.iderably. 

Thianaphthene Dibenzothiophene (Diphenylene S u l f i d e )  

Thianaphthene and dibenzothiophene are t h e  m o s t  abundant s u l f u r  compounds 
found i n  coal  t a r .  Thianaphthene is  recovered wi th  naphthalene,  and t h e  two can be 
sepa ra t ed  only wi th  d i f f i c u l t y  because of t h e i r  c l o s e  b o i l i n g  po in t s  ( b o i l i n g  po in t s  
a t  one atmosphere: naphthalene 217.9"C; thianaphthene,  218.8"C). The formation of 
mixed c r y s t a l s  f u r t h e r  complicates  the s e p a r a t i o n .  

The s e p a r a t i o n  o f  phenanthrene and dibenzothiophene,  t h e  su lphur  bear ing 
compound t h a t  occurs  w i t h  i t ,  is no t  a s  d i f f i c u l t .  The d i f f e r e n c e  i n  b o i l i n g  p o i n t s  
i s  greater--(331.4'C; phenanthrene 336.5"C) and s e p a r a t i o n  by d i s t i l l a t i o n  i s  more 
e f f e c t i v e .  Since dibenzothiophene d i s t i l l s  j u s t  p r i o r  t o  phenanthrene, t h e  l imi t ed  
market f o r  phenanthrene has  r e s t r i c t e d  t h e  amount of dibenzothiophene recovered. 



Both thianaphthene and d ibenzo th io thene  could be r ecove red ,  from c o a l  tar  
i n  s u b s t a n t i a l  amounts bu t  i t  must be remembered t h a t  the c o s t  would be high even i f  
they were recovered on l a r g e  s c a l e .  

Up t o  the p r e s e n t ,  very l i t t l e  u s e  has been found € o r  t h e s e  two compounds. 
Thianaphthene has been used t o  some e x t e n t  i n  t h e  manufacture of d r u g s .  Other pro- 
posed u s e s  a r e  the product ion of t h io ind igo id  d y e s t u f f s  and h e r b i c i d e s  from thianaph- 
thene and p rese rva t ives  wi th  a f u n g i c i d a l  and b a c t e r i c i d a l  e f f e c t  from dibenzothio-  
phene. None has  p r a c t i c a l  s i g n i f i c a n c e .  

Besides t h e  substances which have been d i scussed  t h e r e  are numerous o the r  
compounds t h a t  can be obtained from c o a l  tar  i n  r e l a t i v e l y  l a r g e  q u a n t i t i e s  i f  needed. 
However, i t  should b e  remembered t h a t  t h e  recovery and p u r i f i c a t i o n  problem becomes 
more complicated as t h e  concen t r a t ion  of  t h e  d e s i r e d  compound i n  t h e  tar  dec reases .  
The economics of the processes  are a f f e c t e d  acco rd ing ly .  

A t t e n t i o n  is drawn t o  t h e  dimethylnaphthalene f r a c t i o n ,  which c o n s t i t u t e s  
about 2 p e r  c e n t  of t h e  tar  and l ies  between t h e  diphenyl  and acenaphthene f r a c t i o n s .  
To d a t e ,  t he  fol lowing n ine  dimethylnaphthalenes have been i d e n t i f i e d  i n  c o a l  tar :  

1,6- and 2,6-Dimethylnaphthalene can be recovered r e l a t i v e l y  e a s i l y ,  but 
t h e  i s o l a t i o n  of t h e  o t h e r  compounds is ve ry  c o s t l y  and complicated.  

Anthracene o i l  has  two i n t e r e s t i n g  methylhomolog f r a c t i o n s :  f i r s t ,  pre-  
ceding t h e  phenanthrene f r a c t i o n  is t h e  methyl f l u o r e n e  f r a c t i o n  which accounts  €or  
1.8 per cen t  of  the t a r  and inc ludes  1-, 2- ,  3- ,  4- ,  and 9-methylf luorene;  and 
secondly,  fol lowing t h e  ca rbazo le  f r a c t i o n ,  t h e  methylphenanthrene f r a c t i o n  which 
accounts  f o r  1 .8  p e r  cen t  of t he  tar  and c o n s i s t s  mainly of 1-, 2-,  3-,  and 9-methyl- 
phenanthrene as w e l l  a s  4,5-methylenephenanthrene. The benzofluorene f r a c t i o n ,  being 
the  h i g h e s t  b o i l i n g  p o r t i o n  of t h e  an th racene  o i l ,  a l s o  dese rves  mention. D i s t i l l i n g  
a f t e r  t h e  f luoranthene f r a c t i o n ,  i t  accounts  €o r  1 . 6  p e r  c e n t  of t h e  tar  and c o n s i s t s  
mainly of 1,2- ,  2,3- ,  and 3,4-benzofluorene,  as w e l l  a s  5 ,12 -d ihydro te t r acene .  

The coa l  t a r  p i t c h  f r a c t i o n s  o f f e r  a l a r g e  r e s e r v o i r  of quadr inuc lea r  and 
mul t inuc lea r  aromatics .  These need no t  be d i scussed  because even though some p i t c h  
c o n s t i t u e n t s  can be recovered i n  l a r g e  q u a n t i t i e s ,  t h e i r  s e p a r a t i o n  is  b e s e t  by d i f -  
f i c u l t i e s  which would p rec lude  the  p o s s i b i l i t y  of  cheap p roduc t ion  even i n  volume. 
Reference-has been made a l r e a d y  t o  t h i s  problem under  t h e  d i s c u s s i o n  of chrysene.  



126. 

Bulk tar constituents, with the exception of 1- and 2-methylnaphthalene, 
are all unsubstituted, binuclear and multinuclear aromatics which include only cwo 
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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YI%LDs OF ~ E c i I o L s  

Carbonization of a ton of l i , a i t e  a t  the Dickinson plant yields 5 ,@.loxi (42 lb)  
of tar (70 p z c e n t  of assay) (l2), and 20 ,pLLons of process watz (14). Thus *or 
t5?3 previous f i ,ues  M can expect one ton of l i p i t e  t o  yield 0.42 pounds cat-.chol 
fron ti?= tar and 2.5 p a d s  catechol fron the process water f o r  a t o t a l  of 2.9 pnt?ds 
cat2:hol per ton of l i g n i t a  carbonizd. Sindaxly,  a ton of l i s i t e  should yield 
2.2 po~nsls of 4 - n s t b l  catzchol and 1.1 pounds of 3-neswl catechol. 
c-secho-ls a c t u d l y  recnrsed  depands, of c o u r s ~ ,  on the efficiency of the exihacsion 
process. 1 ,Wa tiless f:,mes r q r z s e n t  the  mount of catechols available, it LFJ not 
bs eco2oricall;r feasibl i  t o  sxtract  the ent i re  mount. 

The anont of' 

mmY lU,zl!EoDS 

The p h a o s o l n n  2rocess (7, 15, 16, 20) i s  the nost popular netha5 curronfly 
-ad t o  e:Atract waste :rzts-s. It consists of comterxr ren t  5Y"Vraction :dth a n  
?st% d x t u r o  c o u ~ o s d  yinarily of butyl acetate. Entraiaed e s t 3  is reca.5--ed 3g 
s t a m  disttillation, aiiils t hz  proczss ?LIZ** df ' ic iac t .  

This method of recovery can a l s o  be wed on solutions of buffers used t o  nxtract 
catechoh f r o m  the tar (3, 17). 

cresi l ic  acid (8). 

liquor by acsivated *coal (18) or coke dust (10). 
by stean. 
dsorpt ion of the mono'qdroxy phenols on charcoal (18). 

Others have extracted aqueou liquors with s tne r  (2, 6), "ketone oil" (g), and 

Another interestiiig me"t0d of  r e c w w j  involves adsorption of phenolics fron 
The phenolics were then desorbed 

Catechols were also recovered by precipitation of their  lead salts before 

Stmaration of Recovered Catechols. Although catechol and 3-netAhy1 catechol bo i l  
a t  about the sane tsiperature (240' and 241' C respectively) at atmospheric pressure, 
they a re  separable by d is t i l l a t ion  d e r  reduced pressure. 
catechol has a boiling point of 129" C, whereas that of catechol is 134" and t h a t  of 
4-netwl catechol is 147' (19). 

Separation of catechol and 3-methyl catechol can also be achieved under certain 
conditions by precipitation of lead s a l t s  ( 5 ) -  
chols can be separated by precipitation of the  k-netwl catechol Kith ammoniacal 
cdcium chloride (19). 

Thus a t  20 nm H,;, 3-nethyl 

Similarly 3-methyl and 4-nethyl cate- 

CONCLWION 

or e 

(1) 

It has been sham that the low-temperature carbonization products of Horth D a k o t a  
l ign i te  =e a r ich  source of catechol, 3-metWl catechol, and h e t h y 1  catechol. 
Proven mthods are available for recovery and separation of these valuable c h d c a l s .  
Their potential  abundance could resul t  in development of rany new uses and in ex- 
pansion of present applications such as nsdicinals, antioxidants, plast ics ,  glues, 

flotation, photo- developers , and herbicides. 

Sunarokw, V. P., Qrocatechol Concentrates fron Wood T a r ,  U.S.S.R. Pat. 
106,595, July 25, 1957. 

i 
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COMPOSITION OF A LOW-TEMPERATURE BITULMINOUS COAL TAR 

Howard W. Wainwright 

iJ. S. Department of the Interior, 3ureau  of Mines 
Morgantown Coal Research Ceidzr, Morgantown, W. Va. 

NTRODUC TI3N 

-4 true low-temperature coal tar is generally defined a s  that tar produced 
by carbonizing coal at a temperature not exceeding 500%. The one outstanding 
cizernical characteristic of a t rue low- temperahre  coal t a r  is the small amount 
oi a y  individual compound, similar in napare to petroleum and shale oil, and 
quite different from coke-oven ta r  in  which a single compound, such as naphtha- 
lene c a  accou-it for as much as 10 percent of the tar. 

Detailed characterization of low- tenseramre  tars has received little 
;;tention until the las t  few years .  
cor,ducted in this field is that of iMcXei; of the Coal Tar Research Association, 
Landa of Czechoslovakia, Kalechits and Kuznetsov of Russia, Jager and Katt- 
wmnkel or‘ Germany, Kikkawa and associates of Japan, Kahler and co-workers of 
Zattelie Memorial Institute, Vahiman of Northampton College of Applied Tech- 
nology, Param of France,  and Brown of Australia. 
-Lis re?ort to review the research of these illvestigators. 
?aper is to summarize the research carr ied out 5y the U.S. Bureau of Mines on 
a particular low-temperature bituminous coal tar. 

Rearesentative of the excellent research being 

It is outside the scope of 
The purpose of this 

The main reason for identifying and determining the amounts of individual 
cornpounds in a low-temperature coal tar is 50 obtain a t rue picture of the cherni- 
ca l  catuie  of the tar so t;?zt refining and utilization can then be approached from 
a logicai standpoint. By this it is not implied that refining will necessar i ly  con- 
sist of isolating individual compounds on a commercial  scale. 
resul ts  izom such studies may indicate that the refining of low-temperature t a r s  
will require the development and application of a partly different set  of chemical 
processes to suit the special chemical nature of these tars. 

However, the 

TAR ACIDS 

,kalyri;al Procedures and Results 

T h e t a r  used in this work was made frcm Arkwright (W. Va. ) Pittsburgh- 
seain, high-volatile bituminous coal ;n a fluidized carbonization pilot p l a r  a t  
500°C. The raw ta r  was de-ashed, dehydrazed, and topped to 175°C at the 
plant. The tar was distilled under very mild temperature conditions, 123 “C at 
a pressure  of 133 microns, so a s  to minimize szuc tu ra l  alterazions of tar  
components. F o r  this purpose a rotary vacuum stripper was used. Under these 
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conditions of distillation, the  distillate amounted to about 21 weight-prcenc of t;?e 
tar. T i e  tar acids were  recovered from the distillate by a Claisen aLLali extrac- 
tion using the proceaure of Woolfolk and his associates (2). * The exsracted 
phenols represented 3.54 weight-percent of the tar. 

iOw-3Oihng Tar  Acids. Tne phenols recovered from the distillate were 
fractionaced in a Piros-C-lover+! micro spinning b a d  still. 
acids  boiling up to 234°C (at atmospheric presscre)  was fractionated ic a Perkin- 
Elmer  model 1 3 4  chromatographic apparatus using a 1 2 - f t  column of 1/4-in. 
copper tubing' packed with Johns-Manville C-27 firebrick, 33 io 60 mesh ,  
containing 3s. 7 weight-percent di-n-octyl pkthilate. The column temperatuze 
was 160°C and a ca r r i e r -gas  flow rate  of 130 cc  helium per  minute was used. 
T i e  resul ts  a r e  shown in Figure 1. Thirteen peaks, or shoulders on peaks were 
obvious, indicating a minimum of thirteen phenols. Retention times of the sub- 
stances producing the peaks, relative to peak 1, were determined and compared 
wit.? the relative retention t imes of individual pure phenols. 

T l e  mixture of tar  

A coilecting system, based on one receE;tiy described (g), was used to 
advantage in identiiying the components in peaks t5at were inconplerely resolved. 
By using the collecting system, followed by i d r a r e d  analysis, identities of the 
phenols producing the various peaks were confirmed in nearly all instances. 
the combination of retention t imes,  infrared analysis of fractions containing more 
than one phenol, and the peak areas ,  a reasonably good analysis oi a total tar 
acid mixture boiling up to 234°C was obtained. 

By 

iligh-Boiling Ta r  Acids. To complete the characterization of che t a r  
acids it was necessary to fractionate and analyze the high-boiling phenols. 
me'Aod chosen for this complex mater ia l  was countercurrent distribution, 
supplemenred by ultraviolet and i d r a r e d  spectrophotometry. 

The 

A 200-g portion of tar acids from the ta r  distillate was distilled at 20 mm 
through a column filled with glass helices. All the material boiling up to l i 8 "  
head temr,erature, equivalent to about 232" a t  760 min ,  was removed as a single  
fraction, leaving a residue of 30 g high-boiling phenols o r  25 weight percent of 
the original tar acid mixture. 
disciiled a t  2.9 mm and a reflux rat io  oi 20 to 1 in a spinning band still. 
infrared spectra were obtained on all of these fractions; they were then com'dined 
on the basis  of qualitative similarity to give 10 samples and subsequently f rac-  
tionated by countercurrent distribution, except for the lowest boiling ones. 

A charge of 41.68 g highIboiling tar  acids was 
The 

The instrument used was a 60-tube all-glass model, with 200 tubes in the 
fzaction collector and an automatic robot mecha i sm.  
phase was 40 ml. 
plates. 

The tube capacity for each 
The instrument was operated to give 100 to 103 t ransfers  o r  

The average sample size was about i85 mg; the upper phase consisted 

$; Uadorlir-ed a m b e r s  in parentheses r e i e r  to items in rhe l i s t  of references at 
the end of xhis report. 

.L.C -*--,- Xeierencz to specific brands is rczde to facilitate m d e r s t a d i n g  z d  does not 
i np ly  endorsement of such items ky the Eiureau of LMines. 

1 

4 
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oi spectro-grade cyclohexane, and the lower phase was a phosphate buffe: made 
f rom cifierent proportions of 0.5iM Na,PO, and' 0.5M Na,HPO, to vary &e 2i.I 
frarn 9 .94  to 11.36. A particular value was chosen because of the suspected 
presence of certain phenols and their hewn partition coefficients. Aiter the 
completion-of each iractionatlon. 8 ml of 1 to 1 hydrochloric acid was added to 
'Ae tube to neutralize the buifer and mixed well to dissolve the phenols in the 
cyclshexane. 

t'ltraviolet spectra  were obtained on each cyclohexane solution, and plots 
were prepared of total absorbance at two informative wavelengths versus  tube 
nlsz-her. A typical curve is shown in the upper half of Fi-oure 2 .  On *the basis of 
these plots and the qualitative similarity of 'Le ultraviolet spectra, combinations 
of the cyclohexane solutions were made for  - d r a r e d  analysis. 

On the basis of the combined qualitative resul ts  of the ultraviolet ana 
A-irare5 spectra, the constituents from each countercurrent distribution frac-  
tiozation were distinguished and assigned nuinbers. T i e  distribution curve of 
each const ixent  was readily visualized by following the appearance aI;d dis- 
appearance o i  characteristic absorption bands in the spectra of consecutive 
countercurrent fractions. 
a r e  essentially Gaussian as well as symmetrical. 
in &Ais manner always coincided with peaks in  the plot of total absorbance versus 
rube number. 

;,r 

Tiis was made eas ie r  by the fact that the distributions 
Distribution peaks observed 

The milligrams of each phenol in  each tube were determined from tbe 
aSsorptivities a t  characteristic wavelengths, a s  obtained f rom au'hentic speci- 
mens o r  literature data. 
average absorptivity was obtained from phenols with the most similar structure 
o r ,  for  const ihents  of unknown structure, f r o m  phenols with the most similar  
absorption bands and boiling points. 
were prepared ( see  bottom half of fig. 2 ) .  

Where such absorptivities were not available, an  

Plots of milligrams versus  tube number 

Nature of Tar  Acids 

The results of the qualitative and quantitative analytical procedures for 
the t a r  acids a re  summarized in Table 1. 
this table according to groups involving the same fundamental ring structures. 
,42proximately 80 individual compounds were identified, mostly wi&& respect to 
indivi6ual isomers,  and the amounts were determined, o r  estimated, in nearly 
a l l  instance s . 

The compouads have been ar ra rged  in 

Five different fundamental r i n g  s t ructures  were observed among the tar  
acids. These were: 

1. ?tens1 4. Naphthol and Tetrahydronaphthol 
2.  hcano l  and Indenol 5 .  Fluorenol 
3 .  Fnenylphenol 

In addition, aliphatic carboxylic acids were present in a l l  'soiling ranges, a d  
indanones were present as impurities ia a few fractions. 
apparently capable of functioning a s  acids in alkaline solutions, probably through 

The la t ter  were 



146. 
a keto-enol mechanism. 
quastities to detect. 
water ,  they were probably effectively extracted f rom the tar  a t  the piant. 

Polyhydric phenols were not present in large enough 
As t!!ese compounds a r e  quite soluble ir; the warm- discharge 

The individual t a r  acids identifisd coasisted of these seven fundamental 
s t i u c h r e s ;  mostly me&yl groups and iom-e eL!yl groups were attached. 
3 t a r  acids had isopropyl groups, and about 10 had n-propyl groups, h t  no 
3hlanols with butyl groups o r  higher could be found. Cyclohexy! groups and 
?robzkLy also cycloalkenyl groups were present. A small proportion of ailkenyl 
groups, like .propenyl, were likewise present. Alkylphenols ~ 5 t h  a total oi more  
Lqas 6 carbon atoms in alkyl groups were apFarently absent. ??le n o s t  prevalexs 
c lass  of phenol among the high-boiling tar  acids was the naphthols. 

About 

Nine individual tar acids were identiiied; each comprised more than 3 
weight-percent or' the total t a r  acids and together comprised nearly one-half of 
the rota1 tar acids. 
0-, m-, and p-cresol, 2 ,4- ,  2 ,3- ,  .3,4-,  and 3,5-xylenol, 2 ,3 ,5 -  

A l l  were low-molecular-weight alkylphenols, as iollows: 

t-: Imethyl$enol, and 4-ethyl-2-methylphenol. 

Complete details of the characterization of the ta r  acids have been pub- 
lished (E, z. c, E, %, 20). 

TAR BASES 

Analytical Procedures and Results 

About 3 l i ters  of the low-temperature bituminous coal ta r  distillate were 
extracted b y  the method of F isher  and Eisner (a) to remove tar bases. 
bases mere purified by treatment with solid potassium hydroxide to pH 1 2 ,  
extraction with ether, acidification o i  the ether extract with sulfuric acid, evapo- 
ration oi t h e  ether.by streaming nitrcgan a t  room temperature, regeneration by 
adding solid 2otassium hydroxide to ?H 1 2 ,  extraction with benzelle and dry-lng 
'he extract by refluxing under nitrogen in a Dean-Stark apparatus. 
removal of the benzene yielded about 40 g dry tar bases, representing about 
0.31 weight-percent of the total tar .  

Tne t a r  

Distillative 

A 37.50-,o 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 ter-peramre of 
about 25' to 186'C, and .a head pressure oi 80 to 3 xmn from the beginning to the 
end of the run, respectively. Infrared spectra of ,the tar-base distillate iractions 
were obtained with a model 21 Perkin-Elmer inirared spectrophotometer and 
ultraviolet spectra with the Beckman DK-2 spectrophotometer. 

These spectra were  conipared wiih those of individual compounds that 
conceivably could be pressnt  in the varioils fractions on the basis of boiling point. 
The compomds found in &he distillate fractions a re  listed in Table 2 .  
p o ~ r d s  have been arranged according to groups involving the same fundamental 
rLzg structures. 
aimouts were determined, o r  estimated, in nearly all instances. 

The com- 

Approximately 50 individcal compounds were identiiied, and 'he 
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Xature of Ta r  Bases 

I 

I 

I 

Eight different fundamental ring s t ructures  were observed among the t a r  
bases.  These .were: 

1. Pyridine 5.  Benzoquinoline 
2 .  Cyclopentenopyridine 6. h i l i n e  
3 .  Phecylpyridine 7. N-benzylaniline 
4. Quinoline 8.  Naphthylamine 

Two ring s t ructures  appeared to be present,  although no individual compounds 
could be identified; these were tetrahydroquinoline and phenylaniline. A special  
efr'ort'was made to identify isoquinoline and i ts  alkyl derivatives,  but no indication 
of their  presence was found. 
initial boiling point to about 355'C. 
cyclic s t ructures  also would be present in t5e distillation residue o r  "pitch. " 

These s t ructures  covered the boiling range from 
It would appear to be cer ta in  that the poly- 

The individual t a r  bases  identified consist  of these eight fundamental 
s t ructures ,  with mostly methyl and some ethyl groups attached. 
wit5 an isopro?yl group was identified, bat no alkyl groups with chain ier,gi??s 
grea te r  Lian two carbon atoms were observed. 
of the ta r  ( jOO"C), alkyl chains of three o r  four carbons could conceivably 
cyclize to form fused saturated rings,  a s  exempl.ified by cyclopentenopyridines 
and :etrahydroquinolines. The spectra of alkyl derivatives of these compounds 
v e r e  not available but 2 , 3  -cyclopentenopyridine was definitely identified, and 
tar-base-disti l late fractions 10  to 20 appeared to contain appreciable amounts of 
alkyl-j,6,7,8-tetrahydroquinolines. There was no doubt, from the ultraviolet 
spectra  or' these fractions,  that they were rich in some kind of pyridine, that i s ,  
compounds with a pyridine r ing  but no other unsaturated ring in the molecule. . 

Yet the boiling.range of these fractions was above the boiling points of &e known 
highly al'xylated 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 a r o -  
matic ring, covered the boiling range for fractions 10 to 20 quite closeiy. 

One compound 

Under the conditions oi formation 

Eight individual tar-base compounds were identified; each comprised 
more  than two weight-percent of the total t a r  bases and together they comprised 
fully one-fourth of the total t a r  bases.  
4-methylqukLoline, 2,4-dimethylquinoline, 2,4,  6-, 2,4,7-, 2,4,8; ana 2,6,8- 
trimethylquinoline. and benzo[f]quinoline. F r o m  this standpoint one can say that 
qu&olines, especially those alkylated in the 2 -  and 4-positions, a r e  the com- 
pounds that best  typify the' tar bases from low-t'emperature bituminous coal tar 
and not pyridines, as  might have been assumed. 

All were quinolines, as follows: 2- and 

Details of the characterization of the ta r  bases ,  including iafrared 
spectral-structural  correlations of quinolines, have been published (4, 12, E). 

NEUTRAL OIL 

-*sdytical  Procedures and Results 

The zeutral  oil ,  f ree  of ta r  acids and bases ,  was fractionally distilled 
into 66 fractions. 
chromatogrz-hic techniques, which have been applied to petroleum distillates (1) 

The silica gel adsorption method based on displacement 
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and shale-oil naphthas (2). was adapted for separating the aror-at ic  hydrocarbons 
f rom saturates  and unsaturates.  
separation a re  given in Table 3 .  

Results of the displacement chromaio,araphic 

Aromatic Hydrocarbons. Aromatic hydrocarbons in the distillate fractions 
boiling up to 27 5 "C were analyzed by gas -liquid chromatography. 

Generally, two methods were followed to identify the aromatic hydrocar- 
bons. The f i r s t  consisted of (a )  preliminary identification of the unknown by 
comparing' i ts  retention t ime with those of 'known compounds, and (b) final con- 
firmation of the identity by comparing the infrared spectrum of the collected 
mater ia l  with that of the authentic specimen. The chromatograms for two d 5 -  
ferent  aromatic cuts,  shown in Figure 3 .  i l lustrate a good separation in (A) and 
a cornplete overlapping of some components in (B),  which were subsequently 
identified and their  ra t ios  estimated by infrared spectrophotometry. 
shows 'he results of the identifications, the peak numbers in the table c o r r e s -  
ponding to the peak numbers in Fig. 3 .  

Table 4 

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

.The aromatic hydrocarbons found -b the low-temperature bituminous coal 
tar and their  quantities a r e  presented in Table 5. 

Analysis of the aromatic  hydrocarbons in the distillate fractions boiling 
f rom 275" to 344" is in progress .  
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 " - 2 8 2 " C ,  9 runs on distillate 
fractions covering *he range 287"-344"C and 1 run on the distillate residue boil- 
ing above 344°C. 
i d r a r e d  spectra  a r e  presently being obtained on the contents of each of the 1 2 0  
ttibes. Results to date show that the polycyclic aromatics a r e  essentially com- 
pleiely separated f r o m  the paraffins and the olefins, and'that the aromatics a r e  
separated from each other to a considerable excent. 
identified a r e  phenanthrene, anthracene, dibenzofuran, carbazole,  1 -methyl-' 
carbazole,  a-olefins,  j3 -branched a-olefins,  and t rans  /3 (or higher) olefins. 

They a r e  being analyzed by countercurrent 

In each run 120 t ransfers  were made. Both ultraviolet axd 

Among rhe compounds 

Considerably m o r e  desail on che identification of the aromatic hydrocarbons 
h a s  been described in two -ear l ier  publications (1, 4). 

C,,-C16 n-Paraff ins ,  Isoparaffins and a -Olefins. The non-aromatic 
hydrocarbon concentrates were obtained from +-he same neutral  o i l  used in the 
work on aromatic hydrocarbons. 
gas  - licpid chroma tog r aphy . 

The paraffins and olefins were analyzed by 

Identification of individual n-paraffins and a -olefins in the non-aromatic 

With the exception of 2-merhyl- 
cuts  WES based pr imari ly  on retention time. 
s - h p i y  com'irming the general  chemical types. 
decane, au'hentic specimens o i  the isoparaffins were not available, so *&at a 
somewhat different approach had to be used. 

Infrared spectra served mostly f o r  

It w a s  observed that when rhe 
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logarithms of the relative retcctions of C,, through n-paraifins and c( -oleiLis 
were plotted against their  respective boilmg points, two parallel ,  slightly curved 
h e s  were obtained. 
would likewise be 2arallel  to the curves for the n-paraffms and CY-olefins, and 
would pass  through-the one known polnt for 2-methyldecane. 
curves for  these three chemical types a t  1 7 0 "  and 220'. 

It was assumed that &he curve for  the 2-methylalkanes 

Figure 4 shows 'he 

The individual n-paraffins, isoparaifins, and (y -olefins found in the neutral  
oil ,  and 'heir amounts, a r e  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  o i l .  Tne 
quant i les  of total n-paraffins. total isoparaffins and total CY -olefins, however, 
were determined to be 5 .20  percent, 1 . 0 3  percent and 2. 40 percent,  respectively, 
of the r-eutral oil. Thus, about three-fourths oi 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  f rom the pitch remaining after the low-temperature bituminous 
coal ta r  was distilled were characterized by ring analysis,  infrared and ul t ra-  
violei spectra ,  and pyrolysis to s t ructural  units. Resins f rom lignite and sub- 
bituminous t a r s  were a lso  characterized and a r e  included in this section. 

Two different res ins  were isolated from each pitch: (1) a low molecular 
weight res in  that was insoluble in petroleum ether (boiling range 100"  to 1 1 5 " )  
bur. soluble in benzene; ( 2 )  a medium molecular weight res in  that was insoluble in 
benzene but soluble in quinoline. 
given in Table 7 .  

The physical properties of these resins  a r e  

The n-d-M method (2) was used for ring analysis. The method is not 
directly applicable to high oxygen content samples such as coal t a r  res ins  since 
the substitution of an oxygen atom for a methylene group resul ts  in an increase in 
the refractive index and, in particular,  in the density of a 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 (3). A method was also developed 
for  determinlng the arrangement of rings in polynuclear compounds using the ring 
index (total rings pe: carbon atom, R / C )  and the atomic hydrogen to carbon ratio 
(H/C) (2). Seven different se r ies  of aromatic ring arrangements were presented 
ranging from entirely l inear s t ructures  like phenanthrene, picene, e tc . ,  (Series I) 
tb highly globular s t ructures  like coroneae (Series VII). Data on the number aad 
arrangement of rings in the two low-temperature bituminous res ins  are given in 
Table 8. 

The resins  have four o r  five aromatic rings and two to six oxygen atoms 
Ter molecule. In addition, the lower molecular weight res in  apparently has  a 
l inear arrangement of rings with one o r  two saturated rings,  while the higher 
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molecular weight res in  h a s  a globular arrangement of rmgs  with five to  seven 
saturated rings. 
particular on the lower molecular weight resin.  

Substituents such as methyl groups, a r e  apparently present,  in 

The inirared and ultraviolet spectra of the resins  indicate the following 
general  structure for  all of the res ins ,  some features being considerably better 
established than others .  
mostly isolated single aromatic  rings and some clusters  of two fused aromatic 
rings. 
hydrocarbon skeleton. 
in ?articular,  methyl groups. 
these are mostly either methyl groups o r  fused saturated r ings  o r  both. Alkyl 
substitution is grea te r  f o r  the lower molecular weight res ins .  Carbonyl groups 
a r e  present;  these a r e  conjugated with either aromatic rings or  olefinic groups 
or both. 
atoms in a t  least  the g r e a t  majority of instances,  and the carbonyl group is 
probably not present in a quinone unit. 

The r e s h s  a r e  basically aromatic compounds with 

Saturated rings,  possibly including etiier groups, probably com2lete the 
The ma jo r  subsdtuents a r e  phenolic hydroxyl groups and, 

LMost aromatic r-hgs have at  least  two substipaents; 

The hydroxyl groups and carbonyl groups are not on adjacent carbon 

Insofar a s  comparisons can be made, these observations a r e  in complete 
agreement with s t ructural  features  determined by ring analysis and molecular 
f o rmula. 

Structure determination of the res ins  was a l s o  made by combined pyrolysis 
and gas-liquid chromatography. 
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. s ta inless-s teel  tubing. 
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.  
the pyrolysis chamber into the column. 

The pyrolysis apparatus consisted of a small  

The chamber,  the connecting 

Helium c a r r i e r  gas passed through the preheat section and 

The GLC column consisted of a 20-ft length of 1 / 4 - h .  copper tubing filled 

A column temperature  of 220°C was used so that relatively high-boiling 
with 75 g packing made f r o m  25 percent Apiezon L g rease  on 30 to 60 mesh  f i re-  
brick. 
products, such a s  phenols and naphthalenes, would be readily detected if present.  
Gas-liquid chromatographic fractions were collected f o r  infrared spectra.  

The semi-solid fraction of the benzene soluble, petroleum ether insoluble 

The resins  were 
resins  f rom a West Virginia bituminous coal tar pitch and a Nugget. Wyoming, 
subbituminous pitch were pyrolyzed under identical conditions. 
pyrolyzed a t  528°C in a chamber preheated to 175°C using a sealed glass  tube 
t e c h i q u e .  
r e s i n  in a glass capi l lary tube that was then evacuated, sealed, and inserted in the 
coil. With this s ize  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 s t r eam of. helium. 

The procedi.me consisted of placing about 25 mg of the finely divided 

The chromatograms obtained with the subbituminous and bituminous res ins  
a r e  shown in Figures  5 and 6 ,  respectively. 
pyrolysis products producing the peaks are compared with the relative retentions 

The relative retentions of the 
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of pure compounds in Tables 9 and 10. 
f r o m  the two different res ins  a r e  compared in Table 11. Three compounds were 
faand in the .pyrolysis products o i  the bituminods pitch that were not present  for  
Lie subbituxicous resin.  These were 2-methylpentane2 2,3,3-tri-net!!ylpentane, 
a-d 2 ,2 ,3 ,  I-tetramethylpentane. 
character is t ic  of different types of olefins, which were  readily observed fo r  the 
pyrolysis products of the subbituminous res in ,  were  absent in the spec t ra  of the 
pyrolysis products of the bituminous resin. 

The relat ive amounts of pyrolysis products 

On the other hand, the infrared absorption bands 

it can be seen f rom Table 11 that the proportion of branched paraffins to 
bexzene is considerably l e s s  fo r  the pyrolysis products of the bituminous res in  
than for  the subbituminous resin.  
:'or -the bituminous res in  than fo r  the subbituminous resin. 
a lower proportion of saturated, fused multi-ring sys tems with quaternary carbons 
f o r  the bituminous res in  than for  the subbituminous resin.  
apgarently complete absence of olefins in the pyrolysis products of the bituminous 
res in  is not known. 

Also, the proportion of dimethylbenzene i s  l e s s  
These resu l t s  indicate 

The reason ;or the 

A r e s in  molecule containing a s  pa r t  of its s t ruc ture  a unit like 5 , 6 ,  ba ,  7 ,  
8, 12'o-hexahydro-6,7 -dimethylbenzo[c]phenanthrene could conceivably split up 
(with, of course,  t ransfer  of hydrogen f rom other  s t ructural  units) to f o r m  
2,  3, 4-trirnethylpentane, a s  shown in Figure 7 .  Only those methyl groups required 
io r  the formation of 2 ,3 ,  4-trimethylpentane a r e  shown; addizional methyl groups 
would be present ,  a s  determined in previous work. One of the benzeoe rings in 
*his unit could be released a s  such, o r  both benzene r ings could be incorporated 
in the formation of the pyrolysis res idue o r  char .  The fact that the r e s ins  a r e  
r ich 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 res in  (pr imar i ly  benzene rings with phe- 
nolic hydroxyl groups) a r e  involved in  char formatioa. 
there  would be a grea te r  proportion of aliphatic compounds than aromatic com- 
pounds in  the volatile products, such as was actually observed. 

Under these circumstances 

Although the pyrolysis resu l t s  might appear unusual o r  unexpected, never- 
theless the general  s t ruc ture  of the res ins  indicated by these resu l t s  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 
Weight- 
nercent' 

Distillable car acids 

Phenol ...................... 2.3 
o-cresol .................... 5.6 
m..Cresol 7.2 
p-Cresol .................... 4.9 
o;Ethylphenol . . . . . . . . . . . . . . . . .  1.5 
m-Ethylphenol . . . . . . . . . . . . . . . .  2.5 
p-Ethylphenol ................. 2 . 5  
2.3-Xylenol . . . . . . . . . . . . . . . . . .  1.3 
2.4-Xylenol . . . . . . . . . . . . . . . . . .  9.1 
2.5-Xylenol . . . . . . . . . . . . . . . . . .  3.7 
2. 6.Xylenol . . . . . . . . . . . . . . . . . .  I . 4 
3.4-Xylenol . . . . . . . . . . . . . . . . . .  3.7 
3.5-Xylenol .................. 5.9 
2.3.5-Trimethylphenol ~ 3.3 
2.3.6-Trimethylphenol. . . . . . . . . . .  0.01 
2 . 4.6-Trimethylphenol . . . . . . . . . . .  1.4 
3.4.5-Trimethylphenol ........... 0 . 13 
3-Ethyl-2-methylphenol .......... 0.01 

3-Ethyl-5-methylphenol . . . . . . . . . .  2 . I 
4-Ethyl-2-methylphenol 4.5 
5-Ethyl-2-methylphenol . . . . . . . . . .  0.01 

4-n-Propylphenol . . . . . . . . . . . . . . .  0 . 13 
4-Isopropylphenol . . . . . . . . . . . . . .  0.01 
2.3.5.6-Tetramethylphenol ......... 0.04 
3-Methyl-5-n-propylphenol ( 7 )  . . . . . .  0.29 
2-Methyl-5-isopropylphenol . ........ 0.01 

3-Ethyl-4-n-propylphenol ( 7 )  . . . . . . .  
4-Ethyl-3-n-propylphenol ( 7 )  . . . . . . .  0.24 
4-Isopropyl-3-n-propylphenol (7) . . . .  
2.4-Di-n-propylphenol (7) . . . . . . . . .  
3-Methyl-2-propen-I-ylphenol (7) . . . .  0.003 
Alkenylphenol I . . . . . . . . . . . . . . . .  0.005 

Alkenylphenol III . . . . . . . . . . . . . . .  0.03 

.................... 

. . . . . . . . . .  

3-Ethyl-4-methylphenol . . . . . . . . . .  0.01 

. . . . . . . . . .  
2-n-Propylphenol . . . . . . . . . . . . . . .  0.01 
3.n.Propylphenol . . . . . . . . . . . . . . .  0.01 

2-Ethyl-6-n-propylphenol (7) . . . . . . .  0.26 
0 . 12 

0 . 14 
0 . 13 

2.4- or 3.4-Dialkylphenol (7) . . . . . .  0.02 

Alkenylphenol XI . . . . . . . . . . . . . . .  0.001 

1 The distillable tar acids constitute 3.62 weight-percent 

low-temperature bituminous coal tar and their amounts 

Weight 
Percent1 Distillable tar acids 

2.CycloheV lphenol . . . . . . . . . . . .  0 . 2 0  

2-Alkylcycloalkylphenol XI . . . . . . .  0.01 
Cycloalkenylphenol I ( 7 ) z  . . . . . . . . .  0.005 

2-IV~ylcycloalkylphenol I . . . . . . . .  0.0.z 

Cycloalkenylphenol XI (7) . . . . . . . .  0.04 
4-Indanol . . . . . . . . . . . . . . . . . . .  0.53 
5 -Indanol . . . . . . . . . . . . . . . . . . .  0.49 
1-Methyl-5-indanol (7) . . . . . . . . . .  0.36 
3-Methyl-4-indanol ( 7 )  . . . . . . . . . .  0.09 
4-Methyl-1-indanone ( 7 )  . . . . . . . . .  0 15 
6-Methyl-1-indanone (7) . . . . . . . . .  0.01 
Alkyl indanone . . . . . . . . . . . . . . .  0.03 
6-Methyl-5-indanol ( 7 )  . . . . . . . . . .  0.005 

4-Indenol . . . . . . . . . . . . . . . . . . .  0.03 
5-Indenol . . . . . . . . . . . . . . . . . . .  0.27 
1-. 2- . or  3-Methyl-4-indenol . . . . .  0 . 14 
Methyl indenol . . . . . . . . . . . . . . . .  0.08 

3.4-Dinuclearphenol. . . . . . . . . . . .  0.06 
5.6.7.8-Tetrahydro-I-naphthol . . . .  0 . 02 
5.6.7,8-Tetrahydro-2-naphthol . . . .  0.02 
2-Phenylphenol . . . . . . . . . . . . . . .  0.08 
3-Phenylphenol . . . . . . . . . . . . . . .  0 . 03 

. . . . . . . . .  0.37 

. . . . . . . .  0.20 
2-Naphthol . . . . . .  . . . . . . . .  1.54 

. . . . . . . .  0.02 

. . . . . . . .  0.008 

. . . . . . . .  0.04 

. 

. . . . . . . . . . . .  . 7-Methyl-5-indanol 0 10 

I -  . 2.. or  3-Polyalkyl-4-indenol . . .  0 . 13 

4-Methyl-Z-naphthol (7) . . . . . . . . .  0 . 11 
6-Methyl-2-naphthol (7) . . . . . . . . .  0.01 
7-Methyl-2-naphthol (7) . . . . . . . . .  0.05' 
8-Methyl-2-naphthol (7) . . . . . . . . .  0.02 

2.5- or 2.7-Dimethyl-I-naphthol ( 7 )  . 
2.6.Dhethyl. 1.naphthol ( 7 )  . . . . . . .  0.008 

Methyl-2.3-. or 4-fluorenol . . . . . .  0.06 

2-Ethyl-I-naphthol (7) . . . . . . . . . . .  0.85 
0.008 

5.7.Dimethyl- l.naphtho1 (7) . . . . . .  0.05 

of the tar . 
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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 

Peak 
N O .  

1 
2 
3 
4 
5 
b 

7 

- 

a 
9 

Relative 
retention 
at 220' 

1 .98  
2.08 
2. 29 
2.17 
2.56 
2.91 

3. L8 

3.30 

3 . 4 6  

Compound identified 
by I.R. 

Not identified 
2 -Methylnaphthalene 
1 -Methylnaphthalene 
Diphenyl etker 
Biphenyl 
2 - Ethylnaph'thalene 
2 , 7  -DimethyLaaphthdene < C 2,0-Dimetiiylnaphthdene 
1 . 7  -Dimethylnaphthalene 
l13-Dimethylnaphthalene c 1.6-Dimethylnaphthalene 

c 

Relative retention of 
authentic specimen 
at 220' 

-- 
2. l o  
2. 28 
2 . 4 7  
2. 60 
2 . 9 3  
3 . 1 3  
3 . 1 7  
3 . 2 9  
3.43 
3.43 
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TABLE 5 . . Analysis of individual aromatic hydrocarbons boiling UE 
to 280' in neutral oil distillate fractions 

Compounds identified 

Methylbenzene . . . . . . . . . . . . . . . .  
Erhylbenzene . . . . . . . . . . . . . . . . .  
1.3- and 1.4-Dimethylbenzene ..... 
1.2-Dimethylbenzene . . . . . . . . . . .  
Iaopropylbenzene . . . . . . . . . . . . . .  
nzPropylbenzene . . . . . . . . . . . . . .  
1 -Methyl-3 .ethylbenzene ......... 
1 -Methyl-4-ethylbenzene ......... 
l.Methyl.2.ethylbenzene . . . . . . . . .  
1.2.3-Trimethylbenzene . . . . . . . . .  
1.2.4-Trimethylbenzene ......... 
1.3.5-Trimethylbenzene . . . . . . . . .  
1-Methyl-4-isopropylbenzene . . . . . .  
1-Methyl-3-isopropylbenzene . ..... 
l.Methyl.2.isopropylbenzens ...... 
1.2-Diethylbenzene . . . . . . . . . . . .  
1.3-Diethylbenzene . . . . . . . . . . . .  
1.4-Diethylbenzene . . . . . . . . . . . .  
1.2-Dimethyl-4-ethylbenzene ...... 
1.4- Dimethyl- 2 -ethylbenzene . . . . . .  
1.3.Dimethyl. 5.ethylbenzene . . . . . .  
1.2-Dimethy1-3-ethylbenzene. . . . . .  
1-Methyl-3-n-propylbenzene . . . . . .  
1-Methyl-2-n-propylbenzene . . . . . .  
1,2.4.5-Tetramethylbenzene . . . . . .  
1,2.3.5-Tetramethylbeazene ...... 
1.2.3.4-Tetramethylbenzene . . . . . .  
Indene . . . . . . . . . . . . . . . . . . . . .  
3-Methylindene . . . . . . . . . . . . . . .  
Indan ...................... 
1 -Methylindan . . . . . . . . . . . . . . . .  
5-Methylindan . . . . . . . . . . . . . . . .  
4-Methylindan . . . . . . . . . . . . . . . .  
1.3-Dimethyl-2-n-propylbenzene . . .  
1.2.Dimethyl.3. n.propylbenzene . . .  
1.4-Dimethyl-2-n-propylbenzene . . .  
1.4-Dimethyl-2-isopropylbe~ene. . .  

.l.Methyl.3. 5.diethylbenwne . . . . . .  
1 -Methyl- 2. 4.diethylbenzene . . . . . .  

4-Methylstyrene . . . . . . . . . . . . . .  
B -Methylstyrene (trans) . . . . . . . . .  

Naphthalene ................. 

Styrene .................... 

3-Phenyl- 1-butene . . . . . . . . . . . . .  
1.2.3.4-Tetrahydronaphthalene .... 

See foomote at end of table . 

Method of identification 

Re1 . retention 
Re1 . retention 
Re1 . retention 
Re1 . retention 
Re1 . retention 
Re1 . retention. I . R . 
Re1 . retention. L R  . 
Re1 . retention. I . R . 
Re1 . retention. I.R. 
Re1 . retention . I . R . 
Re1 . retention. I . R . 
Re1 . retention. L R  . 
Re1 . retention. I . R . 
Re1 . retention. 1 . R . 
Re1 . retention. I . R . 
Re1 . retention. I.R. 
Re1 . retention. L R  . 
Re1 . retention 
Rel . retention-bp correlation. I . R . 
Re1 . retention-bp correlation. L R . 
Re1 . retention. I.R. 
Re1 . retention-bp correlation . L R . 
Re1 . retention. I . R . 
Re1 . retention. I . R . 
Re1 . retention. I . R . 
Re1 . retention. I.R. 
Re1 . retention-bp correlation. I . R . 
Re1 . retention. I.R. 
I . R . 
Re1 . retention. I.R. 
Re1 . retention-bp correlation. I . R . 
Re1 . retention-bp correlation. I . R . 
Re1 . retention-bp correlation. I . R . 
Re1 . retention-bp correlation 
Re1 . retention-bp correlation. 
1 . R . -structural correlation 
Re1 . retention-bp correlation. 
I . R . -structural correlation 
Re1 . retention-bp correlation 
Re1 . retention. I . R . 
Re1 . retention-bp correlation. I . R.- 
st ructural  correlation 
I . R . 
I . R . 
Re1 . retention. I.R. 
I . R . 
Re1 . retention . L R  . 
L R . 

Total wt  . 
g 

1 
2 
9 

20 
79 

250 
0.010 
0.0098 
0.0075 
0.3105 
0.2695 
0 . 1184 
0.0596 
0.0511 
0.0164 
0.0857 
0 . 1009 
0.0062 
1.8139 
0.7698 
1.0872 
0.5938 
0.3 180 
0.0753 
1 . 1066 
1.7690 
1:0681 
0 . 233 1 
0.7 141 
0.3945 
1 . 1265 
1.7566 
1.7389 
0.0173 
0.2916 

0.5974 

0 . 1151 
0.2393 
0.9873 

0.0332 
0 . 0225 
0 . 1396 
0 . 1163 
0.6 170 
6.3853 

. 
w t  pct 
in 
neutral 
oil' 

Trace 
Trace 
Trace 
Trace 
Trace 
0.002 
0.001 
0.001 
0.001 
0.045 
0.039 
0.017 
0.009 
0 . 007 
0.002 
0.012 
0.015 
0.001 
0.260 
0.110 
0 . 156 
0 . 085 
0.046 
0.011 
0 . 159 
0 . 253 
0 . 153 
0.033 
0.102 . 
0.057 
0 . 161 
0.251 
0.249 
0.003 
0.042 

0.084 

0.017 
0.034 
0 . 141 

0 . 005 
0.003 
0.020 
0.017 
0.088 
0.914 



TABLE 5. - Anaiysis of individuai arsmaric hydrocarbone .miling up 
to 280' in neutral oil distillate fractions - Con:inued 

~~ 

Compounds identified 

Benzofuran . . . . . . . . . . . . . . . . . 
6-Methylbenzofuran j ' ' . * . 
5-Methylbenzofuran 

2-Methylbenzofuran 
3-Methylbenxofuran] . ' * . . * * . . . 
7-Methylbenzofuran . . . . . . . . . . . . 
1.6-Dimethylindan . . . . . . . . . . . . . 
4.7-Dimethylindan . . . . . - . . . . . . . 
3-Ethylindene . . . . . . . . . . . . . . . . 
2-Ethylindene . . . . . . . . . . . . . . . . 
2,3-Dimethylindene . . . . . . . . . . . . 
2-Methyl-l,2.3.4-tetrahydro- 

naphthalene . . . . . . . . . . . . . . . 
6-Methyl-l.2.3.4-tetrahydro- 

naphthalene . . . . . . . - . . . . . - . 
1 -Methylnaphthalene. . . . . . . . . . . . 
2-Methylnaphthalene . . . . . . . . . . . . 
L - Ethylnaphthalane . . . . . . . . . . . . . 
2-Ethylnaphthalene . . . . . . . . . . . . . 
2.7-Dimethylnaphthalene. . . . . . . . . 
1.7 -Dimethylnaphthalene. . . . . . . . . 
2.6-Dimethylnaphthalene. . . . . . . . . 
I ,  6-Dimethylnaphthalene. . . . . . . . . 
1.3-Dimethylnaphthalene. . - . . . . . . 
2.3-Dimethylnaphthalene. . . . . . . . . 
1.5-Dimethylnaphthalene . . . . . . . . . 
1,2-Dimethylnaphthalene . . . . . . . . . 
1.4-Dimethylnaphthalene . . . . . . . . 
2-Methyl-7-ethylnaphthalene * * * . 
2-Methyl-6-ethylnaphthalene 

I -Methyl-7 -ethylnaphthalene> 

I -Methyl-6-ethylnaphthalene 
1.3 .6-Tr imethylnaphtene  . . . . . . 
1.3.7-TrimethylnaphtJ1alene . . . . . . 
1.2.6-Trimethylnaphthalene 
1.2.7-Trimethylnaphthalene, * . * 
Biphenyl. . . . . . . . . . . . . . . . . . . . 
4-Methylbiphenyl . . . . . . . . . . . . . . 
3 -Methylbiphenyl . . .. . - . . . . . . . . . 
Cyclohexyl benzene . . . . . . . . . . . . 
2a. 3.4.5-Tetrahydroacen+thene . . 
Ac enaphthylene . . . . . . . . . . . . . . . 
PLenaphthene . . . . . . . . . . . . . . . . 
Diphenyl ether . . . . . . . . . . . . . . . 
2.3-Dimethylbenzofuran . . . . . . . . . 
Dimethylbenzofuran II . . . . . . . . . . 
Dimethylbenzofuran IlI . . . . . . . . . . 
&benzofuran . . . . . . , . . . . . . . . . . 

..... 
i 
i andlor  

? . : 

~~ 

Method of identification 

Rel. retention. I.R. 

I. R 

I. R. 

I. R 
Rel. retention-bp correlation. L R. 
Rel. retention-bp correlation, L R. 
Rel. retention. I. R. 
Rel.  retention. I. R. 
Rel .  retention, LR.  

I. R. 

L R. 
Rel. retention, I.R. 
Rel. retention, LR. 
Rel. retention, LR.  
Rel. retention, I.R. 
Rel. retention. LR. 
Rel. retention, I. R. 
Rel. retention, 1. R. 
Rel. retention. LR.  
Rel. retention, I.R. 
Rel. retention. LR.  
Rel. retention, I.R. 
Rel. retention, LR. 
Rel. retention-bp correlation. LR. 
Rel. retention-bp correlation, U. V. 
and I. R. -structural correlationm 
Rel. retention-bp correlation. 
U. V. ilpd L R. - 
structural correlat iom 
Rel. retention-bp corre+ation, U. V. 
Rel. retent+.n, I. R. 
Rel. retention-bp correlation, U. V. 
Rel. retention, I. R. 
Rel. retention, I. R. 
Rel. retention. L R  
Rel. retention, I.R. 
Rel. retention, LR. 
Rel. retention, I.R. 
Rel. retention, LR.  
Rel. retention, LR.  
1. R. -structural correlation 
I. R. -structural correlation 
I. R. -structural correlation 
Rel. retention, LR. 

Total art. 
g 

0.099 1 

0. 1432 

0. 1681 

0.0785 
2.3746 
1.3034 
1.3 126 
1.3032 
1.7762 

1.0426 

0.4958 
12.0615 
16. 1630 

1.9777 
3. 1184 

4.7915 
4. 1664 
6.4648 
6.5617 
3.8247 
3.68bl 
3.5632 
0.0979 

3.9029 

4.8187 

3.2925 

0.7338 
0.452 

0. a75 1 

18.8235 
0.7271 
1.243 1 
0.2769 
1.1713 
0.6963 
2.336 

0.1778 
1.7848 
0.645 1 
1.4718 

38.5897 

- 
w t  pct 
in 
neutral 
0 ill 

0.014 

0.021 

0.024 

0.011 
0.340 
0. 186 
0. 188 
0. 186 
0.254 

0. 149 

0.071 
I. 728 
2.315 
0. 283 
0. 456 
0.690 
0.686 
0.596 
0.9 26 
0.940 
0.547 

0.510 
0.014 

0.559 

0.528 

0. 471 

0. 105 
0.064 

-- 
2.696 
0. 104 
0. 178 
0.039 
0. 167 
0.099 

5.528 
0.025 
0.255 
0.092 

-- 

_-  
I Totd neutral oil distil l ing 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 

Resin 
No. 

1 A 
1 B  

2 A 
2B 

3 A 
3 B 

4 B  
4 B' 

Extraction scheme Yield, 
weight Molecular 

Source 
percent' weight. &f Soluble in: Insoluble in: 

Bituminous quinoline benzene 4.3 628 
pitch benzene pet. e t h e t  64.8 383 

Lignite quinoline benzene 1.7 510 
tar benzene pet. e the3  22.5 39 1 

Subbituminous quinoline benzene 18.3 603 
pitch benzene pet. e the3 40.1 48 2 

Subbituminous benzene' pet. e the9 35.8 47 6' 
pitch 4105 

Density. d$' I 
Resin 

Asa 
From 
pyridine 

I "solid" 1 solutions 

1 A  
1 B  

2A 
2B 

3 A  
3 B  

4 B  
4 B' 

1.326 1.326 
1. 129 1.130 

1.255 -- 
1. 155 1. 154 

1.261 1.259 
1.201 1.200 

i. 159 1. 156 
1.140 1.141 

I 
Weight percent Refractive 

index.' ng 

1.694 
1.642 

1.669 
1.641 

1.669 
1.653 

1.653 
1.639 

~~ ~ 

76. 3 
84. 3 

81. 9 
79.4 

76. 0 
78. 5 

78. 8 
81. 1 

5.3 
7.5 

4.3 
7.2 

5.9 
6.7 

7.4 
7.8 

~~ 

15. 3 
6. 3 

9.5 
1L.9 

13.5 
14. 3 

10.6 
10.2 

On the basis of t+e specified source. 
Petroleum ether, boiling range 100. to 115'C. 

petroleum ether 20 to 1; ratios for all other resins 25 to 1. 

Semi-solid fraction. 

' Ratio of solvent to pitch for these two resins: benzene 4 to 1. 

' Powdery fraction. 

' From pyridine Solutions. ' By direct oxygen determination. 
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TABLE 11. - Comparison of relative amounts of pyrolysis 
products from bituminous and subbituminous 
coal tar resins 

Compound 

1 -Pentene . . . . . . . . . . . . . . 
2-Methylpentane . . . . . . . . . . 
2-Methyl- 1 -pentene . . . . . . - . 
2.2,4-Trimethylpentane . . . . _. 
Benzene . . . . . . . . . . . . . . . . 
2.3,4-Trimethylpenbne . . . . . 
2.3,3-Trimethylpentane . . . . . 
2.2,4,4-Tetramethylpentane . . 
Toluene . . . . . . . . . . . . . . . . 
2.2,3,4-Tetramethylpentane . . 
2.6-Dimethyl-l.4-heptadiene. . 
p-Xylene . . . . . . . . . . . . . . . 
m -Xylene . . . . . . . . . . . . . . . 
o-Xylene . . . . . - . . . . . . . . . 

Weights relative 
to 2.3.4- trimethylpentane 

Bituminous 
~ ~~ 

. . . . . . . . . .  
0. 15 

0.60 
1. 23 
1.00 
0.11 
0. 26 
0.22 
0.09 

0. 04 
0.01 
0.02 

. . . . . . . . . .  

. . . . . . . . . .  

Subbituminous 

0 . 3 6  

0.10 
0.92 
0.72  
1.00 

0. 26 

. . . . . . . . . . . .  

. . . . . . . . . . . .  
0.13 

0.02 
0. 03 
0.08 
0.10 

. . . . . . . . . . a .  
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Figure 1. - Chromatogram of Tar Acids From Tar 
Distillate. 
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Figure 2. - Countercurrent Distribution of Tar Acids 
Boiling 238 '-251 ' C ;  100 Transfers; 
pH 11.58. 

165. 



166. 

I I I 
80 100 I20 

T I M E ,  MINUTES is 

Figure 3. - Chromatograms of Two Aromatic Cuts 
Obtained From Distillate Fractions 10 + 
11 (A) and 26 (B). 
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Figure 4. - Correlations Between Boiling Points and 
Relative Retentions of Clo-C16 n-Paraffins, 
Isoparaffins and a-Olefins on Polyphenyl 
Ether. 
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Figure 5. - Chromatogram of Pyrolysis Products From 
a Subbituminous Coal Tar Resin. 
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Figure 6.  - Chromatogram of Pyrolysis Products From 
a Bituminous Coal Tar Resin. ! 
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PRESENT AND FUTURE SUPPLY OF COAL CHEMICALS 
FROM PETROLEUM SOURCES 

Vladimir Haensel and N ick  Mechales 

Universal Oil Products Company 
Des Plaines, Illinois 

In a discussion of the chemistry and the supply of coal chemicals from petroleum sources, i t  i s  
essential to define the terminology. In this discussion, coal chemicals w i l l  include: 

I 

II 

Ill 

IV  

The light oi l  fraction boiling up to 2OOOC and including primarily benzene, toluene and 
the mixed xylenes. 

The middle oi l  fraction, boiling paint (BP) 20O-25O0C, 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 oi l  fraction i s  naphthalene and methylnaphthalene. 

The heavy oi l  fraction, BP 250-3OO0C, containing dimethylnaphthalenes and acenaph- 
thene . 
The anthracene ail, BP 30O-35O0C, 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- 
cat 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 i s  quite extensive, with the main markets be- 
ing in styrene, phenol, synthetic fibers and synthetic detergents. There w i l l  be some market 
changes, however. Use of benzene to make nylon and detergents has been levelling off at an 
annual growth rate of 3 to 5%. In the future, the big markets w i l l  be styrene and phenol. 

In 196T, benzene production and sales were 545 and 431 million gallons, respectively. It i s  
expected that by 1971, production w i l l  amount to approximately 840 million gallons, a 4.4% 
annual increase. The past and estimated future benzene production figures are presented graph- 
ically i n  Figure 1. 
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Toble 1 - 

Year 

1951 
1952 
1953 
1954 
1 955 
1956 
1 957 
1958 
1959 
1960 
1961 

1950 

Toble 2 - 

BENZENE PRODUCTION AND SALES, 1950-1961 

Millions of Gallons 
P r o d u c t i o n  

Toto1 - Tar Dist. Coke-Oven Petroleum 
22.0 162.2 10.1 194.3 
19.0 178 .O 32.6 229.5 
19.0 155.1 35.5 209.6 

15 .O 142 .a 91 .9 249.7 

15 .O 174.4 111.6 301 .O 
13.0 181.1 116.2 310.2 
9 .O 119.8 142.1 270.8 
10 .o 120.3 208.8 339.1 
12.8 135.3 309.2 457.3 
12.4 120.2 412.8 545.4 

19.0 178.8 63 .O 260 .a 

15 .O 174.2 98.6 287 .a 

-8- 

BENZENE END-USE PATTERN AS OF 1960 

Aniline 
Benzene Hexachloride 
DDT 
Maleic Anhydride 
Nylon 
Phenol 
Styrene 
Synthetic 'Detergents 
Di ch lorobenr ene 
Other Non-Fuel Uses 
Motor Grade 

-8- 

Percent of Total 
4.1 
0.4 
4.1 
2.8 
7.8 
23.4 
47.4 
7 .O 
2.3 
0.5 
0.2 

100 .o - 

2. Toluene 

Soles 
172.6 
238.2 
217.0 
232.7 
202 .o 

- 

276 -5 
243.3 

1 

i 
1 

i 1 

i I 

! 

1 

Toluene from petroleum sources has attained o very important status in the post decade. Of the 
260 million gallons of toluene produced in  1961, 88% were petroleum derived, with the remainder 
supplied by coke-ovens and tor distillers. In 1950, petroleum toluene accounted for only 54% of 
the 84 million gallons produced. Toble 3 presents historical production-sales trends for toluene. 

The largest end-use for toluene as of 1960, as shown in Toble 4, i s  os o high octane blending 
ogent in motor and oviation gosolines. This outlet, however, i s  declining rapidly because of the 
advent of iet aircraft and the emphasis on regulor-gosoline economy. These facts, along with a 
benzene shortage, combined for o time to create o disposal problem for refiners and mode the 
conversion of toluene into benzene by hydrodealkylation an attractive process. This has resulted 
in on increase in  benzene production which has satisfied the present demand. Other uses of 



Table 3 - TOLUENE PRODUCTION AND SALES, 1950-1961 

Year 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1 960 
1961 

- 
Millions of Gallons 

P r o d u c t i o n  

7.7 30.7 45.5 83.9 
11.4 34.3 55.7 101.4 
10.8 30.5 64 .O 105.3 
4.7 36 .O 115.5 156.2 
2.9 33.4 122.9 159.2 
3.9 38.2 143.4 185.5 
5.6 37.2 130.8 173.6 
4.7 38 .O 154.9 197.6 
4.2 28 .O 207.4 239.6 
3.7 26 .P 251 .o 281.6 
3.2 30.4 240.8 274.4 
3.1 28.5 228.3 259.9 

Total - Tar Dist . Coke-Oven Petroleum 

171. 

Sales 
70.3 
82.4 
87.5 
90.9 

126.2 
138.3 
135.2 
130 .O 
136.6 
166.8 
200.1 
162.9 

- 

-e- 

Table 4 - TOLUENE END-USE PATTERN AS OF 1960 

Percent of Total 
50.5 Motor Gasoline 

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, 

11.4 
100 .o - Benzoyl Chloride, Phenol, etc .) 

' In 1961, with the installation of many hydrodeafkylation units by various companies, the con- 
sumption of toluene far benzene production was expected to increase to 60 mill ion gallons. 
1960 consumption was 1 mill ion gallons. 

-e- 
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 i s  expected 
that by 1971, toluene production wi l l  amount to 450 million gallons, a 5.6Yo 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 



172. 
the 257 million gallons of mixed xylenes produced i n  1961, 96.9?h were derived from petroleum, 
2.9% from coke-ovens and 0.2% from tar distillers, as w i l l  be seen frbm Table 5 .  

Tabla 5 - MIXED XYLENES PRODUCTION AND SALES, 1950-1961. 

Millions of Gallons 

Year 
1950 
- 

P r o d u c t  i o n  
Tar Dist. Coke-Oven Petroleum Total - 

1.5 8 .O 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1 960 
1961 

2.2 
2.1 
0.7 
0.5 
0.6 
1.9 
1.3 
0.6 
0.5 

.o .4 
0.5 

9.1 
8.1 
9.9 

10 .o 
11.3 
10.3 
10.8 
8.4 
7.5 
8.1 
7.6 

-8- 

64.4 
61 .6 

102.9 
99.7 
96.1 

124.1 
115.1 
191.5 
233.5 
274 .O 
249.2 

75.7 
71.8 

113.5 
110.2 
108 .O 
136.3 
127.2 
200.5 
241.5 
282.5 
m . 3  

Sa I es 
56.4 
58.5 
57.8 
65.6 
66.5 
77.6 
85.3 
83 .O 
95.1 

128.8 
141.5 
124.0 

- 

The major outlets for xylenes are in fuels, solvents and chemical uses, shown in  Table 6. 
Gasoline octane improvement i s  the largest outlet for xylenes, and nothing w i l l  change this for a 
long time. Xylenes face the same problems as toluene, wi th  aviation gasoline demand decreasing 
and motor gasoline needs being somewhat indefinite at the present time. Solvent uses claim ap- 
proximately 1796 of the mixed xylenes production. 

Table 6 - XYLENES END-USE PATTERN AS OF 1960 

Gasoline 
Solvents 
ortho->( y I ene 
meta-X y I ene 
para-X y I ene 9.6 
Miscellaneous Chemicals (Herbicides, Plasticizers. 

- - 
Chlorinated Xyl ene, etc .) 

Percent of Total 
61 .O 
17.5 
6.3 
1.7 

3.9 
100.0 
- 

-8- 

For chemical synthesis, the xylenes fraction i s  separated into the pure isomers -- 20, meta, 
and par0 -- the consumption of  which i s  shown in Table 7 for 1959 - 1961 . Ethylbenzene i a  
obtained during the separation process. Composition of a petroleum derived mixed-xylenes stream 
i s  variable but generally contains the three isomers and ethylbenzene in the following proportions: 

Ethyl benzene 
para-)< y I ene - meta-X ylene - ortho-Xylene 

8 .6 -  13.2% 
17.1 - 20.3 % 
45.5 - 52.2% 
18.0 .- 24.4% 
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Table 7 - XYLENE ISOMERS CONSUMPTION 1959 - 1961 

Millions of Gallons 
C o n s u m p t i o n  

ortho->( y l ene - meta-Xylene - para-Xylene - Year 
1959 8.4 2.1 22 .o 
1960 16.3 4 .4  24.8 
1961 22.3 5.5 26.5 

- 

-e- 

a. Para-Xylene - 
Para-xylene i s  currently the most important of the xylene isomers. Recent production of para- - 

x y l z i s  280 million pounds (39 million gallons) per year. It i s  used primarily to make 
terephthalic acid which i s  usually sold as the dimethyl terephthalate ester for the production of 
polyesters such as DuPont's Dacron fiber and Mylar f i l m .  

b. Ortho-Xylene - 
Ortho- xylene i s  the secondmost important isomer and could become another major feedstock - 

for phthalic anhydride, now that improved catalyst ond plant 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 l .39 Ib/lb of feed, while naphthalene yielded 
three-fourths of the 1 .16 lb/lb theoretical. Present e o - x y l e n e  capacity i s  650 million pounds 
per year. About 8Wo of the future production from these facilities i s  destined for export to 
Europe and Japan where i t  w i l l  be used to make phthalic onhydride. 

c .  Meta-Xylene - 
The most plentiful isomer, =-xylene, which makes up about 50% of the xylene isomer mix- 

ture, i s  the least useful. E a - x y l e n e  i s  used to make isophthalic ocid, which competes with 
phtholic anhydride for the reinforced plastic and plasticizer market. One refiner separates E- 
xylene for isophthalic acid production and another produces isophtholic from mixed xylenes along 
with terephthalic ocid. The chief use far *-xylene i s  for solvent and gasoline blending after 
the more valuable xylenes hove been extracted. 

The past and estimated future production figures for xylenes are shown graphically i n  Figure 1. 

B .  Light Oil - Chemistry and Chemical Engineering Aspects 

The chemistry and chemical engineering of the production of light o i l  aromatics from petroleum 
are of considerable interest. The problem i s  that of the conversion of a suitable raw moterial and 
the seporation of the aromatics from the residual poraffinic and naphthenic hydrocarbons. Although 
the chemistry of the production of benzene from petroleum sources i s  very similar to that of the 
productioo of toluene ond xylenes, some subtle differences do-exist in both chemical and the 
chemical engineering aspects of the problem. 

In the case of benzene, a suitable raw material i s  one which contains substantial proportions 
of cyclohexane and methylcyclopentane. Table 8 shows the composition of the fraction which 
contains the two benzene precursors i n  various straight-run gosolines!') It w i l l  be observed that 
the total naphthenes w i l l  vary from approximately 20 to about 55 percent of the total fraction and 



this fraction in return ranges from about 10 to 18 percent of the total Cg to 3t50°F gasoline. This 
table indicates that the potential benzene production from straight-run gasoline i s  extremely high, 
to say nothing of the substantial amounts of methylcyclapentane 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 

Ponca City 
Hydrocarbon, Vol .-% Okla.  

3-Methylpentane 8 
n-Hexane 41 

2-methyl pentone 9 

2,2 8 2,4-Dimethylpentane 2 
Methyl cyclopentane 20 

- 

Cy c I ohexan e 16 
Benzene 4 
Total Naphthenes 36 
Percent of 140-185OF Fraction 

Based on C5-36OoF Gasoline 13 

East Bradford Greendale Winkler Midway Conroe 
Mich. Texas Cali f .  Texas -- - Texas Pa. -- 

15 22 7 17 14 1 1  
12 13 5 42 10 a 
31 37 63 11 16 17 
6 6 2 8 4 3 

23 9 9 15 34 21 
12 12 11 6 21 31 

1 1 3 1 1 9 
35 21 20 21 55 52 

16 15 18 10 12 14 

-e- 
As mentioned earlier, some benzene i s  also produced by the hydrodealkylotion of toluene. 

Various processing schemes have been proposed. The Hydeal* process i s  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: 

the units are equipped with internal hydrogen enrichment facilities so that the available hydrogen 
in the make-up gas can be uti l ized efficiently. 

Another possible source of benzene i s  represented by the normal hexone which i s  a substantial 
component of the straight-run fractions. In fact, some of the ecrly work in  catalytic reforming 
has been directed on the dehydrocyclization of normal hexane to benzene and normal heptane to 
toluene. However, i t  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 i s  very 
slight. 
fractions containing methyl cyclopenrane and cyclohexane. 

Consequently, the bulk of the benzene i s  derived at the present time by processing 

The chemistry of  the conversion of cyclohexane and methylcyclopentane i s  of considerable in- 
Cyclohexane can be converted to benzene in the presence of a platinum-containing terest. 

catalyst at exceedingly high rates. However, under the some conditions, methylcyclopentane i s  
virtually unreacted. The reason for this lies in the need for rearrangement of the methylcyclopen- 
tane molecule to a cyclohexane intermediate prior to the conversion to benzene. This reorronge- 
ment reaction requires a bond breakage and the formation of a new bond as shown in  the following: 

Trademark 



C F I ’, 

In detail, the carbonium ion mechanism which i s  involved i n  such a rearrangement calls for the 
formation of a tertiary carbonium ion with the subsequent shXt to a primary carbonium ion and i t s  
addition at the second carbon atom, thus effecting the ring closure: 

It w i l l  be observed that a cyclohexyl carbonium ion i s  produced. It i s  converted to cyclohex- 
ane in  the reverse manner of the init ial formation of the methylcyclopentane carbonium ion: 

AS pointed out above, i n  the absence of an acid catalyst no reaction of methylcyclopentane 
w i l l  take place, and a so-called bi-functional catalyst i s  required. This bi-functional property 
implies the balanced presence of both dehydrogenation-hydrogenation and acid activities. The 
proper balance i s  quite critical; otherwise, methylcyclopentane may be converted directly into 
hexane instead of cyclohexane. 

We have found that a balanced catalyst i s  obtained by a specially prepared composite of alu- 
minum, platinum a d  halogen, such as fluorine or chlorine. The conversion of methylcyclopen- 
tane i s  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 i s  now well-established in  petroleum technology. Under these conditions, a clean catalyst 
surface i s  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 o substantial amount of benzene, a very small amount of cyclohexane and 
an intermediate amount of methylcyclopentane. Therefore, it i s  imperative that there be a rapid 
conversion of the cyclohexane to benzene, 50 that methylcyclopentane may be converted into 
cyclohexane and the latter removed from the sysrem in  the form of benzene as rapidly as possible. 
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Unless this i s  done, methylcyclopentane cannot be converted into cyclohexane and w i l l  undergo 
undesirable side reactions such as the formation of hexanes. 

4 The argument may be raised regarding the existence of the cyclohexane intermediate i n  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 i s  normally much 
greater than that of methylcyclopentane. Therefore, i f  the cyclohexane rate i s  poisoned, the 
methylcyclopentane rate should not be affected until the cyclohexane rate i s  poisoned to the ex- 
tent that i t  falls below the normal methylcyclopentane rate. This is essentially what has been 
found experimentally, as w i l l  be observed from Figure 2. Thus the indications are that at least 
the same intermediate i s  involved in  the conversion of both cyclohexane and methylcyclopentarre. t 

As might be expected, the conversion of C7 and C8 naphthenes into toluene and xylenes, re- 
spectively, also proceeds very readily over the bi-functional cotolyst. I t  should be pointed out 
that, as the molecular weight i s  increased, the rate of the conversion of C5 ring naphthenes rises 
rapidly. This i s  quite understandable on the bas is  of a considerobly increased number of possible 
carbonium ions. The same i s  true for paraffinic hydrocarbons, so that higher aromatics are 
readily obtained from higher paraffins by the dehydrocyclization reaction. 

i' 

It should be mentioned that under the usual operating conditions, the bi-functional catalyst 
wi l l  effect an equilibration ornong the isomers of the higher aromatics, so that the product wi l l  
exhibit a composition closely approximating the thermodynamic equilibrium. However, i t  i s  pas- 
sible to reduce the extent of equilibration by a proper selection of charging stock and operating 
conditions. Although ethylbenzene i s  not truly a coal chemical, it i s  an impartant intermediate 
for the production of styrene, and i s  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 wi th  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 ethylbenzene 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 i s  unique in one respect 
and that i s  that its direct precursor, ethylcyclohexane, i s  the highest boiling Cg naphthene. Thus, 
by proper selection of  the charging stock and operating conditions which do not cause excessive 
equilibration, it i s  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 i s  the summary of the results: 



Cut No. 
1 
5 

10 
14 
15 
16 
17 

177. 
Percent Distribution of the Aromatic Portion 

.BP, "C e-X y I ene - m -X y I ene - o-Xylene Ethyl benzene - 
116.8 24.9 58.3 16.8 0 
122;o 21.6 55.9 20.3 2.2 
126.5 13.2 34.7 33.1 19.0 
131.1 2.5 4.1 13.5 79.9 
132.6 2.6 0.3 14 .O 83.1 
133.9 1 . I  1.9 7.6 89.9 
134.9 1.6 2 .o 8.5 87.9 

-e- 

It w i l l  be observed that very high concentrations of ethylbenzene may be produced directly. 
Since - ortho-xylene i s  the main impurity at the high concentrations of ethylbenzene, i t  can be 
readily separated to produce ethylbenzene 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 ,vhich 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 hydrocorbon components. These methods involve extraction b 

process,(2) which employs a glycolwater mixture as a selective solvent. Originated by Dow 
Chemical Company and developed by Universol Oi l  Products Company, this process combines a 
high selectivity with a minimum uti l i ty requirement. Aromatics are recovered as a hydrocarbon 
type with a subsequent froctionotion to produce pure benzene, toluene and mixed xylenes. It i s  
interesting that the selectivity of separation i s  highest for benzene and decreases with increasing 
molecular weight. 

liquids and solids. One method which has received wide commercial acceptance i s  the Udex id 

C.  Hydrocarbon Components Of Higher Boiling Fractions 

Petroleum sources represent a virtuol ly unlimited supply of polynuclear aromatics. The widely 
used catalytic cracking process produces, along with gasoline and gaseous hydrocorbons, a higher 
boiling fraction called cycle o i l .  This fraction i s  characterized by a high resistance to further 
catalytic cracking and contains a substantial amount of polynuclear aromatics. These aromatics 
are formed through a series of reactions involving removol of larger side chains, isomerization and 
dehydrogenation. The last reaction i s  in reality a hydrogen transfer reaction, wherein the hydro- 
gen content of the lower boiling fraction i s  enriched at the expense of the higher boiling fraction. 
The usual composition pattern of the aromatic portion of cycle o i l  i s  extremely complex from the 
standpoint of the number of isomers; however, the actual composition by broad hydrocarbon class 
i s  much simpler in  that the bulk o i  the material i s  represented by methylated poiynuclear compounds. 
This i s  due to the fact that the less stable species ore 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 methyl groups followed by proper separation procedures represents a reasonable 
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 on annual production of 



500 mill ion pounds. It should be remembered, however, that naphthalene, l ike ortho-xylene, i s  
closely tied to the phthalic anhydride industry, with three-fourths of al l  n a p h t h a L g o i n g  to 
phthalic anhydride manufacture. Phthalic manufacturers have been hard-pressed at times to meet 
their phthalic demand because of a naphthalene shortage resulting from low steel production rates. 
In times of naphthalene shortage, &o-xylene has been substituted i n  naphthalene-designed 
plants. This situation has also created a sizeable petroleum-naphthalene market. Thus, the hydro- 
dealkylation route i s  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. Dependabili.9 of supply i s  another 
factor that has helped petroleum-naphthalene sales. 

Despite &-xylene's invasion of the phthalic anhydride market, naphthalene consumption i s  
expected to increase, reaching a figure of approximately one bil l ion pounds by 1971, as illustrated 
in Figure 3. The naphthalene production and soles statistics are shown in  Table 9. 

Table 9 - CRUDE NAPHTHALENE STATISTICS 

Mill ions of Pounds - (74 - 79'C) 

'tear 
1 950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 

- Coke-Oven 
99.7 

131.1 
106.9 
112.9 
100.1 
184.2 
177.3 
N;A. 
N . A .  
N.A. 
N .A .  
N.A.  

Tar Dist. 
188.8 
224.6 
215.6 
162.9 
195.1 
292.9 
314.2 
N.A. 
N .A .  
N .A. 
N.A. 
N.A.  

Total 
288.5 
- 
355.7 
322.5 
275.8 
295.2 
477.1 
491.5 
420.3 
345.1 
425.3 
517.0 
497.2 

Sales 
206.7 
- 
255.3 
209.8 
200.1 
224.2 
338.7 
289 .O 
276 .O 
212.6 
266.5 
310.3 
299.1 

PRODUCTION AND SALES OF THE THREE GRADES AS OF 1960 

Mi I I ions of Pounds 
Sales 

Solidifying at less than 74'C 24.7 26 .O 

Solidifying at 76OC to less than 79°C 470.9 274.1 

- Production 

Solidifying at 74OC to less than 76'C 21.5 10.2 

-8- 

As pointed out above, other coal hydrocarbons can be oduced from petroleum when the de- 
mand arises. The newly developed methods of  separation, 85, based on differences in carbon-to- 

hydrogen ratios, can be used to provide hydrocarbon classes which can subsequently be demethyl- 
ated and further purifiecl by conventional means, such as distillation and crystallization. 

D. Tar Acids 

The tar acidsare represented by phenol, cresols, cresylic acids and xylenols. The production 
of phenol from petroleum sources hos grown very rapidly and five different processes are currently 
used: 



1 . Chlorobenzene Hydrolysis 
2.  Benzene Sulfonotion 
3. Cumene Peroxidation 
4. Raschig Method 
5 .  Two-step Oxidotion 

Of these, the first three supply the bulk of the market. The cumene peroxidotion process has 
been gaining in popularity and most of the new plants w i l l  employ this procedure. The two-step 
axidotion method i s  of  considerable interest in that the starting material i s  toluene, which i s  
oxidized to benzoic acid followed by the copper catalyzed oxidation to form phenylbenzoote and 
subsequent hydrolysis to produc phenol and benzoic ocid. The reactions are believed to take 
place i n  the following manner: 6) 

2 c u  ( O B Z ) ~  

2 CuOBz + 2 BzOH + ;i O2 - 2 Cu ( 0 6 ~ ) ~  + H 2 0  

C6H5COOC6H5 + 2 CuOBz + c q  

C6H5COOC6H5 + H 2 0  J C6H50H + BzOH 

Overall Reaction: 

BzOH + 402 + C6H50H +,COP 

The reaction can also be applied to the production of various cresols starting wi th toluic acids, 
as well as 2-naphthol using 1- or 2-nophthoic acids os raw materials. Synthetic phenol capacity 
in the U. 5 .  i s  presently obout 940 million pounds per yeor. If a l l  announced plans for expansion 
and new plants materialize, capacity wil! be over 1.2 bi l l ion pounds by the end of 1963. Table 
10 presents.historica1 production and sales doto. 

Table 10 - PHENOL PRODUCTION AND SALES, 1950-1961 

Year 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 

- 

Millions of Pounds 
P r o d u c t ; o n  

S y n t h e t i c  N a t u r a l  
Cumene Other Processes Total Coal Tar Petroleum Toto1 - 291 .9 2-9 - 20.2 - 364.6 364.6 - - 23.8 - 316.2 316.2 - - 21.6 - 356.8 356.8 - - 25.6 

19.2 377.5 396.7 - - 20.8 
69.7 405.3 475 .O 37.9 3.8 41.7 
93.8 415.6 509.4 34.5 5.3 39.8 

100.7 413.8 514.5 33.8 8.0 41.8 
98.8 365 .O 463.8 36.8 5.8 42.6 

137.7 514.0 652.0 32.2 7.8 40.0 
173.2 557.5 730.7 30.5 11.5 42.0 
188.6 542.7 731 .3 35.2 12.5 47.7 

Total 
312.1 
- 
3aa .4 
337 .a 
382.4 
417.5 
516.7 
549.2 
556.3 
506.4 
692 .O 
772.7 
779.0 

Sales 
199.8 
244 .o 
187.6 
199.5 
218.6 
280.3 
302.6 
289.5 
281 .1 
414.3 
423.7 
334.1 

- 

-e- 

The market for phenol i s  dependent to a consideroble extent upon the fortunes of phenolic 
resin manufacture, as indicated in  Table 11 . These resins account for roughly 6oo/o of the phenol 
consumption. About one-third of 0 1 1  phenol produced i s  used os a chemical intermediate in the 
manufacture of alkyl phenols, bisphenol-A, polycarbonate resins and caprolactam. Phenol, in 

c 
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the chlorinated form, i s  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 1960 

Percent of Total 
Phenolic Resins 58 
Bisphenol-A 7 
Caprolactam 7 
Adipic Acid 6 
Petroleum Sol vent Refining 5 
Pesticides 4 
AI ky 1 phenols 4 
Miscellaneous (Aspirin, Polycarbonate Resins, 

9 
100 
- Chlorinated, etc .) 

-8 - 
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 bi l l ion pounds by 1965 and 1.4 bil l ion pounds by 1971. If the present 
85% ratio of  production to capacity i s  maintained, 1,650 million pounds of phenol capacity w i l l  
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 i s  the absence of a substantial market. If such a market should develop, 
petroleum sources will  undoubtedly be used. These sources should be considered as providing o 
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 .(5f6) 

F. Miscellaneous Coal Chemicals 

J 

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 sulfursdioxide .@r8) 
Again, in  this case, the raw materials derived from petroleum are available and can be used when 
a suitable market potential i s  developed. 

-e- i l  
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Chemicals from Coal. Hydrogenation Products 

M. D. Schlesinger 

Pittsburgh Coal Research Center, EUreau of Mlnes, Pittsburgh, Pa. 

m m m  
Coal has been the source of large quantities of i s e fu l  chemicals and vill con- 

Because coal is % major resource of our coun- tinue t o  be for a long time to come. 
try, the Federal Bureau of Mines i s  v i t a l ly  conced&i w i t h  i ts development and ef- 
f ic ien t  utilization. Although millions of p~&ds of coal chemicals are marketed 
each year, people working with coal envision an even greater potential. a s  new proc- 
esses a re  developed. The discussion that follows w i l l  consider some of  the methods 
"it have occupied the  ninds of men for some t i m e  and sqme of the recent develop- 
ments pioneered by the  Bureau. 

The coal hydrogenation process for mkiq liw fuels has been investigated in 
de ta i l  since its application as an industrial process almost 4-0 years ago. 
passed economic mri technical changes have taken place that jus t i fy  a reevdwhion of 
existing lniowled.ge. Under present quasi-peaceful world conditions where a copious 
supply of natural petroleum is available a t  low cost, hydroga t ion  of coal cannot 
be considered a s  a major source o f  liquid fuels.(5hiowever, coal is an abundant raw 
material, and ,its application to other processes, exclusive o f  power and heat gener- 
ation, presents a real challenge. 
investigated the hydrogenation of coal and other coal. u t i l i za t ion  processes f o r  many 
years. This work is s t i l l  in progress in varying degrees, snd in the follov'ing dis- 
cussion a re  some of the gaseous, liquid, and solid chemicals that  can be derived from 
the hydrogenation o f  coal. 
design problems and an ever changing economic situation. 

As time 

Organizations in the U n i t e d  States and abroad have 

Associated with these technical developments are mang 

DISCUSSIOIP 

When considering the utilization of coal, it is natural t o  thlnk in tenns of 
thousands or even millions of tons a year. If the potential chemical products from 
coal are es tba ted ,  the qusntities of  chemicals must be evaluated in terms of pres- 
ent and potential markets. 
instances are greater than the current usage. Table 1 is a l i s t  of the more vol- 
rmcInous products thst could be produced in a single 3O,OOO-bbl/day coal hydrogenation 
plant t h a t  reacts about 12,000 tons of coa l  per day. These fac ts  are f a i r ly  w e l l  
known, and rather than r ec i t e  comparative figures, consideration w i l l  be given to 
some of the  more  p len t i fu l  chemicals. It should be mentioned that there i s  con- 
siderable process f l ex ib i l i t y  to change the product distribution. 

The tonnages of possible products are high and in some 

The potential yield of most chemicals from hydrogenation is several times 
greater than f r o m  carbonization since most of the carbon i s  converted to  liquid and 
gaseous hydrocarbons. 
extensive and generally can be categorized by the type of compounds shown in figure 
1. Products of c o a l  hydrogenation contain appreciable quantities of aliphatics, 
aromatics (single-ring 3sd polycyclic), substituted sroroatics, heterocyclic com- 
pounds, and hydroaromatics. 
have only  limited markets, and the i r  disposal could be a problem.(4)r (7) 

The l i s t  of potential chemicals from coal hydrogeaation is 

Many of  the products that can be produced in quantity 
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l!AET,E 1.- Chemicals from a Coal Hydmgenation Plant 

(j0,OOO barrels per day from U o i s  coal) 

Aromatics w o n  p o d  per y e a d  

.................. 
Toluene .................. 224 372 pgi” Benzene 

Xylene ................... 425 
Ethylbazene ............. 73 

U e d  aromatics .......... 3 
Total .............. 1 J 373 

Naphthalene .............. 104 ( 497) 

Tar acids 

Phenol ................... 51.8 
o-Cresol ................. 5.8 
m-, p-Cresol ............. 63.3 ................. 4.4.8 Xylenols 

Tota l  .............. 165 - 7 

~mmonium sulfate, tons/year ... 148,500 
s u l ~ u l c  acid, tonsfyear ...... 29,400 

a 330 stream days. 4 l$l p d u c t i o n  from 

- 

sources in parentheses, million puncis 
per year. 

It would be desirable t o  be able t o  produce and separate only  compounds f o r  
which there i s  a ready d r k e t .  
the burden of chemicals that have only fuel value. 

In this my,  s a b l e  products would not have to bear 

A t  the present time the most useful products from coal are the low-molecular- 
w e i g h t  members of each series; benzene, toluene, xylene, naathalene,  and phenol. 
These a re  the preferred elementary building blocks used to &e well-defined products. 
Plastics, synthetic fibers, resins, detergents, and elastomers consume 7.3 bil l ion 
pounds a year o f  benzene, toluene, and xylene, 520 million pounds of naphthalene, and 
-0 million pounds of phenol. The consumption of these five major m w  materials that 
can be made from coal i s  s t i l l  growing. 
investment in a coal hydrogenation system to produce the few marketable products. In 
fsct ,  the direction in recent years has been t o  dealkylate substituted amnatics from 
petrole 
t r i e s . ( T  Here i s  a case where knowledge of  the product composition and process know- 
how were applied to  supply a need a s  the narket developed beyond the capacity of the 
prin!ary sources. 

So far ,  no one bas been able to  just i f l  the 

, producing benzene snd naphthalene for consumption in synthesis indus- 

In 1952 Chemical and Ehgineerbg News(3) described studies by Carbide and Carbon 
Co. and i ts  “coal hydrogenation un i t  designed t o  manufacture aromatic chemicals.” 
Carbide and Carbon did much work on the primary liquefsction products and founr?. a 
large number of chemicals worth up to  several dollars a pound. Some of the products 
visualized as  finished products of intermeeaTes were the l i gh t  products B-T-X, naph- 
thalene, &d tar acids and heavier usefu l  materials such a s  indan, fluorene, anthra- 
cene, phenanthrene, iadanols, quinoline, carbazole, furans, z n d  many others. These 
are  indicated in the figure described previously. Markets have not develoyd f o r  m o s t  
of  the high-molecular-weight products that  could be separated.. 
tinues t o  increase f o r  lower-molecular-weight chemicals as  mcnomers fo r  designhg com- 
?lex molecules that have no structural  c o u n t e m r t  in the hydrogenation proaucts. 

Instead, the demand con- 



condensed aromatic structures such as pyrene aad coronene, which mag he con- 
sidered a s  useful products, a r e  resistant t o  mizd hydrogenatian conditions. 
recovered in the heavy o i l  product from hydrogenation O f  c o d  and CBP be isolated Fn a 
CrystaUine form. 
o i l "  produced by roasting the plant residue. A W ,  condensed arconatics are formed 
in the kiln through cracking and dehydrogenation during carbonization. 
ponents of the recovered o i l  are methylpyrenes, carbazole, and some 1,12 benzperylene. 

They are 

%%e greatest amount of condensmi ammatics are recovered. irx "biln 

Other cam- 

m e ,  which may he in 10 t o  12 percent concentration in the kiln o i l ,  can be 
concentrated further by d i s t i l l a t i on  and isolating the mid-bpercent fraction. 
bazole i s  concentrated in the low-boFUng fraction, and the v a m  residue contains 
the coronene concentrate. The Irgrene fraction is distilled into mrrm fractions 
separated f a  the o i l  and mixed w i t h  a solvent such as benzene-alcohol that dissolves 
only oil. 

Car- 

W h e n  the solvent is centrifuged or filtered off,  pure py-rene remains. 

Carbazole is very resistsnt to  m g e n a t i o n ,  snd mst other  aromatics Fn the l ow 
The boiling fraction of the kiln o i l  can be hydrogenated to lighter d i s t i l l ab le  o i l s .  

reejning carbazole is insoluble and can be separated by filtration and disti l lat ion.  

Comnene can be isolated fm the kiln o i l  resichum af t e r  vacuum dis t i l l a t ion  t o  
renuwe -e. 
f i l tered.  Coronene is insoluble and is recovered in pure f o n a  Contaminsting hydro- 
carbons can be hydrogenated t o  Lover boiling l iqy ids  by catalytic ref-. Coronene 
is not hydrogenated and is recovered as a precipitate. 
done by vacuum disti lLation o r  recrystallyation fmm 0-dichlorobenzene. 

The fraction boiling a t  350" t o  400" C is slurried vith benzene and 

Further purification can be 

SumLl-scale studies on the hydrogenation of coal have been Umi+Rd i n  the past 
by the relatively long time, 3 t o  4 hours, required t o  heat and cool Fn autochve. 
The influence of temperatures, especially &ove 350" C, on the experimental results 
has always raised questions concerning the validity of the data. 
shorn in figure 3 was developed with two main objectives, rapid heating and cooling 
and  mall m g e  size. passing a Low voltage and high current (about PO amps a t  
15 v) through +&e type 304 staidLess s t ee l  reactor rabes the temperature t o  800" c 
in about 2 mirmtes. Pressures a s  high as  6,000 psig could be maintained for over an 
hour before m e t a l  fatigue occurred.. When a n  experlnmt is completed, the reactor is 
cooled Details of this apparatus have been pub- 
llshed. 9 )  
conditions f o r  the production of methane and light hydrocarbans, and from these 
studies a new synthes3.s of  polycyclic ammatics m s  found. 

The reaction system 

about 10 seconds by a water j-et. 
Eqeriments on the hydmgenation of coal could then be made a t  more severe 

E dry c d  i s  hydrogenated a t  6,000 psig and 800" c f o r  zero and 15 minutes and 
EZ hydro?@ rate of 100 s c f i  (0.5 QS), the results shown in figures 4 t o  6 are ob- 
tained. In gened, the conversion of  all coals is m o s t  rapid w i t h i n  the f i r s t  3 
minutes and thereafter proceeds a t  a steady, slower rate. 
i l h r  but there is no change in the yield of liquids which are produced in the early 
stage of the reaction aad swept out of the apparatus. This reaction is  substantiated 
by the conprative experiments sham in  figure 7, where two se ts  of experknental data 
d e  a t  two gas velocit ies are sham. 
carbon vapors have more time t o  be hydrocracked t o  additional hydrocarbon gases. 

The -fiela of gas is sim- 

A t  the lower gas rate o f  20 scfh the hydro- 

The concentration of methane in the C 1  to  C 3  fraction of the gas calculated from 
Although the the spectrometer analyses increased with coal rank a s  sham in table 2. 

gas formed from lm-ranlc coals contained l e s s  methane, there were more higher hydro- 
carbons present which gave a higher heating value. 
pmduced; that  Is, the  low-rank coals produced more Uquld product a s  shown i n  
figure 6. 

5 i s  trend extends t o  the o i l s  

Anthracite ami c b r  produced IIO l iquid praiucts. 



TABLE 2.- Distribution of light hyckwcarbons in the gas 

Composition, vol pct 
Methane Ethene Propane 

............... Lignite 82 15 3 
High volatile C ....... 88 10 2 
High volatile A ....... 9 9 1 
Anthrxite 92 7 
High volatile C char .. 92 8 0 

............ 1 

An-f~.~J~sis of the liquid product from a Wyoming coal (hvcb) is shown Fn table 3. 
The mass spectrum indicates a complex mixture of products contabing 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 hvcb W y o m i n g  cod. 

TABLE 3.- Mass spectra of o i l s  from hydrogenation of a Wyoming coal (hcb) 
(6,000 psig, 800" c) 

Possi3le compound types Volume-pe rcent 
including alkyl derivatives of total oil 

Benzene, toluene, etc. ...... 23.1 
Phenols ..................... 21.5 
Haphthalenes ................ 18.7 
JndBnOlS .................... 11.0 
Phenanthrenes, anthracenes . . 3.3 
Bhnce ..................... 22.4 

The next subdect describes some work that falls in the category of unexpected 
findings. When anthracite coal was hydrogenated fo r  making high-Btu gas ,  the cold 
trap conkined a yellow *der identified by ultraviolet analysis as a high concen- 
tration of coi-onene. 

The experinental data shown in table 4 indicate the limits for temperature 3nd 
pressure - 6,000 to 8,000 psig and 700" to 800" C. 
0.8 w t  pct of the low-volatile (4.2 percent volatile matter) anthracite. 
-AS a low-density, porous yellow-orange solid that - a s  about 70 percent coronene by 
ultraviolet analysis. 
is mostly 1,U-benzperylene and pyrene. Most of the comnene was recovered in the cold 
tra?, but some 'as obtained from the connecthg lines and reactor by washing w i t h  warm 
benzene. Coronene in the wash is included in the field. 

The maximum yield of coronene was 
'Pbe product 

Some samples contained over 80 percent comnene. The balance 

'PAHLF 4.- Coronene from hydrogenation of anthracite 

30 minutes at - Coronene, weight-percent 
Temperature, 'C Pressure, psig in solid product Of maf coal 

600 
700 
800 

600 

- Zd 

6,000 

6,000 

a, coo 
8,000 

5, COO 

8,000 

0 0.01 
-P. 0.5-0.8 
37 0.3 

0 0 

38-54 0.4-0.5 
49 0.5-0.7 
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Coronene could also be produced from Pittsburgh seam coal (hvab), but from the 

few experiments made it appeared that the higher temperature of 800" C a t  6,000 psig 
was required t o  y-ield the same amount of coronene - about 0.5 wt pct of the lnaf coal. 
Hawever, no d r y  solids were recovered in the cold trap, and the yields are  based on 
an analysis o f  the benzene washings. 
found vhen a hvab coal vas used. 

E q U d  -tities of c o m e  and p~rrene were 

Other m t e r i a l s  such as asphaltems and cerrtrifuge residue from the m g e n -  
a t i o L  of cod. were a lso  examined. The 
times more pyrene were  present. Thus, no other coal o r  coal hydrogenation product 
was as good as anthracite for this synthesis. 
coal i s  only 0.5 t o  0.8 percent, a use must be found f o r  the resulting hydrocarbon 
gases and char. 
value, the coronene could be sold for less th;ul $1 a pound. 

o f  coronene were hwer and 4 to  10 

Since the yield of coronene from 

It has been est-ed that if the gas and char are sold for  fuel 

Another product that can be considered 13 the mixture of closely related chem- 
ica ls  t h a t  nay be used as fuel f o r  supersonic a i rc raf t .  
the hydrogenation of coal contains bicyclic aromatics that could be hydrogenated t o  
naphthenes tha t  are thermally stable and have many desirable properties. 
produced in the p i l o t  planz of the Bureau of Mines was d i s t i l l ed  to 325" C end pint 
o i l  for feed stock. This o i l  uas then desulfurized and partially hydrogenated Over 
cobalt-molybdate catalyst  at  2,500 psig, 400" C, 50 scf H2 per pound of oil, anti a t  
a space velocity of 3 vol o i l / ? r / ~ o l  catalyst. A 180' to 280. C fraction of the de- 
sulfurized o i l  was saturated Over a nickel catalyst t o  produce s naphthenic product. 

A similar fuel f o r  supersonic Jet a i r c ra f t  has been produced f r o m a  d i s t i l l ab le  

The d is t IUable  o i l  fmm 

An o i l  

fraction of tar made by low-tempemtnre carbonization. 
been published in a Report of Investigations. (10) 
bution o f  products indicated by mass spectrometer snalysis is shown. 
all of the o i l  is in the C1o t o  Crg w e  w i t h  a maximum a t  CE o r  C13. 
met  a l l  but one of  the specifications established tentatively f o r  this type of fuel. 
For some as yet unexplained reason, this oil was not stable in the high-tentperature 
t e s t  u n i t .  
a f t e r  rehydmgenation. 

Results of this work have 
In figure 8 the narrow distri- 

Practically 
This -puel 

However, recent laboratory tests indicate that the o i l  is more stable 

A p l a s m  j e t  uni t  is now being used fcIr experhents x i th  coal a t  very high 
Lf the tenperature of the coal approaches the plasma temperature, ex- temperatures. 

tremely severe hydmgenation conditions can be established. 

A t  the present t h e  only  United results are  available. When coal is h e a t 4  Fn 
an argon plasma, the products a re  a very f h e  residue, carbon mnoAde, methane, acet- 
ylene, hy.lrogen, and nitrogen. 
slow cooling of the products. Quenching w i t h  gas or l i q u i d s  w i l l  give other products. 
Also, the pmducts Kill. vary with other ooeraxing variables such ss the working gas 
composition, gas and coal rates,  and power input. 

The composition shown in table 5 m s  obtained with 

Other forms of  energy such as miclriwaves, corona discharge, and mser and laser 
beauts have a l s o  been considered a s  an active environment f o r  zeal hydrogenation ex- 
periments. 
paper stage a t  the present time. 

However, nanpover and financial l imitations are keeping these in the 

Several l n p r t a n t  fac tors  a re  becoming evident as work on hydrogenation of ccal 
Instead o f  a wide continues. 

range of l i w d  fuels we have been making hydrocsr3on gases and light aromatics, rel- 
atively pure polycyclic products, and r e h t i v e i y  m m  f-zictions. 
yields more of  these desired oroducts than a caroo&ation o r  coking process. 
hydrogenation p v i d e s  us with a potential for provi-g large quantities 3f usefuJ- 
products when a profitable denrand develops. 
product "tree" as  extensive as the popular "tree" published f o r  coal tar. 
of Mines w i l l  continue to  do its psrt in provijing 30 etmosphere i n  whlch the W h -  

'ole system is being mdified to  yield fewer products. 

Eydrogenation 
Thus, 

m y  ?eople envision a ccal hydrogenation 
The 3Ureau 
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genatian tree vill come to  fluit ion.  

1 
Y 

TABLE 5.- Gas composition from coal in a plasma j e t  
(5 kw net m e r  input, kvab coal- 70 x 100 mesh) 

Argon ............. 84.5  - 
Hybrogen .......... 9.3 60 
xitrogen .......... 0.9 6 
CH4 ............... 0.3 2 
c 9 2  .............. 2.3 15 
co ................ 2.7 17 
c02 ................ tr - 
Coal conversion - 15 percent 
Residue (4325 mesh) - 6 percent of coal feed 
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COAL CHEMICALS FROM COAL OXIDATION PRODUCTS 

R .  S. Montgomery 
The Dow Chemical Company 

Midiand, Michigan 

Coai can be oxidized i n  va r ious  ways t o  y i e l d  mixtures  of organic  
a c l d s .  The product obtained,  of  course ,  depends t o  some e x t e n t  on 
the s a e c i f i c  process .  The process t h a t  The Dow Chemical Company has 
f e l t  t o  be the most promising involves  the  oxida-tion of a suspension 
of  bituminous c o a l  i n  aqueous sodium hydroxide by means o f  gaseous 
oxygec under high p r e s s u r e .  This process  r e q u i r e s  about th ree  pounds 
of sodium hydroxide for every pound of coa l  oxidized.  The Dow Chemical 
Cornpang a s  you know i s  a l a r g e  producer of ch lo r ine  and sodium hydro- 
x ide .  Since w e  have l a r g e  i n t e r n a l  requirements for ch lo r ine  without 
c t e  equivalent  requirements  for the  sodium hydroxide produced as a 
eo-prodact,  t h i s  p rocess  would seen i d e a l  for us.  The process  t h a t  
V J ~  used i s  b a s i c a l l y  t h e  process  de;ieloped by The Coal Research 
Laboratory of  The Carnegie I n s t i t u t e  of Technology. We d i d ,  however, 
 ne t h i s  process  somewhat by us ing  a more s o p h i s t i c a t e d ,  rnultiple- 

chanber,  s t i r r e d  r e a c t o r  s o  t h a t  t he  process could be c a r r i e d  ou t  
cont inuously.  The Coal Research Laboratory had ilsed a simple s t i r r e d  
autoclr-:ie, but  o f  cou r se  recognized t h a t  t h i s  r e a c t o r  would probably 
.be rnodiried t o  a l low cont inuous ope ra t ion  i n  an a c t u a l  commercial 
p rocess .  

The oxidat ion products  ob ta ined  by t h i s  process  a r e  sodium carbonate,  
a r e l a t i v e l y  sma l l ,  amo-unt of  t h e ,  base.-soluble, water- insoluble ,  hw.i.3 
a c i d s ,  2nd the most important  product,  a l ight-yel low colored ,  water- 
so lub le  mixture o f  aromatic  a c i d s .  The averag? molecular and equiva- 
l e n t  weights o f  t hese  so -ca l l ed  “ c o a l  ac ids”  a r e  about  270 and 82 
r e s p e c t i v e l y ,  F e s u l t i n g  i n  an average carboxyl ic  a c i d  f u n c t i o n a l i t y  
of 3.3 .  The main components o f  t h i s  inixture a r e  the  var ious benzene, 
naphthalene,  and biphenyl  polycarboxyl ic  a c i d s ;  1,2,4 benzenetr icar-  
bojcylic a c i d ,  which c o n s t i t u t e s  about 21% of the  mixture ,  i s  the  most 
i n p o r t a c t  s i n g l e  ccmponent,2’3’4’5 The sepa ra t ion  or even f r ac t iona -  
t ior.  o f  t h i s  mixture  i s  d i f f i c u l t  and expensive6 and s o  any commercial 
use f o r  i t  w i l l  probably,  a t  l e a s t  i n i t i a l l y ,  be a use f o r  the mixture 
as a whole without  any ex tens ive  sepa ra t ion .  

%ere are many p o t e n t i a l  uses  for t he  coa l  ac ids ,  and some o f  them 
appear t o  have a g r e a t  dea l  of  promise. This  product i s  q u i t e  unique 
i n  t h a t  these a c i d s  are almost completely aromatic bu t  have s u f f i c i e n t  
p o l y f u n c t i o n a l i t y  so  t h a t  they a r e  r e a d i l y  so lub le  i n  water,  and 
i n s t e a d  of c r y s t a l l i z i n g ,  form an amorphous film on the  removal of the  
water .  T h i s  g r e a t  d i f f e r e n c e  between the  coa l  a c i d s  ana c u r r e n t l y  
a v a i l a b l e  aromatic a c i d s  i s  both a s t r e n g t h  and a weakness. It i s  
a s t r e n g t h  because t h e r e  i s  the  p o s s i b i l i t y  t h a t  very l a r g e  amounts 
could be required for a p p l i c a t i o n s  where v i r t u a l l y  no s u b s t i t u t e s  
could be found. It i s  a weakness i n  t h a t  t he re  i s  no ready-made 
market f o r  a m a t e r i a l  of  t h i s  k i n d , . a n d  it i s  d i f f i c u l t  t o  a s s e s s  
a c z u r a t e l y  t h e  volume t h a t  could be s o l d  and t h e  value t h a t  i t  would 
have t o  the consuner.  

The a c i d s  themselves and t h e i r  s a l t s  have been suggested as s u b s t i t u t e s  
f o r  o t h e r  water-soluble  a c l d s  i n  var ious a p p l i c a t i o n s , l  and i n  a d d i t i o n  

n p  -0: 



have Seen used a s  cor ros ion  I n n i b i t o r s 7  and a s  a s e t  r e t a r d e r  f o r  
?ypsuma. 
i s  t h e i r  use as a warp s i z e  f o r  syn the t i c  f i b e r s .  The coa l  a c i d s  were 
found t o  be an exce l l en t  warp s i z e  f o r  nylon, po lyes t e r  f i b e r s ,  and 
c e l l u l o s i c s . s J 1 o J 1 1  The reason f o r  t h i s  i s  t h a t  tnese polyf i inct ional  
a c i d s  i n t e r a c t  more and more s t rong ly  by h y d r q e n  bonding a s  t h e i r  
aqueous so lu t ion  becomes more m d  more concentrated u n t i l  f i n a l l y  they 
form, t o  a l l  i n t e n t s  and purposes, a ”h igh  polymer” a t  very  low v a t e r  
conten ts .  
and so t h i s  high polymer” i s  s t i l l  p e r f e c t l y  so luble  i n  water .  
Although the coa l  a c i d s  make an e x c e l l e n t  warp s i z e ,  they do have a 
very r e a l  disadvantage.  T e x t i l e  m i l l s  a r e  n a t u r a l l y  r e l u c t a n t  t o  use 
a colored s i z e  on an expensive f i b e r  even i f  they a r e  assured  t h a t  i t  
can be e n t i r e l y  removed a f t e r  weaving. 

Perhaps the most obvious d e r i v a t i v e s  o f  an organic  a c i d  t o  be i n v e s t i -  
gated a r e  the ? s t e m ,  and i t  was found t h a t  the var ioxs  e s t e r s  of the 
coal  a c i d s  cou.ld be used as p l a s t i c i z e r s  , syn the t i c  l u b r i c a n t s  , l 2  

hydraul ic  f l u i d s ,  l3  and cor ros ion  i n h i b i t o r s .  l4  Here aga in  t h e i r  co lo r  
mi t iga ted  aga ins t  t h e i r  use i n  p l a s t i c i z e r s  and they d id  not  possess  
any property,  inc luding  p o t e n t i a l  p r i ce ,  t h a t  would make them extremely 
i n t e r e s t i n g  for these  a p p l i c a t i o n s .  If they were a v a i l a b l e  the re  would 
doubt less  be some so ld  f o r  these purposes,  b u t  a product ion p l a n t  would 
not  be cons t ruc ted  on the s t r e n g t h  of  these app l i ca t ions .  

The most promising appl ica t ion .  f o r  the coa l  ac ids  i s  t h e i r  u s e  i n  
thermoset t ing r e s i n s .  They can be r eac t ed  wi th  an alkanolamineJL5 
alkylene oxide,  polynydroxyl compound1‘, or polyaminei7 t o  g ive  a wide 
spectrum o f  r e s i n s  wi th  varying p rope r t i e s .  The polyamide , polyes te r  , 
or combination o f  func t iona l  groups poss ib le  i n  these  r e s i n s  are 
i l l u s t r a t e d  i n  the following examples: 

One app l i ca t ion  f o r  these  a c i d s  t h a t  I s  c e r t a i n l y  not  obvioits 

F e s e  c ros s l ink ing  hydrogen bonds a r e  cleaved by water  

It i s  advantageous t o  prepare a p a r t i a l l y  cured b u t  s t i l l  water-soluble  
r e s i n .  Heating equiva len t  amounts of the  coa l  a c i d s  and monoethanol- 
amine a t  170°C. f o r  3 hours gave 85% e s t e r i f i c a t i o n ,  b u t  very l i t t l e  
amide formation. Other p a r t i a l l y  cured bu t  water-soluble  r e s i n s  can 
be prepared by hea t ing  the  coa l  a c i d s  wi th  p e n t a e r y t h r i t o l ,  or e t h y l -  
ene, propylene, or butylene oxides .  These p a r t i a l l y  cured resins 
a r e  i n  the form of viscous aqueous so lu t ions .  They can be s to red  
i n d e f i n i t e l y  i n  t h i s  form without any danger o f  f u r t h e r  ?olyrnerization. 
This p a r t i a l l y  cured ma te r i a l  w i l l  completely cure  to  a s t rong ,  inso-  
l u b l e  , cross l inked  s t r u c t u r e  when i t  i s  heated a t  e l eva ted  temperatures  
(over  2 O O O C ) .  I n  add i t ion ,  these p a r t i a l l y  cured coa l  a c i d  r e s i n s  a r e  
compatible wi th  the  water-soluble  phenol-formaldehyde prepolymers, and 
are incorpora ted  i n  the  phenol-formaldehyde polymer s t r u c t u r e .  The 
physical  p rope r t i e s  of the  cured c o a l  a c i d  r e s i n s  compare favorably  
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with  those  o f  o t h e r  thermoset t ing resins, and i n  a d d i t i o n  a t  a s u i t -  
a b l y  l a r g e  volume t h e i r  c o s t  should be less  than  the o t h e r  thermosets.  

These c o a l  a c i d  r e s i n s  could be used f o r  many purposes such a s  plxpood, 
hardboard, and chipboard binders' ', b inders  for f i b e r g l a s s ,  ana s h e l l  
molding and foundry core  resins ' ' .  There has been a g r e a t  d e a l  or' 
work done e s p e c i a l l y  i n  the f i e l d  of foundry r e s i n s ,  and these r e s i n s  
have shown cons iderable  u t i l i t y .  The extremely long pot l i f e  i s  a 
d e f i n i t e  advantage f o r  many uses  , but  the a t t e n d a n t  r e l a t i v e l y  high 
cur ing  temperature i s  a disadvantage when the r e s i n  i s  used t o  bind 
thermally s e n s i t i v e  m a t e r i a l s .  I n  any case the coa l  a c i d  r e s i n s  a r e  
very promising and appear t o  represent  the  bes t  p o s s i b i l i t y  f o r  a 
l a r g e - s c a l e  use f o r  t h e  coa l  a c i d s .  

The f i n a l  por t ion  o f  my t a l k  w i l l  be concerned wizh the ques t ion  of 
t h e  economics o f  producing a product such a s  t h i s  and why The DON 
Chemical Company has  n o t  begun commercial production. Bas ica l ly ,  the 
c o a l  a c i d s  a r e  a low-priced product.  I f  they a r e  t o  be Comiiercially 
s u c c e s s f u l  they must compete pr icewise with the products which w i l l  
do a s i m i l a r  job i n  a p a r t i c u l a r  a p p l i c a t i o n ,  and i n  genera l  these 
are high-volume , r e l a t i v e l y  low-priced zhemicals. Ir, a d d i t i o n  to  
being a low-priced product,  the coa l  a c i d s  a l s o  r e q u i r e  a l a r g e  
c a p i t a l  expendi ture  f o r  production f a c i l i t i e s .  For a product of  t h i s  
kind r e q u i r i n g  a l a r g e  c a p i t a l  expendi ture ,  t h e r e  i s  a c h a r a c t e r i s t i c  
volume-cost curve.  A t  h igh production r a t e s  the c o s t  i s  low, but  
where a high product ion ra te  i s  not j u s t i f i e d ,  the product i s  very 
expensive t o  produce. Therefore a company embarking 01: the commercial 
p roduct ion  of a proCuct such as t h i s  must take a ca lcu la ted  r i s k  and 
c o n s t r u c t  a l a r g e  product ion p l a n t  and pr ice  the product low i n  the  
hope of developing a l a r g e  market f o r  i t  wHc:? w i l l  j u s t i f y  t h i s  la rge  
p l a n t  and low p r i c e .  I f  the market does not develop a s  hoped, a grear; 
d e a l  of  money could be lost. Therefore,  what i s  needed t o  s t imula te  
i n t e r e s t  i n  the  commercial production of c o a l  chemicals from coal  
o x i d a t i o n  products i s  a s i n g l e  l a r g e - s c a l e  use which seems c e r t a i r ,  
enough t o  j u s t i f y  che cons t ruc t ion  of a l a r g e  production p l a n t .  A t  
the  present  t i m e  the  c o a l  a c i d  r a s i n s  appear t o  r e p r e s e n t  the b e s t  
p o s s i b i l i t y  of  ob ta in ing  t h i s  la rge-sca le  u s e .  
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INDENOLS I N  COAL TARS. THE FIRST PREPARATION OF ZNDENOL. 
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Indenes have long been known t o  be major c o n s t i t u e n t s  of coal  tar, but only recent ly  
evidence for the  presence of  indenols  has  come from examination of severa l  coa l  tars 
by low ionizing vol tage mass spectrometry.11 
ance of a s e r i e s  of peaks at  mass u n i t s  corresponding t o  the molecular weights of 
indenol and i t s  homologues i n  coa l  tar phenolic f r a c t i o n s .  This s e r i e s  of peaks 
p a r a l l e l s  the corresponding indanol s e r i e s  of mass u n i t  peaks. These ubiquitous 
but e l u s i v e  compounds may be  responsible  f o r  m c h  of t h e  gum formation i n  coa l  t a r ,  
p a r t i c u l a r l y  i n  the  tar a c i d  f r a c t i o n .  

The parent hydrocarbon, indene, has  been a chemical of commerce f o r  severa l  years ,  
and recent ly  a s e r i e s  of indene d e r i v a t i v e s  has been made a v a i l a b l e  f o r  development 
purposes. The commercial importance of these compounds stems from t h e i r  high chem- 
i c a l  r e a c t i v i t y .  In t h e  c a s e  of indenols ,  which appear t o  be major components of 
c e r t a i n  coal  tars, t h e  presence of a phenolic group a s  well as  an o l e f i n i c  bond i n  
conjugat ion with an aromatic r i n g  m u l d  be expected t o  provide even g r e a t e r  oppor- 
t u n i t y  f o r  react ion.  

While indene and severa l  of i t s  d e r i v a t i v e s  a r e  thus readi ly  a v a i l a b l e ,  indenols 
have escaped t h  synthes is  and is01 t i o n .  Two der iva t ives  of indenol, an indenol- 

re ference  e x i s t s  f o r  any prepara t ion  of the  parent  phenol. It should be pointed 
out t h a t  1-indenol i s  known, but  t h i s  compound i s  not  phenolic. 

I n  order  t o  study the p r o p e r t i e s  of the indenols ,  and even t o  prove t h e i r  presence 
i n  coa l  tar, i t  appeared necessary t o  f i r s t  i s o l a t e  o r  synthesize a t  least one 
member of the s e r i e s .  

We have now developed a successfu l  procedure f o r  preparing both 4- and 5-indenol 
by c a t a l y t i c  dehydrogenation of t h e  respec t ive  indanols  which a r e  a v a i l a b l e  from 
coal  t a r .  
genat ion of s u b s t i t u t e d  ethylbenzenes t o  the  corresponding s tyrenes was adapted. 
The method involves passing steam and indanol over a chromia-alumina c a t a l y s t  a t  
570' C. 
mass spectrometer and gas  chromatograph showed t h a t  unchanged indanol was usual ly  
the  major cons t i tuent .  

Subsequently, t h i s  procedure was modified, r e s u l t i n g  i n  higher  and more repro- 
duc ib le  y ie lds .  
t h e  product. In  the  dehydrogenation i t s e l f ,  n i t rogen  has  been s u b s t i t u t e d  f o r  
steam a s  a c a r r i e r  gas .  The pyro lys is  temperature has  been increased t o  650' C. 
In t h i s  way, we have succeeded i n  preparing s izeable  quantities of indenols i n  good 
y i e l d s  from both 4- and 5-indanol. The same procedure has been used t o  dehydro- 
genate  indanol t r i m e t h y l s i l y l  e t h e r s  t o  the  corresponding indenol t r i m e t h y l s i l y l  

This  evidence is based on the  appear- 

0-acetie-acid- 9 and a methoxyindene 37 have been reported i n  the l i t e r a t u r e ,  but  no 

The s y n t h e t i c  approach proved t o  be more rewarding. 

I n i t i a l l y ,  a procedure developed by Webb and Corso& f o r  the dehydro- 

The procedure was not  always reproducible ,  and ana lys i s  of t h e  product by 

I n  addi t ion ,  several techniques have been developed f o r  purifying 



e t h e r s .  
a r e  l i q u i d s  and thus more readi ly  led t o  the pyrolysis  column. In addi t ion ,  the 
e t h e r s  give somewhat b e t t e r  conversions t o  the  dehydrogenation product and appear 
t o  be more s tab le  during s torage .  Gas chromatography of the indenols as t h e i r  
t r i m e t h y l s i l y l  e t h e r s  has c e r t a i n  advantages. In  general ,  the  e t h e r s  can be  
chromatographed a t  lower column temperatures than the  parent  indenols. 
polar  nature  of the e t h e r s  is an addi t iona l  advantage, allowing a wider choice of 
column packing and giving b e t t e r  separat ion and l e s s  t a i l i n g  of peaks. 

.This latter method is more convenient, s ince the t r i m e t h y l s i l y l  e t h e r s  

The non- 

Both the indanol and indenol t r i m e t h y l s i l y l  e t h e r s  are readi ly  prepared by ref lux-  
ing the phenols with hexamethyldisilazane,z/ and the  indenols a r e  e a s i l y  regener- 
a ted from the e t h e r s  by re f lux ing  with ethanol .  

The i n i t i a l  i s o l a t i o n s  of pure indenols required repeated r e c r y s t a l l i z a t i o n s  from 
petroleum e t h e r  to  obta in  pure, indanol-free samples. 
by gas chromatographic ana lys i s ,  and checked by low ionizing vol tage mass spectrom- 
e t r y  which gives  a measure of the r a t i o  of  mass 132 ( indenol)  t o  134 ( indanol) .  

Subsequently, several  chromatographic procedures were developed which allowed 
cleaner  separat ion of indenol from indanol. The f i r s t  chromatographic separat ion 
was c a r r i e d  out using a g l a s s  column packed with Chromosorb on which w a s  adsorbed 
aqueous AgNQ solution.=/ 
i n  heptane and put on the column. Elut ion with more heptane removed only indanol. 
The indenol was e lu ted  with methyl isobutyl  ketone. 

The second, more e f f i c i e n t  chromatographic separat ion w s  a similar procedure, 
c a l l e d  “l igand exchange .“81 This procedure combines ion exchange and coordinat ion 
chemistry t o  accomplish a task  t h a t  n e i t h e r  could do alone. An ion exchange i s  
prepared from an ion exchanger r e s i n  and a s u i t a b l e  metal ion  ( i n  t h i s  case Ag+) 
which can complex with t h e  appropriate  ligand ( i n  t h i s  case an o l e f i n ) .  In the  
procedure used, a Dowex c a t i o n  exchanger r e s i n  was washed with an aqueous so lu t ion  
of s i l v e r  n i t r a t e  and then a i r - d r i e d .  
a chromatographic column and an indanol-indenol mixture i n  acetone poured onto the 
column. Elu t ion  with petroleum e ther  removed the indanol. The indenol w a s  e lu ted  
with chloroform. 
excess came off  with the  indanol, r e s u l t i n g  i n  pure (99t percent)  indenol i n  the 
chloroform e l u a t e .  
samples. 

The i n i t i a l  gas chromatographic ana lys i s  of the  indenols was used t o  determine 
r a t i o s  of indanol to  indenol i n  pyrolyzate products and l a t e r  i n  p u r i f i e d  mater ia l .  
It was evident a t  an e a r l y  s tage of t h i s  problem t h a t  dehydrogenation of an indanol 
did not produce a s ing le  product, s ince the indenol peak on a gas chromatogram was 
readi ly  resolved i n  each case i n t o  two peaks. The dehydrogenation product from 
4-indanol was separated on a column t o  give two d i f f e r e n t  peaks, which have the same 
mass and almost i d e n t i c a l  u l t r a v i o l e t  spectra .  It i s  believed t h a t  these two com- 
pounds a r e  the isomers, 4- and 7-indenol, both of which can be formed by dehydro- 
genat ion of 4-indanol. 

Pur i ty  was r e a d i l y  determined 

Crude indanol-indenol pyrolyzate mixtures were dissolved 

The s i l v e r  impregnated r e s i n  was packed i n t o  

When t h e  column was d e l i b e r a t e l y  overloaded w i t h  indenol ,  the  

This proved t o  be the bes t  way t o  obta in  a n a l y t i c a l l y  pure indenol 
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The ease with which these two compounds isomerize is not known. HocrRver, the indi- 
vidual isomers appear to be stable with respect to each other, since freezing out a 
given isomer and re-injection in the column fails to shov any evidence of isomer- 
ization of the given material. 
the product of dehydrogenation of 5-indanol. 
less readily separated by gas chromatography (Figure 1). 

This isomeric pair phenomenon also has been found in 
The 5- and 6-indenol so produced are 

5-Indeaol 6-Iadeaol 

Xngold,A/ in his investigation of the 5-(6-) methoxyindenes, came to the conclusion 
that the material behaved as though it were a mixture of the two isomers. 
has referred to the compounds as tautomers. However, this is based on observations 
of experiments which could have given rise to isomerization. 
tomerism exists has yet to be demonstrated. In fact, the gas chromatographic 
behavior reported here implies a stability great enough 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. 
samples is consistent with the proposed fonmlas in that there are two olefinic 
hydrogens having the same chemical shift as those in indene.101 
of the indenols and their trimethylsilyl ethers bear the same relationship to the 
spectrum of indene as do those of the iadanols and their trimethylsilyl ethers to 
the spectrum of indane. 
iadeaol structures. 

Whelan&/ 

Whether true tau- 

The nuclear magnetic resonance spectra of both indeaol 

Ultraviolet spectra 

The infrared spectra of the samples are Consistent with 

EXPERIMENTAL 

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

Design of Pyrolysis Column 

The column used for dehydrogenation of indaaols is a stainless steel tube, 100 cm. 
long, with an O.D. of 25 mu. The lower 90 cm. of the tube is wrapped with 33 feet 
of 120 B6S nichrome wire covered vith porcelain insulator beads, The furnace portion 

t 
I 
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Figure 2.-Gas chromatography on a packed column of indanol-indenol 
mixture, os trimethylsilyl ethers. 
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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 m. O.D. stainless steel leading to one or 
more cold traps by means of rubber tubing. 
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. 
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. 

The top of the column has a rubber 

The packing consists of a lower layer (10 cm.) of 

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

Ammonium 

The powder was pelleted with 4 

Preparation of 4-Tr fme thy 1 s iloxy indane 
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 m.). 

Dehydrogenation of 4-Trimethylsiloxyindane 
While a stream of nitrogen was flowing through the pyrolysis column, 30 grams of 4-  
trimethylsiloxyindane was allowed to drip onto the column at a rate of 30 grams per 
hour. The column temperature was kept at 650' C. 
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. 
81.79; H, 6.10. Found: C ,  82.07; H, 6 . 4 6 .  

A sample of this indenol w a s  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 

The product was collected in 

Calcd. Cs&O: C, 

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 S-trimethyl- 
siloxyindane (bp 97-99 at 6-7 m.). 
ethanol to the indenol, mp 78-79.5' C. Calcd. for C,&O: C, 81.79; H, 6.10. 
Found: C, 81.92; H, 6.20. 

The material was converted by refluxing in 

Dehydrogenation of 5-Indanol 
While a stream of nitrogen was flowing through the pyrolysis column, molten 5-indanol 
was dripped onto the column at a rate of 30 grams per hour with the column temperature 
at 650' C. 
examination of the trimethylsilyl ethers of the product showed it to be largely 5- 
and 6- indenols. 

The product w s  collected in an ice cooled trap. Gas cnromatographic 
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Figure 1 is a chromatogram of a synthetic indanol-indenol-TMS ether mixture run on a 
150-foot x 0.01-inch I.D. capillary column coated with Ucon LB-5504 (a polyalkylene 
glycol containing an oxidation inhibitor). This capillary column is mounted in a 
Perkin-Elmer 1.54 Gas Chromatograph equipped with a hydrogen-flame ionization detector. 

The compounds shown in Figure 1, in order of emergence, are: 4-indanol-2TMS ether, 
5-indanol-RIS ether, 4-  and 7-indenol-TMS ethers, and 5- and 6-indenol-IMS ethers. 
Previous work on a 20-foot by l/b-inch packed column containing DC 550 silicone oil 
showed that the 4- and 7-indenol-ZMS ethers could be separated, but not the 5- and 
6-lndenol-1MS ethers. 

The conditions used to obtain the results shown in Figure 1 were: 
ture, 151' C; flash vaporizer temperature, 212' C; inlet pressure of N2 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 cm. 1. 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. 
tograph. 

Figure 2 is a chromatogram of an indanol-indenol trimethylsilyl (INS) 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-indano1-1MS 
ether. Peaks B and C are believed to be the 4- and 7-indenol-TMS ethers. 

column tempera- 

This was mounted in a Burrell K-3 Gas Chroma- 

Liquid-Liquid Chromatooraphy of Indenols 
The packings for the liquid chromatography experiments were made by absorbing an 
aqueous AgNG solution onto dry Chromosorb. The AgN03 solution in a polyethylene 
squeeze bottle was sprayed in snall 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 column 
69-inches l o n g  and of 3/4-inch inside diameter for the top 30 inches and 112-inch 
inside diameter for the bottom 39 inches. The glass column 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 AgNGsolution (60 grams AgN&/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 12-milliliter fractions 
(chosen on the basis of their refractive index) of the eluate were combined and 
evaporated to dryness (35'' C maximum temperature). 
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 HIBK-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 suggests that the indenol was eluted from the 
column as a silver complex OK salt, which was then decomposed during the preparation 
of the trimethylsilyl ethers, depositing metallic silver. 

The phenolic residues were con- 



2G4. 
Preparat ion of Ion Exchange Column Containing &+ 

A chromatographic column w a s  f i l l e d  with 200 grams of 50-100 mesh Dowex 50-X8 c a t i o n  
exchange r e s i n .  
n i t r a t e  w a s  poured through the r e s i n  f i l l e d  column. The r e s i n  was washed with water 
and then a i r -dr ied .  
COlUmLl .  

Xn aqueous s i l v e r  n i t r a t e  so lu t ion  containing 95 grams of  s i l v e r  

The s i l v e r  impregnated res in .was  packed i n t o  t h e  chromatographic 

Separat ion of 5-Xndanol and 5(6)-Indenol 

A mixture containing 2 grams of 5-indanol and 5(6)-indenol was dissolved i n  a 
minimum amount of acetone and poured i n t o  t h e  prepared columu which had been et 
with 60-68" petroleum e t h e r .  Gas 
chromatographic examination of t h e  e l u a t e  showed t h a t  only 5-indanol was present .  
E lu t ion  with chloroform removed the  5(6)-indenol, along with a small quant i ty  o f  
5-indanol. 

E lu t ion  was c a r r i e d  out  with petroleum e ther .  

When l a r g e r  amounts of indenol were put on the column, some indenol e l u t e d  with the 
indanol f rac t ion .  Elu t ion  with chloroform then gave pure indenol. 
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The Design and Operation of Fluidized-Catalyst 
Phtha l ic  Anhydride ?lants .  

E. L. Riley 

C ~ t e d  Coke and Chemicals Coapany, Limited, 

Shef f ie ld ,  13. 
Botherwood Laborator ies ,  

The c a t a l y t i c  oxLdation of naphthalene t o  FhthdLic anhydride by 
atmospheric oxygen is  a reac t ion  admirably su i ted  f o r  a f l u i d i z e d  reactor .  
attempts t o  produce phtha l ic  anhydride oc a commercial s c a l e  by t’his means ran i n t o  
ser ious  d i f f icu1t i . s .  
appreciat ion of may of the  f a c t o r s  involved. It is proposed i n  t h i s  paper t o  
describe how these d i f f i c u l t i e s  have been overcome aod a l s o  to i n d i c a t e  the 
e s s e n t i a l  fea tures  i n  design ana operat ion f o r  t h e  t rouble-free rcanufacturn of 
phthal ic  an!!ydride by t h i s  method. 

W l y  

This was because of mistzkes i n  design and a lack  of 

Fluidized-bed V. Fixed-bed. 

Phthal ic  anhydride has  been manufactured by the  oxidat ion of naphthalene 
i n  fixed-bed reac tors  for more than f o r t y  years. During t h i s  time considerable 
design and operat ional  experience has  been accumulated. 
known t h a t  such reac tors  have inherent  defec ts  wliich make impossible the  desired 
cont ro l  of reac t ion  conditions. , T i e  advent o f  tine fluidized-bed r e a c t o r  has made 
possible  not only a much c l o s e r  approach t o  these i d e a l  reac t ion  condi t ions but a l s o  
severa l  o ther  important advantages which favourably inf luence t h e  economics of the 
process. 
plant  and below a r e  l i s t e d  some of the  important advantages gained by this method of 
manufacture. 

Xevertheless, i t  is  widely 

Fig. 1. is  a flow diagram of a f luidized-catalyst  ph tha l ic  anhydride 

Greater  Safety. 
prevents  explosions and so permits operat ion w e l l  i n s i d e  t h e  explosive range of 
air:naphthalene r a t i o s .  

Hore precise  c o n t r o l  of reac t ion  conditions. The high thermal conductivity 
and good heat-exchange c h a r a c t e r i s t i c s  of this f lu id ized-ca ta lys t  bed permiss 
an exact  cont ro l  of reac t ion  temperature without t h e  formation of hot spots. 
Temperatures varying on ly  by one or two OF. can be held throughout a f lu id ized  
bed containing up t o  30 tons  of c a t a l y s t  or more. 
naphthalene r a t i o  and contact  t i n e  can each be var ied,  independently and quickly, 
so permit t ing a rap id  and exact adjustment of operat ing condi t ions t o  meet 
p a r t i c u l a r  requirements. 

Nore e f f i c i e n t  condensation of ph tha l ic  anhydride. 
naphthalene r a t i o  makes possible  t h e  more e f f i c i e n t  condensation of the  reac t ion  
product because o f  i ts  g r e a t e r  p a r t i a l  pressure i n  t h e  product gases. 
Operating the  r e a c t o r  a t  increased pressure permits t h e  condensation of P h  o r  
m o r e o f  the product d i r e c t l y  as l i q u i d ,  the balance being condensed as s o l i d  i n  
switch condensers. The loder  concentrat ion of oxygen i n  t n e  product gases, 
compared with that obtaining i n  fixed-bed p lan ts ,  reduces t h e  hazard of f i re  
and explosion down stream from the  reactor .  

?“ne presence of f i n e l y  divided c a t a l y s t  i n  tine reac tor  

Pressure,  temperature, air: 

A s u b s t a n t i a l l y  l o w e r  air: 

h 
A 



Lipuid naphthalene feed. 
mixture of air and naphthalene vapour involving t h e  use of a separate  
evaporator. T h i s  can g ive  trouble. j l i th  a f lu id ized-ca ta lys t  reac tor  
l i q u i d  naphthalene is pumped-directly i n t o  t h e  reactor. 

C a t a l y s t  charging. The tedious operation of charging c a t a l y s t  p e l l e t s  i n t o  
t h e  tubes of t h e  f ixed  bed reac tor  is avoided. 
c a t a l y s t  can be moved pneumatically from t h e  r e a c t o r  t o  t h e  c a t a l y s t  s torage 
v e s s e l  or i n  the  opposi te  d i rec t ion ,  even w h i l s t  t h e  plant  is operating. 

Fixed-bed phthakic anhydride reac tors  a r e  fed with a 

On t h e  fluidized-bed p lan t  

Operation at  increased aressure.  ?he operat ion o f  f luidized-catalyst  reac tors  
at increased pressure (1 t o  2 a t m .  gauge) permits a s u b s t a n t i a l  increase  i n  the 
output  of a p a r t i c u l a r  u n i t  compared wLth i t s  capaci ty  a t  atmospheric pressure. 
Air compression c o s t  must be balanced aga ins t  higher  throughput i n  order  t o  
determine the  optimum operat ing pressure. 
l i b e r a t e d  as throughput is increased presents  no s e r i o u s  design problems. 

‘Jiq’n y x i t y  product. 
f l u i d i z e d  c a t a l y s t  r e a c t o r  r e s u l t s  in t h e  formation of a c-ude product of high 
pur i ty .  The r e d i s t i l l a t i o n  process is thereby considerably s implif ied,  and a 
f i n a l  sales product of a high s tandard o f  p u r i t y  is obtained. Table ?. givee 
t h e  r e s u l t s  of t h e  ana lyses  o f  a number of c o m e r c i d l  samples of phthal ic  
anhydride all taken independently and analysed blind. 
t h e  samples from t h e  f lu id ized-ca ta lys t  p l a n t s  is apparent. 

The removal of the  addi t iona l  heat 

The prec ise  c o n t r o l  of r e a c t i o n  condi t ions i n  a 

The higher  qua l i ty  of 

R. Landau and E. H q e r  (7) have given a c r i t i c a l ,  h i s t o r i c a l  review of 
Tney mention the  d i f f i c u l t i e s  the  development of ph tha l ic  anhydride technology. 

t h a t  have troubled t h e  pioneers  of the  f lu id ized  c a t a l y s t  process. How these 
d i f f i c u l t i e s  have.Seen overcome is described below. 

Condensation 

TEe e a r l y  fixed-bed phtha l ic  auhydride p l anzs  were s m a l l  and operated w i t h  
high air:naphthalene r a t i o s .  The product, w a s  condensed i n  the so-called barns o r  
My boxes, which were l a r g e  vesse ls ,  usual ly  severa l  i n  se r ies .  They served t o  
slow down the gas  ve loc i ty  and wire ne t  in the  boxes provided a d d i t i o c a l  surface f o r  
the condensation of t h e  needle-shaped c r y s t a l s  of phtha l ic  anhydride. 
cooling of  the boxes w a s  u s u a l P j  s u f f i c i e n t  f o r  e f f i c i e n t  condensation. With l a r g e  
production {:nits, however, such barns  a re  inprac t icable  on the grounds of cost ,  
danger and d i f f i c u l t i e s  i n  handling the  s o l i d  product. 
been replaced by tubular  h e a t  exchmgers operated as switch cordensers. 
condensation the  tubes a r e  cooled by water or o i l  at  35 t o  k 0 C .  Lower temperatures 
would promote the  condensation of excessive axounts of water vapour *.6th the  
concomitant formacion of ph tha l ic  aqd maleic acids. For melting out ,  the cold water 
is  replaced by high pressure  stem and t h e  cold o i l  by hot o i l .  
enough t o  dehydrate q h t i a l i c  ac id  is e s s e n t i a l  otherwise i t  ell accumulate i n s i a e  
t n e  cordenser r e d u c h g  i ts  ef f ic iency  and capaci ty  and f i n a l l y  causing blockages. 

The natural 

I n  modern p l a n t s  they have 
During 

A cemperature high 

Different  types of tubular  switch condensers have Seen descr ibed (3,  12); 
some a r e  t oo  corrplicated t o  be 3rac t icable  i n  large production uni ts .  
heat-exchange consideracions,  o ther  f a c t o r s  a r e  involved i n  the design of e f f i c i e n t  
switch condensers. 
of the  tube burrdles without i n t e r r u p t i n g  production. 
ind iv idua l  condensers must be such t h a t  t h e  switch o p r a t i o n  is re la t ive l j r  infzequent, 
otherwise there  would be an excessive thermal load due t o  the  r e l a t i v e l y  high heat 
caFacity of the condensers which could be even more than t h e  hea t  required t o  melt 
t h e  phtha l ic  anhydride. 

Besides simple 

e.g., (1) Spare capacity i s  necessary t o  permit per iodic  cleaning 
(2)  The ca?ac i ty  of the 

(3) The construct ion of  t h e  condensers should b e  such that 
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208. 
the  h e a t  capacity i s  kept t o  a riieumm. 
therefore  preferred r a t h e r  t h a  the  w a t e r h g h  -pressure s t e m  system. 
s h o d 2  b? such as t o  ~ n i i x i z e  or e l i n i n a t e  f -ke  and es$.osion hazards. This car. Se 
ackieved by the use of a c lose ly  packed g i l l e d  tabe b u d l e .  
i n  csndecser.s OS this type merely t o  pro-cLde adequate cooling surface. Trovision 
z u s t  also be nade for  ensur i rg  t h a t  the  product gases  have t h e  opportunity of 
contact ing yeformed phtha l ic  anhydride c r y s t a l  SL-faces, otherwise even mLth more 
khan adequate c o o l i q ,  s o l i d  deposi t ion Will not necessar i ly  occur. 
a 6 ft. length of finned tube enclosed i n  g lass  pipe-line. 
_sassing water throush it. 
':i= passed downwards through the annulus between the  finned and t i e  g lass  tubes. 
S o l i d  Dhthalic anhydride w a s  deposited on grefo,%ed c r y s t a l s  ra ther  Y?an on the  
cooler  base Fortions of t h e  l i m e d  tube. Bapocr super-saturated k i t h  phthal ic  
&ydri.de w i l i  leave t h e  tube i f  t i e  speed of the  gas exceeds a low minimum value. 

Ihe o i l  system for cooling and melting is 
(4) ,Ee  design 

(5) It is not s u f f i c i e n t  

Fig. 2. shows 
The tube w a s  cooled by 

Air sa tura ted  srith phtha l ic  anhydride vapour at 14O0C 

Fig. 3. shows d i a g r a m t i c a l l y  a switch condenser which meets these 
requirements ( I& ,  15). 
with rows of v e r t i c a l  g i l l e d  tubes connected t o  manifolds. 
p a r t  of tk-e c@e, cold o i l  (Q0C) is aassed t'mough these tubes. 
from tine f luidized reac tor  e n t e r  t h e  condesser and at  f i r s t  pass  at r e l a t i v e i y  low 
ve loc i ty ,  more o r  l e s s  s t r a i g L t  through t i e  h&s of g i l l e d  tubes. 
ph tha l ic  anhydride condenses on t h e  f i r s t  banks w'hich become blocked and an increasing 
anount OS the  product g m  passes through the  gaps a t  the ends of t h e  banks of g i l l e d  
tubes. 
back s r e s s ' a e  before  a s u b s t z n t i a l  quant i ty  of ph tha l ic  anhydride is condensed. 
.Tne increase< gas veloc i ty  as the gas flows p a r a l l e l  t o  the  rows improves 
exchange and &ves good contact ing of tKe prodmt  va-pours with preformed phtha l ic  
ar&.Ydri.de c q s t a l s .  
concentrat ion of gh tha l ic  azAg&5.de decreases and condensation occurs on the  l a t e r  
banks of g i l l e d  tcbes  in t h e  fori: of long needles. Tiie c lose  >aclung of tize tubes 
no doubt a l s o  has a f i l t e r i n g  a c t i o n  OE aii:: gas borce p a r t i c l e s  of ph tha l ic  arhydride. 

It c o n s i s t s  of a r e l a t i v e l y  l i g h t  gauge s t e e l  box packed 
During t h e  condensation 

The product gases 

Xassive, s o l i d  

,%?lese gags a t  opposi te  ends of adjacent rows  prevent excessive bui ld  up of 

heat 

As t h e  product gases progress through the  condenser the 

At 3 predeterrzlred t i m e  a cozianser is t k e n  oi'f streais,and t h e  cold oil 
The hot o i l  replaced 55- iict. 

is 
again  put 3n s t r e m .  

%e pl i s ta l ic  '2rCiydridt m t i t s  uld is  r-unb storage. 
Lk , l a  switched 5ack t o  co1d;af ter  a Feriod f o r  cooling t h e  empty condenser is 

;t is z s s e r t i a l  t o  aae a tnermally s t a b l e  o i l  for this purpose. 

The Sni ted Coke and Cinexical Co;o-,ar-g's plant  operates  on e ignt  of these 
switch condensers together  u i t i  a ninth stand-by for per iodic  spec ia l  cleaning: 
A t  oormal tkioughput a s?quence of a i x  condensing m d  two ffieltizg I s  employed. 
capac i ty  of the boxes i s  such t h a t  switching is car r ied  out  a t  long i n t e r v a l s  and 
l i t t l e  o r  no advantage itould >e  gained from automatic operation. Analyses have 
shown t h a t  a small amount of s l i p  t&ies place aF the commencement of the  condensation 
i.e., ,,;her; t i e  tube s u r f a c e s  a r e  clean and cool.$ng must be at its bes t ,  but  when 
there  I s  l i t t l e  or no s o l i d  phtha l ic  anhydride t o  promote condensation. 
i n t e r v a l s  betvureen switching reduces the  loss by s l i p  t o  a very l o w  vdue.  

Tine 

Long 

These conaersers  have been t e s t e d  f o r  long periods v i t h  air:naphthalene 
r a t i o s  as high as j0:l and t h e  r e s u l t s  o j ta ined  ind ica te  t h a t  they could be used 
advantageously with fixed-bed reactors .  

F l d i z e d - c a t a l y s t  reac tors ,  operat ing with low air:naphthalene r a t i o s  and 
a t  increased pressure can advantageously condense an appreciable  proportion of tine 
product d i r e c t l y  as l i q a i d  ( 2 )  and so decrease the t h e m a l  load on t h e  switch 
condensers. 



7 .  r 1 l t r a t i o n  
209. 

I 

I 

I n  o28er t o  ?revent contamination of the 3rodnct a d  loss of an 
exgensl?ve caza1;sz i t  is e s s e n t i a l  i n  a fluidized-bed phtha l ic  anhydride p l a n t  
n$'i - - - -c ie r~s ly  t o  filter the proluct  gsses. 
use of  cyclones. 
devslcpeci $fie YLse of sorous ceramic f i l t e r s  for the  coE2lete e l imisa t ion  of the  

i n  S i l o t  _ c l a n k s .  ?ne i'nited Coke Jlid Chemicals ionpmy (73) have devehoed a 
f ibre-glass  f i l t e r .  
( 3 ~ .  +) -hav ing  a spigot  at  each er,d. 
concect the f i l t e r  t o  a c o l l e c t o r  box. 
orotecc the f i l t e r .  

coztinuous-filaxtzt g lass  c l o t h  and silper-fine f ibre-g lass  mat. 
( 5 c io th  and 2 mat; a r e  held in pos i t ion  bj. an open siound 
.w.oz:?er similar s e r i e s  of c l o t k ,  super-fine na t ,  c l o t h  and taoe,  is ad2ed follo.;ied 
Sj- an overlspping s g i r a l  wrap of & l a s s  tape and the  whole bound f i r m l y  bu; not too  
tightly w i t h  jub i lee  o r  similar metal c l i p s  a t  18Ir in te rva ls .  
sf the  glass c lo th  a r e  securot in grooves at the  two ends of the  f i l t e r  tube, by nieans 
of f;bre-slass cord. T h i s  i s  an addi t iona l  precaution t o  prevent end leakage. Four 
se?ma:e c o l l e c t e r  boxes a r e  used, each carrying severa l  of these  f ibre-giass  f i l t e r s .  
3y  mea25 of a y o c e s s  c o n t r o l l e r  each b2ank of f i l t e r s  can be blown back in tu rn  t o  
2stach f i l t e r  cdce from the  o u t e r  sL-face. Nore than t e n  years  of o?erat ional  
s :qer iesce has snoiln tha t  tnese f i l t e r s  a r e  a r e l i a b l e  means of obtaining 10@6 
f i l t r a t i o n  of ca ta lys t  dust  from the  product gases at a temperature of about w O ° C .  
They have advantages over porous c e r a i c  f i l t e r s  i n  t h a t  they &-e not b r i t t l e ,  they 
can be quickly azd r e l a t i v e l y  cheaply re-.wra;;ped and i f  necessary, can be made t o  
operate at  low back pressure. 
wrasping tends to  cause b e t t e r  removal of the accumulated f i l t e r  cake. The back 
2ressiirz across  the f i l t e r s  depends, of course, on t i e  sur face  a rea  of t h e  f i l t e r  
a d  t h e  volume of gas ?assing. 
pnt'naEc a&ydride p l z n t s  under  pressure so a f i l t e r  > r e s s a - e  d r o p  of k t o  6 ltr. 
p.s.i. o r  mora can be accomodated. F i l t e r  candles up t o  12 f t .  i n  length have 
been c x c e s s f u l l y  used. 
f i l t e r s  have been opirated a t  10 t o  20 ins. w.g. back pressure for 3rolonged periods 

Z z l y  design z rososa ls  (4) suzgested tine 
~n z k e  ~' i rs t  2roduction a n i t ,  the  Sheruin >IilLiams Con;ar,y (5) 

= & ri, ~ - -  i &st at hi;h &av,-e-s-. .  b-..,>--A:Lre. 2orous  s t22nless  steel f i l t t r s  hsve been used  

It c o n s i s t s  e s s e n t i a l l y  of a s e r f o r a t e d  s t e e l  c:rlin&er 
The uzper spigot  i s  threaded and eerves t o  

Tine lover  sp igot  i s  closed ard serves  t o  
it also a c t s  a s  a journal w h i l s t  t h e  f i l t e r  is being wrapped. 

7'. -i .-  wrapsing, ::hich i s  done on a simple mac?dne, c o n s i s t s  of a l t e r n a t i n g  lajrers of 
The f i r s t  5 l a y e r s  

h e l i x  o f  g l a s s  t q e .  
I . .  

Tne overlapping ends 

On blow-back, tine s l i g h t  "give" i n  the f ibre-glass  

It is custonary t o  olserate f lu id ized-ca ta lxs t  

Zqer iments  have a l s o  been c a r r i e d  out i n  which these 

at 500OC.  
\> 

"ne sos i t ion ing  of the f i l t r a t i o n  u n i t  i n  t h e  ~ l a n t  is i q o r t a n t  and is 
discussed below. 

The Fluidized-bed Catadyst. 

' ,  

The :!iysical and chec ica l  natu-e of the c a t a l y s t  is o f  g rea t  imFortance 
f o r  the  trouble-free operation of a l a r g e  fiuidized-bed phtha l ic  anhgdride plant. 
2 o t  only nuat i t  have high and s p e c i f i c  r e a c t i v i t y  but a l s o  good f l u  
:high a t t r i t i o n  res i s tance  and l onz  l i f e .  The c a t a l y s t s  used i n  t h e  
this net;; teciiiiioue vere formulated on the'grounds of t h e i r  c a t d y t i c  a c t i v i t y  v i t h  
ii;*- 
I: i s  ;oEsi'de ir, laboratorjr a2saratus  a d  small p i l o t  p l a n t s  t o  o b t a i n  reasonably 

fki i i i izat ion and sxce l ien t  conversions o f  naphthalene i n t o  phtha l ic  d y d r i d e  
a xide ra?;e of ca ta lys t s .  Nevertheless, i n  f u l l  s c a l e  reac tors  t roubles  can 

." le  o r  EO a t ten t ion  t o  t h e i r  f l u i d i z i n g  Froper t ies  and a t t r i t i o n  r e s i s z a c e .  

aris- froll: the  use of f r i a b l e  c e t a i y s t s  v i t h  t h e  consequent rapid accumulation of an 
excessjjie grogartion of  f i n e s  i n  'the f iu ld ixed  bed. 
fluidization and an undts i rably nigh concentration of f i n e s  i n  the eqa.nded phase. 
50th these s t a t e s  can s i v e  r i s e  t o  t rouble;  the  l a t t e r  is 9roba'sl-g a contr ibutorp 
cause t o  "af te r  b luniXt '  ( s e e  below), whils t  the  former --.a7 brlrg about the  forca t ioz  
of s t a t i c  poc>:ets of ca ta lys t .  3uch pockets i n  contact  iiith the reac tor  w a l l s  c a  
a c t  as nophthalene ccndensors. 

This may bring about uneven 

The k x t u r e  of s o l i d  na3hthaiene and c a t a l p t  so 
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fomed,  i f  suddenly d i s t a b e d  a c l  Fgnited can r e a c t  very vigorously with t h e  
production of excessively high temperatures x i t h i n  tile f lu id ized  bed. 

Fluidized-bed p h t h a l i c  wbgdride ca ta l l - s t s  mst have a f a i r l y  higt 
s p e c i f i c  surface ana a r e l a t i v e l y  l a r g e  pore diaxeter .  These proper t ies  a re  not 
comcatible with hiigh a t t r i t i c n  r e s i s t a n c e  so i t  is necessary t o  comprcmise. 
i as  bser. icund poss ib le  t o  f o r m l a t e  a highly s-Jecif ic  c a t a l y s t  u i t h  tine required 
a t t r i t i o n  r e s i s t a n c e m e  lorg l i f e .  In  a favourably designed reac tor ,  s i z e  
degradation is s t r p r i s i n g j j i  slow and ?resent  ind ica t ions  a r e  t h a t  i t  should be 
possible  t o  iLaintain t h e  a c t i v i t y  and good f l u i d i z i n g  _:ropert ies  of the  c a t a l y s t  . d t h  
a replacement l e v e l  as l o w  as 107' ,O per  annum. 

It 

One of t h e  most s e r i o u s  and dangerous c i i f f icu l tces  which beset pioneers 
i n  t E s  i i e l d  was " a f t e r  burning", 5.e. the  ign i t io r .  of the  product vapours above 
the  f luidized-catalyst  bed with a consequent excessive and sometimes d isas t rous  
r i s e  i n  temperature. 
absence of e f f e c t i v e  temperature c o n t r o l  i n  the  expanded phase, t e q e r a t u r e s  as 
high as 750 t o  10oO°C o r  more m y  be reached *with consequent se r ious  damage t o  t h e  
f i l t e r s ,  ca ta lys t  and reac tor .  Tne most l i k e l y  explanation of .this phenomenon is 
excessive s l i p  of naphthalene through the f l u i d i z e d , c a t a l y s t  dense phase occasioned by 
poor f l u i d i z a t i o n ,  p a r t i c u l a r l y  s lugging,  spoutin,o, ra t -hol ing or an excessive 
proportion of bubble phase i n  the  boi l ing  bed. 
s t a t i c  c a t a l y s t  lodged amewhere above the fluidized-bed poss i s ly  starts the 
exotherpic oxidation o f  this naphthalene. (11) and with a r e l a t i v e l y  rap id  r i s e  of 
temperatiire i n i t i a t e s  t h e  after bun i ry .  
>rev-nted by keeping t h e  temFerature-of the expaqded phase well below that of t h e  
bed. Various methods of doing t h i s  can b e  12sed;- 

This  has  a l ready beer described i n  some d e t a i l  (1). Ir. the 

A s m a l l  amount of par t icu lar ly  ac t ive ,  

>inatever t h e  cause, a f t e r  burning can be 

'Jooling tubes i n  the  exDanded 3hase. 
t h e  gas s ide  of t h e  t u b e s  is not favourable, the dust  cozcentrat ion i n  the gas 

Although the  i.eat-exchaqe coef f ic ien t  on 
I 

increases  the z c u n t  sf toolir,- over t h a t  w;ich xouid a'ctain with a clean gas. 

.&ench Zone. 
gases  leaving the r e a c t i o n  zone has  been described by the h e r i c a n  Cyananid 
C o q a n y  (.?I. 
s p e c i a l  cooling c o i l s  and a s t a d p i p e .  
is termed t h e  "quench zone" and i t  is recomeEded t h a t  the temgerature 
zone i s  kept at least  jOuC below t i t  of t h e  main f lu id ized  bed. 
arrmgenent  could, if not  properly designed and operated, lead to  an increased 
r a t e  of c s t d y s t  a t t r i t i c n  ( s e e  below). 

&each ,Gas. 
t h e  izzroduction of c c l d  air, or j e t te r ,  cold inert gas. T P i s  s i q l e  and 
arac t icabie  methori has  t h e  advantage of r e d x i n g  the concentrat ion of ph tha l ic  
b y d r i d e  i n  t h e  prcduct Sasej ,  w'hich, 3f ccurse,  is not good from the 
condensation angle. 

il s p e c i a l l y  cooled extension 0: the  fluirlizad bed t o  cool  t h e  

It 2 e c e s s i t a t e s  t h e  use of ax addi t iona l  d i s t r i b u t o r  p la te ,  
T i s  u p p r  p a r t  of the  f lu id ized  3ed 

of this 
Such an 

T3e feinperature ab:= the bed can be e f fec t ive ly  coxtrol led by 

3ecycling cooled catalyst .  
phase c a  be used co c o o l  t h e  Sases leaving t h e  boi l ing  bed. 
inay r e s u l t  I s  increasLng c a t d p t  a t t r i t i o n  t o  an object ionable  ra te .  

Xecycling cooled c a t a l y s t  through the expkded 
This, however, 

Zxter r id  cooling. 
i t  i s  p i S i b l P  t o  cool t L e  product gases by u t i l i z i n g  the surface of t h e  
i n t e r c o x e c t i n g  2ipe-lines. 
izvol-res c a t a l y s t  c i r c a l a t i o n ' a t  high ve loc i ty ,  which may contr ibute  t o  c a t a l y s t  
a t t r i t i o n  ( see  below). 

I f  t h e  c e t a l y s t  f i l t e r s  a r e  hocsed i n  separate  vessels ,  then 

This i s  e f f e c t i v e  i n  preventing after burning but 
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I 

\ 

Another f a c t o r  which makes an i apor tan t  contr ibut ion t o  a inimising the r i s k  
of a f t e r  burning is low oqrgen p a r t i a l  pressure i n  t h e  product Sases. 
ac‘hieved 5y o>erat ins  a t  the lowest possible  air: mphthalene r a t i o  compati b le  with 
crude l;rociuct p a r i t y  a d  bed teciperiture. 

This is  

Trouble from a f t e r  burning has been v i r t u a l l y  eliminated from modern 
f l u i ~ z e d - c a t a l y s t  ph tha l ic  anhydride p l a n t s  by the  use of one or more of the  above 
d ewlc es . 
3soctor i2esign and Catalyst  A t t r i t i o n  

Ynere i s  an upper limit t o  t:?.e a t t r i t i o n  rssist3i?cs which czn be b u i l t  i n t o  

othervise  excessive c a t a l y s t  reglacement 
an accestable  naphthalene oxidat ion c a t a l p t .  Beactor d e s i g  should tharefore  5e such 
as t o  k.eep ca ta lgs t  a t t r i t i o n  t o  a U&&LU; 

w i l l  be r,ecessary i n  order t o  prevent a h i l t  up of a~? excessive -,roportion of c a t a y s t  
f ines .  TIES a l s o  places  a li-mit on the  ilui.tizi-g gas veloci t j -  m-d enahasises the  
inporfant advantage of opera t i=  f la id ize i -cs ta lya t  reac tors  at  increased r ressure  i n  
order t o  obtain the necess&-7 contact  ti!:? a ~ h  e c x o x i c  throughput. ”:-ree desi,’:. 
fea tures  a r e  involved. i n  r i n i z i s i n g  c s t d j - s t  a t t r i t i o n  viz., ( 3 )  t h e  disaositisr. s f  the  
catal l js t  cooler ,  ( 2 )  i;-e d i spos i t ion  of t h e  f i l t e r s  and ( 3 )  the  d i s t r i b u t o r  ? la te .  
2,ese a r e  disclissed below. 

,7;; LE Catilyst Cool-r. 
c..’-l.r-+ -5 r a c c o r s  having estern2.l :heat sxchar4ers. Ihese r q i i i r e  the 3neumatic 
c;cve;--inj of c a t a i s t  az high vsloci t j -  through t r a n s f e r  $pes mi the razrow 
b*L”s of t t e  hest exchangers. ,Tie act ion 21 tke  f r i c t i c n a l  arrd iziipact forces  
involved on the  c a t a l y s t  p a r t i c l e s ,  p a r t i c u l a r l y  so uhen sudden changes i n  
d i rec t ion  a r e  invclved, st increase the r a t e  o f  a t t r i t i o n .  ?he csnsequent 
mors ra$& build up i n  f 
zo tile i i i ‘ i i c s l t i e s  :nentionei above but must a l s o d x r e a s e  the e f f ic iency  of the 
cooling system. 
which occurred i n  a f lu id ized-ca ta lys t  ph tha l ic  anhidr ide plant .  
m&e up was used and a f t e r  two y e a r s  operation t h e  proportion of c a t a l y s t  
.p-ticles l e s s  than 20,”. had increased from 9 t o  48 per  cent.- This f i n e  
mater ia l  plated out on t n e  tiubes of the c a t a l y s t  cooler  and about half  of then 

T:?e i n s t a l l a t i o n  of cooling tubes within t h e  
f lu id ized-ca ta l j s t  bed overcomes t h i s  drawback. 
c o n h c t i v i t y  of the  f lu id ized  c a t a l y s t  and the  good heat-exchange c h a r a c t e r i s t i c s  
of  the sj-stem make t’his possible. 

The F i l t e r s .  
of t i e  c a t a l y s t  f i l t e r s .  
separate  vessels ,  each comected t o  the top of the r e a c t o r  ’D:; a pipe-=ne. 
“:-<e c e t a l y s j  f i n e s  which accunulate on the  sur face  of the  f i l t e r s  a r e  
par iodics l ly  b1oi.m of f  a n d  coilveyed back i n t o  t h e  base of the fluiriized-bed by 
c.eais cf some cf t h e  f l u i d i z i n g  air. The a t t r i t i o n  t o  the c a t a l y s t  f i n e s  
thereby caused w i l l ,  ?f c o w s e ,  be such l e s s  than t h a t  which would obtain i f  
csa-ser p a r t i c l e s  were involved. Wevertheless, i t  w i l l  -make some contr ibut ion 
t o  the r a t e  of c a t a l j s t  a t t r i t i o n .  

Sone o f  the  e a r l i e r  Fatents  (16) descr ibe f lu id ized  

I..:o 

concentration o f  c a t a l y s t  f i n e s  not on ly  gives  rise 

3. X. Sraca and A. A. Fr ied (5) have descr ibea the a t t r i t i o n  
iTo c a t a l y s t  

gradually became blocked. 
,The exce l len t  thermal 

Commercial -Jhi;halic anhyd5cie p l a n t s  u f f e r  ic tiie d i spos i t ion  
Some of thea house t h e  f i l t e r s  i n  a nwber  of 

Cther p h t h i l i c  &@ride p l a x t s  nave the  f i l t z r  2unLts located i z j  the  
top of t h e  reac tor  i t s e l f .  
back i n t o  t h e  reac tor  2nd t i e  t r a n s f e r  of c a t a l y s t  a t  :hi& veloc i ty  through 
pipe-lines is t h u s  avoided. T N s  slnple arrangement of f i l t e r s ,  hovever, 
n&es so:newhat more d i f f i c u l t  the problem of  cooling the  groduct gases i ssu ing  
f-om the  j o i v n g  c a t a l y s t  bed. An increase in the  heigh? of t h e  ’hock-out zone 
above the  f lu id ized  bed overcomes t h i s  d i f f i c u l t y .  

On blow-back, the  c a t a l y s t  f i l t e r  cake f a l l s  



The Dis t r ibu tor  ? la te .  
e s t a b l i s h  reasonably UIXifOrQ d i s t r i j u t i o n  of air and ria2hthalene vaDour across  
the  whole bed, o t h e r r h e  t h e  air:r;aohthalene r a t i o  would vary from place t o  
place and kiixier t h e  n t 5 a i m e r t  cf optimum reac t ion  conditiocs. 
d i a i l t e r  r a t i o  of the  f lu id ized-ca ta lys t  5ed and t h e  low densi ty  of t h e  c a t a l y s t  
=e both fzvocrable t o  good f lu id iza t ion .  
rea- tor ,  say i C  f t .  d i a n e t e r  or  more, i t  is esse.ctial t o  spera te  .with a.a 
s2yrociable pressur? dro? across  the d i s t r i b u t o r  ; l a te ,  ot l iemise there  is a 
danser of uneven air d i s t r i b u t i s n .  
d i s t r i b u t i o n  have j e e n  Trcposed. e.g., ( a )  tine use oi m l t i - j e t s  ins tead  of 
5o les  ( 9 ) ;  (b) t h e  gas is  introduced through a i ' iared, conical-shaced zoce a t  
the base of t h e  r e a c t o r ,  hiah turbuience being maintained i n  t 'n is zone and a 
d i s t r i b u t o r  p l a t e  is not  used ( 8 ) .  Another g-ooosal (17) i s  t o  subject  t h e  
r e a c t o r ,  which has a c o n i c a l  bottom, t o  v e r t i c a l  l i n e a r  o s c i l l a t i o n s ,  IC0 per  
sec., with an amplitude of 1.5 m. These methods would lead t o  addi t iona l  
c a t a l y s t  a t t r i t i o n ,  p a r t i c u l a r l y  the one using high ve loc i ty  jets. T.Z.P. 
P e a c e  and I.C.I.  Ltd., (IO) have suggested t h e  use of a s u i t a b l e  porous ceramic 
p la te .  Its saintenm-ce Ln a i a r g e  r e i c t o r  would possibly be d i f f i c u l t .  
method of  obtaining m-y- desired press -ae  d rop  across  a d i s t r i b u t o r  s l a t e  'aithout 
high v e l o c i t r  air s t r e a m  increas ing  c a t a l y s t  a t t r i t i o n  would be by use of t l e  
device shown i n  F i g .  5. Znstead of a simple hole  the mal oonical  f i l t e r  
elements are i n s e r t e o  ir t h e  d i s t r i b u t o r  p la te .  Tie entzy holes  t o  t h e  f i l t e r s  
could be riiade snall enough t o  give back pressure necessary f o r  good d is t r ibu t ion .  
The air used f o r  f l u i d i z a t i o n  would have t o  be f i l t e r e d  t o  prevent t h e  slow 
c l o s g i q  of t h e  snall f i l t e r s  from the underside. 

In  the fluiciized-catalyst r e a c t o r  i t  is important t o  

The hei$.t: 

Nevertheless, i n  a l a r z e  f lu i . i i zea  

Various methoffiof a t ta i l l ing  Bven 

k 

It is not d L f f i c u l t  i n  a laboratory f lu id ized  reac tor ,  o r  i n  a p i l o t  
p lan t  reac tor  t o  ob ta in  r e l a t i v e l y  uniform f l u i i i z a t i o n  and consequently a 
Ligh degree of c o n t r o l  of r e a c t i o n  conditions. 
results given i n  Table 2. 

This is  evidenced by the 

Resul ts  obtained i n  a 2 in. dim. laboratory f luidized-catalyst  
r e a c t o r  using pure n a c h t h d e n e  (0.07; s). 

Yields w/w. 
X.A. 

Air: Raphthalane 
- P.A. - a a t i o  Temp. OC 

350 
333 
j 20  

15:4 
11:: 
;4:0 

104.5 1 e 7  0.7 
lC4.1 1.1 0.9 
104.2 1-5 1.2 

P i l o t  p lan t  r e s u l t s  os ta insd  i n  a 6" d i m .  SluicEzed-car;alyst reac tor  
using petroleum na-.,hthalene (S f r e e )  C.P. 79.4OC. 

;inalysis of Crude S 2ir:Saphthalene Crude .~ - Batio Yield % 3 . A .  '\.a. - ?.A. - zenp. OC 

15: 1 100.2 58.0 0.09 7 .o 
75:l 99.7 35.5 0.13 0.7 
15:l 59.3 57.5 0.79 1.1 

It, is a o s a i b l s  t h a t  the qua l i ty  of f l u i d i z a t i o n  and d i s t r i j u t i o n  i n  a 
f u l l  sca le  p lan t  can be  assessed 5y t h e i r  approach t o  laboratory resu l t s .  

? 

1 
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Sulohur i n  Naphthalene 

The p i n c i p a l  impurity i n  phtha l ic  grade', coal  tar naphthalene i s  
thionaphthene which > o i l s  only hoc above t h e  b.p. of naphthalene. 
derived from tar from sulphurous coa ls  may contain 1s sulphur, which i s  equivalent 
t o  4.1% thionaphthene. Cata lys t s  which have .been used i n  t h e  p a s t  i n  f luidized-  
bed r e a c t o r s  have tended t o  deac t iva te  when sulphurous naphthalene i s  used a s  the 
feed (6). 
required f o r  optimum conversion t o  phtha l ic  anhydride. This i s  no longer so as a 
sulphur-resis-ant fluidized-bed c a t a l y s t  i s  now avai lable .  
(78) t h a t  the presence of sulphTlr i n  the naphthalene is advatageous  i n  preventing 
c a t a l y s t  deactivation. The oxidation of thionaphthene, however, cannot y i e l d  
ghtha l ic  aniqdride, so i ts  presence i n  naphthalene must mean a equivalent loss of 
ph tha l ic  anhydride yield.  

Japhthaiene 

i t  has been s t a t e d  t h a t  sulphur-free naphthalene (sodium t rea ted)  is 

It has a l s o  been claimed 

In  order t o  Aeternine whether or not excessive amounts o f  tirionaphthene had 
a n y  deact ivat ing ac t ion  on t h e  new fluidized-bed c a t a l y s t  the  following work vas 
car r ied  out. 
thisnarhthene (0 t o '  4.73; S) as t:ie p r i n c i p a l  imguritg. 
i n  a Laboratory f lu id ized  c a t a l y s t  apparatus. 
Fig. 6. 
thionaphthene content of the  naphthalene feed increases  and there  i s  a l s o  a steady 
increase  i n  the maleic anhydrlde yield. A f i z a l  o e d a t i o n  asing ag3in a sulghur- 
f r e e  EaFhthdene feed gave r e s u l t s  q u i t e  c lose t o  those obtained i r L c i d l g ,  
ind ica t ing  that the excessive proportion of s u l ~ h u r  had not deact ivated the c a t a l p t .  
A su l3hur  f r e e  naphtinalene gives  a proportlonzzely higher  y i e l d  and probably a l so ,  l e s s  
corrosion i n  the conaensatioo system. .?'e loyver maleic anhydride ccntent of the 
crude product will probablg reduce d i s t i l l a t i o n  losses  during the f i n a l  pur i f ica t ion .  
Yhether or  n o t  pure o r  sulphurous naptdhlme sizoulci be x e d  as feed for a f lu id ized  
+-,ti.zlic anhjdride piant  is a question t o  be answered by the  econonics of the 
operations. 

Xaphthalenes were prepared containing increasing proport ions of 
,These were oxidized with air 

The r e s u l t s  obtained a r e  showc i n  
There is a proport ionate  f a l l i n g  off  i n  t h e  phtha l ic  anhydride y i e l d  a s  the  

c a r r i e d  
(5) C.O. 

i i l o t  p1ar.t ex?eriments i n  a 6" diam. f lu id ized  c a t a l y a t  reac tor  ';rere 
out using t i j o  d i f f e r e n t  ccke-oven naphthalenes ( a )  c.p.. 7 7 . 5 ;  S, 0.8$ and 

S, 0.0Wk. - ,  79.6OC; 5 ,  0.51;; and ;skla?d petroleum naphthalene c.p. 79.4OC; 
A range of  q e r a t i n g  condi t ions was used f o r  each nq!ithaiene. "able 3 gives the  
y i e l d s  obtained under the  optimum operat ing coxi i t ions.  
t h a t  the  prasence of thionaphtifiene i n  the naphthalene feed does not uholly account 
i o r  t h e  reduction i n  y ie ld .  

These r a s u l t s  ind ica te  

h d l y s i s  of 3roduct $A 
P.A. M.A. ?;,!& 

Average 
2eacthon Y i e l d  of 

Cruie 5 Temw. C ::qzLthalene 

91.3 97.5 0.56 0.6 

100.2 97.9 0.19 1.1 
96.1 98.5 0.13 t r a c e  

Conclusion 

- &in. frsm the  c a t a l y t i c  cracking o f  petroleun,  t h e  developmer-c of the 
f i u i S i z e d - c a ~ a l p t  technique i n  t h e  chenlical n a n u f i c x r i n g  i c d u s t r i e s  nas been 
r e l a t i v e i y  slow. 
of the  ?ro?er t ies  of f lu id ized  beds and of heterogeneous c a t a l j s i s  i n  such beds. 

Tnis kas beer. l a rge ly  due t o  the s t a - e  of cur fundmenta l  knowledge 
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-. . .  -',?e xetnods s&octed for ovar.zo!rLng t h e  b i f f i c r ; l t i e s  ir; dsvsiopins  the f l u i a z e d -  
j e d  rsthod fcr na2hthaiene oxidazLon described above are already be&: auccessr'liliy 
agpi ied i o  other  y o c e s s e s ,  ?art'*, - - ~ i a r k r  t o  exothermic oxidations. 
dcubt tbzc t he  ~ c c e s s  .ackLf~ed with t h e  2ht'rdLic s&.yiria? process ,&niiil acce lera te  
t h s  iriaer industria: use of  fluidizad-bsd c a t a g s i s .  

There is l i t t l e  

0 
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Fiz. 1. Fluidized Catalyst Pkthal ic  Anhydride Plant .  

Fig. 2. Condensation of p h t h a l i c  

anhydride on cooled 

finned tube. 
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Pig. 5 .  G i s t r i b u t o r  Plate T i l t e r .  
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Aritioxidants from Tar Acids 

Gerd Leston 

i 

'7 

'. 
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, 

i 

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

Before delving i n t o  t h e  subjec t  a t  hand, namely t h e  manufacture of 

Bjr tar ac ids  we mean t h e  "acidic" o r  base-soluble 
arxioxidants f r o m  t a r  acids,  it wouid be wise f o r  us t o  def ine  our T e r m s  and t h e  
sccoe of t h i s  discussion. 
f r ac t ion  of coal tar .  'Fnese same t a r  ac ids  are also a-milable from petro1e.m 
s i l r ces .  F'u-~.hermore, both phenol, parent ccEpound of t h e  tar ac ids ,  and p-cresol 
s r e  bade s -pxhet ica l ly .  
s j r t h e t i c  FaC,erial accounts f o r  over 90$ of t h e  market. 
o r  toluer.e, a r e  a l so  coal chemicals which are again mostly derived from petroleum 
scurces. Senzene i s  a l s o  t h e  s t a r t i n g  material f o r  styrene, an important chemical 
i x t emed ia t e  i n  t h e  antioxidant f i e ld .  As far a s  t h e  end products are concerned, 
we s h a l l  limit our discussion t o  t h e  phenolic antioxidants,  r e s l i z i n g  a t  the same 
time t h a t  t he re  a r e  non-phenolic an t iox idants  prepared from tar  ac ids  as t h e r e  are 
phenolic antioxidants not prepared from tar acids. 
tar i n d x x r y  rioes not enjoy an exclusive pos i t ion  as suppl ie r  of raw m t e r i d s  f o r  
t t e  mamfacture of phenolic antioxidants.  

While phenol i s  t h e  major conszituent of zar ac ids ,  t h e  
Its precursors,  benzene 

It i s  apparent t h a t  t h e  c o d  

Despite t h e  f a c t  t h a t  t h e  coa l  tar indus t ry  was a t  one t i m e  t h e  o n l y  
producer of tar ac ids ,  t h e  e a r l y  work on phenolic antioxidants m s  not done by this  
industry. Rather, those  indus t r i e s  manufacturira i t e m s  subject r o  oxidative degrada- 
t i o n  s a w  a need t o  s t a b i l i z e  t h e i r  products and therefore  inves t iga ted  t h e  use of 
an:ioxida?ts. Such indus t r i e s  include gasoline,  food and animal feed, rubber and 
p l a s t i c s ,  l ub r i ca t ing  and transformer o i l s .  As a re su l t ,  most of t h e  researck, 30th 
t h a t  dealing with t h e  t h e o r e t i c a l  aspec ts  o f  oxidation and inh ib i t i on ,  and t h a t  dea l -  
i nz  with t h e  development of new and b e t t e r  antioxidants,  wascarried out by t h e  poten- 
x i a l  users  of antioxidants.  men  t h e  manufacture of an t iox idants  has been a lmost  
exclusively in t h e  hands of t h e  users  and a few chemical manufacturers. 

Tne appl ica t ion  of phenolic an t iox idants  i n  t h e  various f i e l d s  was based 
on t h e  finding by Mou-eu and h i s  co-workers (I) t h a t  acro le in  could be s t ab i l i zed  
57 t he  addition of c e r t a i n  phenols i n  s m d l  mounts.  The use of s t a b i l i z e r s  such 
a s  tannin  and hydroquinoce i n  rubber w a s  described by Helbroiner ana aerns te in  (2). 
AI t h e  7 l s t  meeting s f  t h e  Americal Chemical Society at Tulsa, in Apri l  of 1926, 
Smith and Wco-l (3) presented a paper e n t i t l e d  " Inhib i t ing  Agents in t he  Oxidstion 
of  Unsaturazed Organi: Compounds" dea l ing  with t h e  oxidation inh ib i r ion  i n  soaps: 
fats and o i l s .  In t h e  gasoline f i e l d ,  an i n i t i a l  emphasis on co lor  s t ab i l i za t ion  
save vay t o  gum prevention by i n h i b i t o r s  (4,s). 

Closer s c ru t iny  of t h e  type  of substances used i n  these  and o ther  appl i -  
cations ied  t o  t heo r i e s  on t h e  mechanism of t h e  oxidative degradation, i t s  inhib- 
i t i o n ,  wd subseqdently, t o  a more systematic study of. t h e  types o f  compounds -&ich 
nrly be used advantageously t o  pe-rform this f u x t i o n .  

Here a r e  severa l  recent references which may serve as a s t a r t i n g  point 
f o r  those who wish t o  pursue this phase fur ther .  

, 
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Lundberg( 6) recent ly  edi ted a monograph e n t i t l e d  "Antioxidation and 
Antioxidants." Ingold (7) also reviewed t h e  l i t e r a t u r e  i n  lg6l. 
presented before t h e  Division of Petroleum Chemistry a t  t h e  last ACS meeting st 
At lan t ic  Ci ty  was t h a t  by Hedenburg (e) o f  t h e  hlf Research Laboratories. 

A recent paper 

I n  t h e  s tud ies  performed t o  f i n d  a cor re la t ion  between t h e  s t ruc ture  of 
an ant ioAdant  and i ts  a c t i v i t y ,  whole groups of subs t i tu ted  phenols were prepared 
and t e s t e d  (9-15) as antioxidants.  
phenols, i .e. phenols i n  which t h e  hydroxyl group i s  s t e r i c a l l y  hindered, gave t h e  
desired properties.  
t h e  b e t t e r  was i t s  ant ioxidant  a c t i v i t y .  
Spacht and h i s  co-workers at G o ~ d y e a r ( ~ s )  t h a t  too  much ster-ic hindrance had a 
de le te r ious  e f fec t  on ant ioxidant  a c t i v i t y .  

This led t o  t h e  f inding t h a t  s t e r i c a l l y  hindered 

In  general ,  it was found that t h e  more hicdered t h e  phenol was, 
However, only last year it was found by 

Let u s  consider t h e  commercial. phenolic ant ioxidants  and t h e  modes of 
t h e i r  manufacture. Of primary i n t e r e s t  i s  2,6-di-t-buzyl-p-cresol (I). Some 17 
mill ion pounds of this compound was produced i n  1961. Even at t h a t ,  i t  may not 
be t h e  phenolic antioxidant made i n  grea tes t  quantity,  but it has been used most 
widely including all t h e  appl icat ions mentioned e a r l i e r .  
indus t ry  as BHT (which s tands f o r  butylated hydroxy toluene)  and t h e  various 
manufacturers have t h e i r  own t r a d e  name f o r  it. 

It is  known i n  t h e  food 

When we look at t h e  s t r u c t u r e  w e  immediately r e a l i z e  t h a t  it is t h e  react ion 

Of these,  t h e  o l e f i n  i s  preferred f o r  ease of operation 
product of p-cresol and a source of t -bu ty l  groups, such as isobutylene,  t -bu ty l  
chlor ide o r  t -bu ty l  alcohol. 
and f o r  reasons of economics. W l e '  synthet ic  p-cresol is avai lable  and is the source 
of most of t h e  BIfp produced, those a c t i v e  i n  t h e  coal  tar f i e l d  w i l l  have rea l ized  
immediately another source of p-cresol,  namely t h e  tar acids. 
however - p-cresol occurs along with i t s  more abundant isomer, m-cresol, from which 
it cannot be separated by f r a c t i o n a l  d i s t i l l a t i o n ;  t h e  two isomers boil within one 
degree o f  each other. Various physical means of separat ion have been invest igated 
but it turns out t h a t  conversion t o  t h e  desired compound, EET, i s  one of  t h e  simplest 
means of separating meta- and para-cresol (17,18,~). This i s  made possible  again 5y 
a phenomenon which was mentioned before, namely s t e r i c  hindrance. When a mixture 
of  neta- and para-cresol is alkylated i i i th  Isobutylene, t h e  i n i t i a l  products are 
mono t -buty l  der ivat ives .  
t h e  pos i t ion  ortho t o  t h e  hydroxyl group as expected by t h e  stronger ortho-para 
d i r e c t i n g  influence of t h e  hydroxyl group over t h a t  of t h e  methyl group. 
ortho-posit ions a r e  i d e n t i c a l ,  only one compound w i l l  be formed. 
2-t-butyl-p-cresol (III). 
dissimilar ortho posi t ipns as w e l l  as an open para posit ion.  
prevents t h e  introduct ion of t h e  t - b u t y l  group i n  t h e  or tho  posi t ion between t h e  
hydroxyl and t h e  methyl groups. 
and an adjacent t - b u t y l  group makes t h e  normally more s t a b l e  posi t ion para t o  t h e  
hydroxyl group thermodyhamically l e s s  s t a b l e  so t h a t  -the t -bu ty l  group posi t ions 
i t s e l f  or tho t o  t h e  hydroxyl and para t o  t h e  methyl group t o  give us 6-t-butyl-m- 
c reso l  (V). 
( 1,3,20,22,22) as  4-t-butyl-m-cresol was ac tua l ly  6-t-butyl-m-cresol ( ~ ~ - 2 ~ ) .  The 
real 4-t-butyl-m-cresol was not made u n t i l  about 1948 (27,28,29). 
butylated cresols  which a r e  thus  obtained as t h e  f i r s t  reac t ion  products from t h e  
treatment of m,p-cresol with isobutylene,  are a l s o  inseparable  by f r a c t i o n a l  distil- 
la t ion .  

There i s  one d i f f icu l ty ,  

In  t h e  case of p-cresol (11), the  t -bu ty l  grou? en ters  

Since both 
This compound i s  

However, s t e r i c  hindrance 

As a matter of f a c t ,  s t e r i c  hindrance between a methyl 

I n  t h e  case of m-cresol (IV), t h e r e  a r e  three  choices, two 

Unfortunately, t h e  compound described i n  t h e  l i t e r a t u r e  f o r  many years 

The two ortho-t-  

Further a lkyla t ion  produces t h e  d i b u t y l d e r i v a t i v e s ;  on t h e  one hand, t h e  
desired compound, 2,6-di-t-butyl-p-cresol, and, as t h e  m-cresol der ivat ive,  the psrs  
a lbyla ted  4,6-di-t-butyl-m-cresol (VI). 
ortho dibutylated c reso l  and t h e  latter, an ortho-para dlbutylated c reso l  have boi l ing  
points  s u f f i c i e n t l y  far a p a r t  f o r  easy separation by f r a c t i o n a l  d i s t i l l a t i o n .  

These two compounds, the  first, an ortho- 

The 
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When p-cresol d i s t i l l e d  BIIT can be f u r t h e r  p x i r ' i e d  by washkg and c rys t a l l i za t ion .  
i s  nade synthe t ica l ly ,  it i s  noz a W x e d  with i t s  rneta isomer. 
pure p-cresol is t h e  s a e  as chat lescr ibed  f o r  t h e  mixed isomers. 

The &ylation o f  

No mention was made of any conditions f o r  t h e  a lky la t ion  nor was t h e  
ca t a lys t  ident i f ied .  The reason f o r  t hese  appazent omissions i s  tna t  a m r i e t y  
of a lkyla t ion  catalysts,,such as su l fu r i c  ac id ,  su l foni -  ac ids ,  shosphoric acid,  
boron f luo r ide  and so l id  ca t a lys t s ,  i s  possible even i f  w e  r e s t r i c t  ourselves t o  
isobutylene as t h e  a lkyla t ing  age&. Furthermore, each c a t d y s t  may be used i n  
various concentrations. These f ac to r s  permit g rea t  l a t i t u d e  i n  t h e  choice of t h e  
o ther  reaction conditions such as time and temperature. 

A second antioxidant,  which has been known f o r  i ts  a c t i v i t y ,  but which 
i s  not widely used i n  t h e  U . S . ,  i s  6-t-butyl-2,k-xylenol (VII). I spec i f ied  t h e  
Americas market, because it i s  a commercial product of long standing i n  Great Britain.  

Looking at i t s  s t ruc tu re ,  one w i l l  immediately r e a l i z e  i t s  c lose  s t rx-  
turd re la t ionship  t o  BET. 
ner t  of one of t h e  o-t-butyl groups i n  BhT by a methyl group. 

The d i f fe rence  between t h e  two compounds is t h e  replace- 

A s  i n  t h e  case with m,p-cresol, one of t h e  precursors f o r  6-t-butyl-2,4- 

The r a t i o  of t h e  two i s  roughly 2:1 i n  favor of t h e  2,k-isomer. 
xylenol, namely 2,k-rylenol (VIII) ,  occurs, i n  tar ac id  along with i t s  isomer, 2,5- 
xylenol (M). 
While o ther  xylenols are separable from t h e  des i red  isomer by d i s t i l l a t i o n ,  t he  
a-oove two isomers b o i l  within one degree of each other.  

Again, one can r e so r t  t o  t -bu ty la t ion  not only as a means of o b t u n i n g  
~ u r  des i red  antioxidant but a l so  as a means of separating t h e  two xylenol isomers. 
The same pr inc ip les  which have been discussed i n  t h e  m,p-cresol s lky la t ion  apply i n  
t h e  present case. A s  a matter of f ac t ,  t h e  mixture of 2,4- and 2,5-xylenol may be  
v iewed as a mixture of ortho-alkylated m,p-cresols, t h e  2,k-xylenol being t h e  ortho- 
subs t i tu ted  p-cresol, and t h e  2,5-xylenol, t h e  ortho-substit-uted m-cresol. k i s  
nakes them comparable t o  t h e  mono-butyl m,p-cresol, each of which caz only be t -  
butylated f u r t h e r  with one group. I n  t h e  one case, t h e  second group entered t h e  
f r e e  ortho pos i t ion  t o  give BHT, and i n  t h e  second, t h e  para  posit ion.  I n  t h e  
xflenols,  one a l s o  f inds  tha t  2,k-xylenol t - a lky la t e s  i n  t h e  access ib le  6-posit ion 
t o  give t h e  des i red  compound, 6-t-butyl-2,k-rj lenol while i n  t h e  case of  2,5-xylenol, 
t h e  4- pos i t ion  i s  alkylated t o  give 4-t-butyl-2,5-xylenol (X)  (19). 

The i s o l a t i o n  of t h e  des i red  compound may be accomplished I n  various ways. 
One msans, which i s  a l so  applicable t o  t h e  d i - t -a lkyla t ion  of m,p-cresol, t akes  
advantage of t he  d i f fe rence  i n  t h e  r e a c t i v i t y  of t h e  two isomers. 
using a limized amount of t h e  o le f in ,  choosing reac t ion  conditions mild enough t o  
cr&.ance t h e  se l ec t iv i ty ,  and l imi t ing  t h e  reac t ion  time t o  suppress o r  at least 
reduce equ i l ib ra t ion , i t  i s  possible t o  a lky la t e  2,k-xylenol i n  preference t o  t h e  
2,5-isomer (%). 

Therefore, by 

The unreacted x j lenols ,  now predominantly t h e  2,5-isomer, are removed by 
d i s t i l l a t i o n  from t h e  6-t-butyl-2,5-xylenol. 

Another method of i s o l a t i n g  6-t-butyl-2,k-xylenol made from 2,4-2,5-xylenol 
i s  t o  caf ry  t h e  reac t ion  fu r the r  than i n  t h e  previous example so t h a t  &-t-butyl- 
2,5-xylenol i s  formed i n  appreciable amounts. The reac t ion  mixture is then added 
50 d i l u t e  caus t ic  -Jhich dissolTres only t h e  non-hindered phenols, namely m y  unreaczed 
r j l e n o l s  and t h e  4-t-butyl-2,5-xylenol, but does not r eac t  with t h e  hindered 6-t- 
butyl-2,4-xylenol. Steam d i s t i l l a t i o n  of t h e  mixture then ca r r i ed  over t h i s  product(3x). 
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Work car r ied  out during recent years has l ed  t o  se l ec t ive  ortho a lkyla t ion  
of phenols with open para posit ions.  
and his. co-workers (33) have devised another route  t o  6 - t~bu ty l -2 ,4 -q leno l ,  start- 
ing  wi th  o-cresol ( X I ) .  
(XII) and a Mannich reac t ion  on this with formaldehyde and dimethylamine y ie lds  4- 
dimethylaminomethyl-6-t-butyl-o-cresol (mu:). 
t o  g ive  6-t-butyl-2,k-xylenol and dimethylamine as t h e  products of t h e  hydrogenolysis. 
The amine is then recycled t o  t h e  Mannich reaction. 

Sased on se l ec t ive  ortho alkylation(=) Neuworth 

t -Enty la t ion  under these  conditions gives 6-t-butyl-o-cresol 

This is  then  t r e a t e d  with hydrogen, 

The work by K o l k a ,  Ekke and t h e i r  co-workers i n  th i s  country (34,35) and 
by Stroh i n  Germany (36,37) has  l e d  t o  an economical synthesis of 2,6-di-t-butyl- 
phenol (XIV) which had been knam f o r  some t i m e  (38,m). 
marketed by Ethyl and it serves  as s t a r t i n g  mater ia l  f o r  a number of d e n v a t i v e s  
which a r e  antioxidants i n  t h e i r  own r igh ts .  . 

This compound is  present ly  

Besides t h e  t - a lky l  der iva t ives ,  s p e c i f i c a l l y  t -bu ty l  derivatives,  of 
tar acids,  thed-methylbenzyl o r  sty-ryl der iva t ives  of t h e  phenols are of g rea t  
commercid importance as antioxidants.  Specifically,  styrenated phenol it self ( X V )  
is  probably t h e  a lkyla ted  tar a c i d  made i n  g rea t e s t  amount f o r  use as antioxidant. 
This mater ia l ,  however, i s  not a pme compound, and not even a mixture of pQsitional 
isomers. Rather, it i s  t h e  r eac t ion  product of  t h e  s tyrena t ion  of phenol, and, 
therefore ,  could contain, along with mono-, d i -  and tri-styryl phenols, phenol sub- 
s t i t u t e d  with low molecular weight polymers of styrene such as dimers snd trimers.  
'These would be  the  r e s u l t s  of a preliminary polymerization of s tyrene  followed by 
a lkyla t ion  of phenol with t h e  r e su l t an t  oligomers. 
mixture is  possible. 
products. 
designation "alkylated styrenated," probably denotes t h e  fact t h a t  t hese  products 
contain both s tpyl  and t-alkyl s i d e  chains on phenolic nuclei. 

It is  obvious t h a t  a complex 

While s tyrena t ion  may b e  considered a spec ia l  form of a lkyla t ion ,  t h e  
So-called "alkylated styrenated phenols" a r e  a l so  commercial 

r' 
A second major group of phenolic antioxidants include those produced from 

phenols, e spec ia l ly  s t e r i c a l l y  hindered ones such as t -a lkyla ted  phenols, n a  subse- 
quent reactions.  The most important subdivision of these  i s  t h e  gro-ip i n  which two 
o r  more phenolic nuc le i  have been l inked  together. The bridging of  t hese  nuclei  ~ 4 y  
cons is t  o f  a number of groups, predominantly alkylidene, such as methylidene, o r  
t h i o  groups. On t h e  o ther  hand, t h e  phenolic nuclei  may be d i r e c t l y  l inked  t o  e2ch 
other.  While two routes  present themselves f o r  t h e  preparation of these  compounds, 
narrely a l k y b t i o n  of t h e  tar a c i d s  followed by coupling, and t h e  reverse order,  it 
i s  t h e  first which i s  usua l ly  prac t iced  t o  give i n d u s t r i a l l y  iznportant antioxidants.  
Usually, on ly  two phenolic groups a r e  linked. The advantage of these  higher molec- 
ular weight mater ia l s  i s  low v o l a t i l i t y ,  a des i r ab le  property both during rhe  pro- 
cessing of polymers i n  which t h e y  f ind  major use, and during t h e  remainder of t he  
l i f e  o f  t h e  a r t i c l e s  made from t h e  polymers. 

If pure p-cresol r a t h e r  than a mixture of m- mnd p-cresol i s  a lkyla ted  
with isobutylene, t h e  monobutyl-p-cresol (111) can be r ead i ly  separated by d i s t i l -  
l a t i o n  f r o m  t h e  o ther  mater ia l s  i n  t h e  reac t ion  mixture. These would be t h e  
unreacted p-cresol and 9HT. 
under a c i d i c  conditions t o  give 2,2' -rnethylenebis (4-methyl-6-t -butylphenol) (XVI) /-- 

The 2-t-butyl-p-cresol i s  then  reacted with formaldehyde 

(40)- 

I n  a similar fashion, 2-t-butyl-4-ethylphenol can be prepared from 4-ethyl- 
phenol and then converted t o  i t s  methylenebis deri-cative. 

I n  t h e  m-cresol s e r i e s ,  t h e  most important alkylidene der iva t ive  i s  4,L'- 
butylidenebis (2-t -butyl-p-methylphenol) (W) obtained as t h e  product from the  
condensation of  6-t-butyl-m-cresol (V) and butyraldehyde (41). However, s ince  t h e  
only  source of m-cresol i s  that admixed with i t s  isomer, p-cresol,  and s ince  t h e  two  
monobutyl der iva t ives  of t h e s e  could not be separated by d i s t i l l a t i o n ,  t h e  only 
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pcssible source of 6-t-butyl-m-cresol i s  t h e  dibutyl-m-cresol (VI),  which we obtained 
along Kith 2,6-di-t -butyl-p-cresol. P a r t i a l  dealkylation of L, 6-di - t  -butyl-m-cresol 
gives a m i d u r e  high i n  t h e  des i red  6-t-butyl-m-cresol along v i t h  m-cresol ( I V )  and 
cnreacted s t a r t i n g  rnaterial. The dealkylations i n ' t h e  presence of various ca t a lys t s  
take  place under mor-? severe temperatare conditions than do t h e  reverse  &kylations. 
PJO other  bisphenols namely 4,4' -rnethylenebis (2,6-di-t-butylphenol) (XVTII) and b,4' - 
nethylene (6-t-butyl-o-cresol) (XIX) are now commercial products as a result of s e l ec t ive  
ortho alkylatioc.  %le l a t te r  is, of course, a der iva t ive  or' o-cresol. The preparation 
of these  bisphenols i s  car r ied  out under bas ic  conditions (,g,43,44). 

TTisphenols have a l s o  been made. Eowever, only  one (XX) derived from ?-cresol, 
2 - t -$~ty l -p-creso l  m d  formaldeh)de, seems t o  be of comerc ia l  irnpomance. 
t io r .  of t r i sphenols  i s  more complex than tha t  of bisphenols. 
0r.e compound i s  possible. 
possible,  and therefore ,  t h e  reac t ion  i s  ca r r i ed  out stepwise (45). 

The prepara- 
I n  t h e  l a t t e r  case on ly  

In t h e  preparation of t r i sphenols ,  a nmoer  of products a r e  

Alnost d l  of t h e  alkylidenebis compounds have t h i o b i s  counterparts,  i. e. 
co~pocnds i n  -dhic?i t h e  two phenol rir.gs are coupled Sy a sulfbr linkage. %ni; coupling 
is accomplished 'cy t he  reaction of t h e  mononuclear phecolic comymd x i t h  sullur ,%- 
chloride. Catallists haTre been used i n  t h i s  reaction (46) but a r e  not necessary. O f  
g rea tes t  ixpopor",acce i s  4,4' - th iobis  (6-t-butyl-m-cresol ( X X I )  (47). 
t h iob i s  der iva t ives  of 2-t-butyl-p-cresol (XU) and 6-t-butyl-q-cresol (XXTII). 

Others are the 

Several o ther  phenolic antioxidants derived from tar ac ids  'nave recent ly  
been introduced. A l l  a r e  t h e  products of t h e  reactibns of ortho a ikyla ted  phenols. 
Scarticg v i t h  2,6-di-t-butylphenol (XIV),  oxidative coupling and reduction S e l d s  
&,4'--?i.s ( 2 , 6 - ~ - t - b u t y l p ~ e n o l )  (Xxrv) (&). This i s  a biphenol i n  which t h e  t;lo 
phenolic rings a r e  l inked d i r e c t l y  t o  each other. Two o ther  an t iox idants  based cn 
2,6-di-t -butylphenol a r e  t h e  p-methoxymethyl and t h e  p-dimethylaminomethyl der iva t ives .  
The former ( X X V )  i s  t h e  product of t h e  reac t ion  of t h e  phenol, f o d d e h y d e  and rne+,h- 
an01 (43,48,4s,5~).  
and 2irnethylarr-ine a r e  reacted i n  a Mannich reac t ion  (48,51). 

The amino ( X X V I )  compound r e s u l t s  when the  phenol, fo,rmaldeh;rcle 

I n  suiiary, ali iylation, e spec ia l ly  t -bu ty la t ion  and styrer;ation of t a r  Beids 
t o  give s t e r i c a l l y  hindered phenols i s  t h e  most important chemical reac t ion-  f o r  t he  
oreparation of antioxidarrts. 
n u d e i  wi th  each other v i a  a phenol-aldehyde condensation, a phenol-sclfur d ich lor ide  
cor?der.sation, o r  an oxidative zoupling i s  of major importance. To a ncch lesser 
6eegree, t h e  reac t ion  of  a ohenol, an aldehyde ar.d a t h i r d  compoud with a replaceably 
:?ydrogen leads  t o  antioxidants.  

Secondly, t h e  joining toge ther  of two CE more phenolic 

When t h e  major antioxidants a r e  broken down according t o  t h e  s t a r t i n g  tar 
acids,  i t  becomes apparent tha t 'phenol ,  o-cresol, m,p-cresol and 2,4-2,5-xylenol are 
t h e  ac i a s  used t o  make t h e  phenolic antioxidants.  Phenol y ie lds  st-yrenated pnenols, 
2,6-di-t-butylphenol and i t s  der iva t ives .  
which is  then converted t o  t h e  methylenebis and t h e  th iob i s  compound. 
a lkyla ted  t o  2-t-butyl-p-cresol as an intermediate f o r  t h e  manufacture of i t s  methyl- 
enebis and th iob i s  derivatives,and t o  BIIT. 
c r e so l  a r e  a l so  reacted with formaldehyde t o  g ive  2,6-bis(2'hydroxy-3'-t-butyl-5' - 
methylbenzy1)-p-cresol, a trisphenol.  
6-t -butyl-m-cresol, via t h e  d ibu ty l  derivative.  
t o  i t s  b,k'-butylidenebis and i t s  t h i o b i s  der iva t ives .  
and 2,5-xylenol i s  butylated and t h e  6-t-butyl-2,4-xylenol i s  i so la ted .  

be  remembered t h a t  t h e r e  a r e  o ther  phenolic antioxidants,  not derived from tar acids 
( j u s t  as the re  a r e  non-phenolic an t iox idants  derived from tar ac ids) .  Even witkin 
t h e  realm presented here, hundreds of s t ruc tu res  have been prepared f o r  antioxidant 
evaluation. Some of t hese  are good an t ioxidants  but have not been brought t o  com- 
mercialization f o r  one reason o r  another. 

o-Cresol y ie lds  t h e  o-t-butyl der iva t ive  
p-Cresol is 

The monobutyl-p-cresol and t h e  parent p- 

m-Cresol i s  converted t o  i t s  monobutyl der iva t ive ,  
The monobutyl c r e so l  i s  then  converted 

F ina l ly ,  a mixture of 2,4- 

While this i s  a survey of tar acid-derived phenolic antioxidants,  it must 
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Solvent ex t r ac t ion  of tar ac ids  from t a r  ac id  containing o i l s  is of 
i n t e r e s t  because of t he  p o t e n t i a l  savings i n  investment and operating cos t s  over 
t he  conventional batch caus t ic  ex t r ac t ion  process. A r e l a t ive ly  l a rge  number of 
solvents have been evaluated f o r  this ( l y s e .  p 
solvents contain a polar  owgen group and include water, methanol e hano1,folmic 
acid,  a c e t i c  acid, glycerine, t r i e thy lene  glycol,  and diethanoiamine(llj.  MDst of 
t he  previous s tud ies  involved countercurrent ex t rac t ion  w i t h  a s i n g l e  solvent.  A t  
high tar ac id  recovery l eve l s ,  there  i s  a s ign i f i can t  carryover of neu t r a l  o i l ,  
requiring secondary p u r i f i c a t i o n  of t h e  polar  solvent ex t rac t .  Frac t iona l  ex- 
t r ac t ion  vith two solvents provides a technique f o r  t he  recovery of one component 
of a mixture both i n  high yield and i n  high purity.  

For  the  most par t ,  p refer red  

Aqueous methanol-hexane were inves t iga ted  i n  our laboratory(') as a 
solvent p a i r ,  based on their high s e l e c t i v i t y  f o r  tar  acids,  l o w  cos t ,  ease of 
recovery, and s t a b i l i t y .  
ex t rac t ion  of the th ree  most important commercial sources, coke oven tar, petroleum 
derived c re sy l i c  acids,  and l o w  temperature tar will be discussed. 
separa t ion  of tar ac id  isomers and homoloyes by solvent ex t rac t ion  w i l l  be de- 
scribed. 

The y i e l d  and qua l i ty  of tar ac ids  produced by so lvent  

In addition, 

Experimental 

Extraction s tudies  were ca r r i ed  out  i n  a 1" x 8'  ex t rac t ion  colunn of t h e  
Scheibel type. The solvents, 
aqueous methanol and hexane were s tored  i n  3-gallon bo ros i l i ca t e  bo t t l e s .  Gravity 
feed was used, flow r a t e s  being measured with rotameters. 
solvents w a s  maintained by Dassage through c o i l s  heated o r  cooled i n  a water bath. 
Tar acid o i l  was pumped i n t o  the ex t rac t ion  column by means of a prec is ion  motor 
driven syringe. 
stage ex t rac t ion  c o l m .  
on a 1" x 4' Vigreaux column. 
f ined  tar acids. 
t a r  acids by buty l  ace t a t e  ex t rac t ion .  
neut ra l  o i l ,  and pyridine bases by standard methods. 
derived from ?etroleum, aromatic t h i o l s  and d i su l f ides  were d e t e r ~ i n e d ( ~ ) .  
hexane r a f f ina t e  was s imi l a r ly  d i s t i l l e d .  The solvent f r e e  residue was analyzed 
f o r  tar acids by a modified caus t ic  contraction method. 

A schematic diagram of apparatus i s  shown i n  Figure 1. 

The temperature of the  

The t a r  ac id  o i l  feed poin t  w a s  t he  s i x t h  stage of the  twenty-eight 
The methanol ex t r ac t  was f reed  of solvent by d i s t i l l a t i n n  

Tne water w a s  separated by decantation ana analyzed f o r  dissolved 
The residue consisted of a mixture of water and re- 

The w e t  tar ac ids  were analyzed f o r  water, 
In t i e  case of the  t a r  acids 

. 

The 

The de ta i l ed  procedure f o r  laboratory scale r e f in ing  o a methanol ex- 
' t r ac t  with anion and ca t ion  exchange r e s ins  has  been 
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Low Temperature Tar Acids 

A tar acid o i l  (b.p. 160-230) derived from f lu id ized  low temperature car- 
bonization of a i tsburgh Seam c o a l  w a s  ref ined with aqueous methanol-hexane. 
Previous s tud ies re l  narrowed the  optimum concentration of methanol t o  60 t o  7&, 
using feed:methanol:hexane r a t i o s  of 1/1.5/3.0. 
sults are  shown i n  Table 1. 
e x t r a c t  w a s  92%. 
l e v e l  f o r  commercial t a r  acids .  

The extract ion conditions and re- 
The observed recovery o f  tar acids i n  t h e  methanol 

Neutral  o i l  contamination was 0.084, w e l l  below t h e  acceptable 

Tar base content w a s  determined as 0.6$, which i s  3 to  6 times higher 
than current  specif icat ions.  
solvent  extract ion approach t o  tar ac id  re f in ing  and is c h a r a c t e r i s t i c  of all 
organic solvents considered t o  date. 
t r a c t i o n  with su l fur ic  a c i d  o r  by d i s t i l l a t i o n  uith s u l f u r i c - o r  phosphoric acids(') 
has been proposed. 

and has already been described 

This carryover of tar bases is a l i m i t a t i o n  of the  

Removal of tar bases from tar acids by ex- 

An i o n  exchange technique, using a s t rong a c i d  cat ion resin,  
f o r  removal of t a r  bases from an01 ext rac ts  was developed i n  our  laboratory 

Low temperature tar  acids  produced by solvent ex t rac t ion  o r  caus t ic  
ex t rac t ion  are  contaminated w i t h  small quant i t ies  of a l i p h a t i c  acid,  ranging from 
a c e t i c  through butyr ic  acid.  
f r a c t i o n  and i m p a r t  a f o u l  odor. 
anion exchange r e s i n  and a ca t ion  exchange res in  i n  series@,'), results i n  the 
recovery of tar acids of s a t i s f a c t o r y  q u a l i t y  with respect t o  neut ra l  o i l ,  ali- 
phat ic  ac ids ,  and pyridine bases. 

These a l i p h a t i c  acips are concentrated in the phenol 
Pur i f ica t ion  of the meth 01 e x t r a c t  with an 

A schematic flow diagram and the chemical react ions involved i n  t h i s  
ion  exchange pur i f ica t ion  are shown i n  Figure 2. 
over an anion exchange resin.  The quaternary ammonium hydroxide groups combine 
with tar acids  t o  form phenolate salts. The a l i p h a t i c  acids by v i r t u e  of t h e i r  
higher a c i d i t y  gradually d isp lace  the  phenols until the  res in  is sa tura ted  wit21 
a l i p h a t i c  acids. 
required. 
a re  removed as pyri6inium sulfonates.  The pur i f ied  methanol ex t rac t  is  t rea ted  
as before f o r  the removal of methanol and water. 
t a r  acids  i s  presented i n  Figure 2. 
0.05$, respectively,  are  wel l  within commercial specif icat ions.  Aliphatic acids 
could not  be detected by analysis  o r  by odor. 

Coke Oven Tar Acids 

The methanol e x t r a c t  i s  pumped 

Breakthrough of a l i p h a t i c  acids follows and regeneration is 
The methanol e x t r a c t  then contacts a cat ion r e s i n  where pyridine bases 

The analysis  of the  f u l l y  refined 
The n e u t r a l  o i l  and ta r  bases values of 0.08% and 

Solvent ex t rac t ion  of tar acids f r o m  coke oven tar presents a number of 
unique problems. 
t o  raise i t s  freezing point  wel l  above ambient temperature, which necess i ta tes  
d i l u t i n g  t h e  t a r  ac id  o i l  v l t h  one of the solvents  o r  ex t rac t ing  above ambient 
temperature. 
corresponding f rac t ion  from l o w  temperature t a r ,  and the  r a t i o  of tar bases is  
q u i t e  high, 0.11 as  compared t o  0.013 f o r  l o w  temperature t a r  acid o i l .  !be low 
concentration of tar acids imposes an econorcic penalty,  since throughputs and so l -  
vent r a t i o s  are  proport ional  t o  the t a r  acid o i l  volume ra ther  than absolute tar 
acid concentrations.  The r e l a t i v e l y  h igh  concentration of tar bases w i l l  r e s u l t  
i n  a correspondingly la rge  contamination of the recovered t a r  acids,  since most 

A narrow b o i l i n g  t a r  acid o i l  contains s u f f i c i e n t  naphthalene 

Tine concentration of t a r  acids is about l/3 the concentration of the 
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oGgenated solvents w i l l  ex t r ac t  pyridine bases. 
cocditions znd ext rac t ion  res:ults a r e  shown i n  Table 2 .  A 90$ recovery of t a r ,  
acids was  ob?;aioed. me neut ra l  o i l  content of t h e  recovered t a r  ac ids  was w e l l  
under 0.15, which meets cur ren t  syec i f ica t ions .  The tar base contamination w a s  
4.15 as  conpared t o  yublished spec i f ica t ions  of 0.1 to  0.2%. I o n  exchange puri-  
?:cation wo,ild reduce t h e  tar bases t o  an acceptable leve l .  Eowever, the  cosm 
f o r  such a secondary pu r i f i ca t ion  would be qu i t e  high because t h e  consmption of 
ion exchange regenerant is  proportional t o  tar base concentration. The added re- 
l i n i 3 3  cos ts  niat b e  j u s t i f i e d  if  by-product c r e d i t  could be taken f o r  t he  t a r  
bases, which can be recovered from the res in ,  free of tar acids a d  neu t r a l  o i l s .  

P e t r o l e m  Sresy l ics  

The de ta i l ed  solvent ex t rac t ion  

I 

Criude tar ac ids  produzed by the caus t ic  washing of gasoline have beccme 
an important source of refined c re sy l i c  acids i n  the  LJ. S. fi'ornally, Ghese a r e  
ava i lab le  ns caus t ic  solutions containing 10 t o  50% t a r  ac ids  a d  from 1 t o  20% 
aromatic nercaptans and d isu l f ides .  
s u l f u r  conpoucas f r o m  tar  acids i s  oxidation of t h e  su l fu r  compoucds t o  d isu l f ides  
and separatLon of t he  caus t ic  inso lsb le  d isu l f ides .  
cation can- be e f fec ted , ,  su f f i c i en t  d i su l f ides  remain dissolved in .  the  a lka l ine  
so lu t ion  t o  3e objectional,  and the re  i s  a loss  of t a r  acids during the oxidation 
step. 

hexane") ucder optimum conditions results i n  a recovery of 95% of t h e  tar acids 
and simultaneous elimination of 99.5+$ of the  mercaptans and d i su l f ides  i n  the  
feed. The effectiveness of t h i s  separation i s  qu i t e  unexpected when one considers 
phenol and thiophenol as prototypes of the  mixture. Although thiophenol is  slmost 
e thousaqd times stronger an ac id  than phenol, thiophenol i s  r e j ec t ed  by aqueous 
methanol, the mgre po lar  solvent. BIZ d i s t r ibu t ion  behavior of  thiophenols can 
be explained as a r e s u l t  of t h e i r  i n a b i l i t y  t o  hydrogen bond with oxygenated 
solvents. 

me conventional method of separa t ing  the  

'Thile a s i g n i f i c e n t  pu r i f i -  

Frac t iona l  ex t rac t ion  of a feed o f  this type w i t h  aqueous methanol- 

%e d e t a i l s  of an ac tua l  laboratory ex t rac t ion  of a crude tar ac id  mix- 
t u r e  from oetroleum i s  shown i n  Table 3. 
r a t i o  of 1.0/2/4.5, t h e  recover j  of tar acids i n  the  ex t r ac t  was 97$ and the su l fu r  
conpound contamination w a s  0.012$. 
derived f r o s  ca t a ly t i c  cracking of gas o i l s  contain very low concentrations of 
pyridizle bases because chemical combination of bas i c  compounds w i t h  t h e  ac id ic  
cracking c a t a l j s t  occurs during cracking, Maximu pyridine contamination i s  about 
0.05$, which i s  acceptable. 

Using a tar ac%d/60$ methanol/hexane volume 

N e u t r d  o i l  contanination i s  O.O$. Tar acids 

Titt-Consol Chemical Company, a subs id ia ry  of Consolidation Coal Company, 
has operated a comerc ia l  ex t rac t ion  uni t  f o r  t he  r e f in ing  of petroleum derived 
t a r  acids f o r  6 years. 
f i n e r i e s  a re  being processed. 
duplicates our laooratory ,unit i n  terms o f  y i e l d  and p u r i t y  of re f ined  tar acids. 

Miscellaneous Refining Applications 

Compcsite crude tar ac ids  from a t  l e a s t  35 petroleum re- 
The performance of t h e  c o m e r c i a i  ex t rac t ion  column 

Seoarztion of flonohyydric - Dihydric Phenol Mixtures 

Tar acids bo i l ing  above 230°C from low temperature tar contain dihydric 
phenols, -,iiich turn pi& when a lka l ine  solutions o f  the tar acids are oxidized. 
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This discolorat ion is object ionable  vhen dis infectant  appl icat ions are contemplated, 
Removal of the pinking components bas been ef fec ted  by air-blowing n l e  solut ions 
or  extract ion u i t h  borax, requiring consumption of chemicals and loss of some tar 
acids due t o  oxIdation. 

Fract ional  so lvent  ex t rac t ion  of the  high b o i l i n g  tar ac ds ( 2 j O - j ~ O " C )  
produced from low temperature tar Kith more d i l u t e  methanol-hexanetlO), w i l l  sepa- 
r a t e  the  dihyydric phenols. 
methanol, 11% of the  feed is recovered as a methanol extract, the r a f f i n a t e  boi l ing  
up t o  260Oc containing no dihydrics.  
J5$ removed more of the  clihydrics, the tar acids  boi l ing  up t o  280° being f r e e  of 
pinking. 
of  7% w a s  obtained, which showed no dihydrics i n  the tar acids  boi l ing  up to  3OO"Z. 
Extraction of a synthe t ic  mixture containing catechol vith 3546 aqueous methanol- 
hexane produced a hexane r a f f i n a t e ,  containing 76% or  the monohydric pnenols com- 
p l e t e l y  f r e e  of catechol.  
tar acids  i n  two f rac t ions ,  one of which contains no dihydric phenols. 

Separation of 2,6-xylenoi From Mixed Cresols 

'Ilte r e s u l t s  are sunrmarfzed i n  Table 4. Using 3O$ 

h increase i n  the methanol concentration to  

When the methanol concentration w a s  increased t o  @'$, a hexane r a f f i n a t e  

p l i s  method has the  advantage of complete recovery of 

6 
An i n t e r e s t i n g  appl ica t ion  of aqueous methanol-hexane extract ion i s  the 

separat ion of 2 ,6-~yienoi  f r o m  mixed creso ls .  
t r a t i o n s  i n  the c reso l  f r a c t i o n  and i s  v e 4  d i f f i c u l t  t o  recover i n  high purity 
because it b o i l s  q u i t e  c l o s e l y  t o  both o-cresol and m,p-cresol. 

2,6-&rlenol occurs in low concen- 

Fract ional  ex t rac t ion  of a mixture corresponding In composition t o  a /- 

f r a c t i  n boi l ing  between 0-cresol and m,p-cresol w a s  t r i e d ,  using d i l u t e  methauol- 
hexane?'). The r e s u l t s  are presented i n  Table 5. When 4546 methanol was t r i e d ,  
2 , 6 - ~ 1 e n o i  was recovered i n  63% jrield and 675 puri ty .  
t o  35$ resu l ted  in increased se lec t iv i ty ,  and 2 , 6 - ~ y i e n o i  was recovered i n  91% 
p u r i t y  and 54% yie ld .  
complish the same result. Apparently, aqueous methanol, ldhen s u f f i c i e n t l y  dl luted,  I 

can separate  t a r  acids  on tne  bas i s  of both a c i d i t y  and molecular weight. 

Dilution of the methanol 

It wouid require  severa l  precis ion cXst iUat ions t o  ac- 
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Tar Acids 
Neutral O i l  
Tar  Bases 
d i p h a s i c  Acids 

Tar Acid O i l  
60% Methanol 
Hexane 

;it.k 
14.5 
34.8 
0.6 
0.2 

Extraction Conditions 

Vol. Ratio 
1.0 
1.5 
3.0 

Composition and Yield of Methanol Zxtrac t  

Yield or' T a r  Acids 92 wt.5 
&ri t; . g. 5 )  

Neutral O i l  
Tar Bases (Pyridine) 0 . 9  
Aliphatic Acids (Butyric Acid) 0.36 

Table 2 

Solvent Extraction of Coke Oven Tar Acid O i l  

Feed Composition (170-23O'C) 

Tar  A c i d s  
Naphthalene 
Neutrai O i l  
Tar Bases 

Extraction Conditions 

60.1 

1.6 
24.0 

Vol. Ratio 
1.0, 
1.0 

Zeotene 3 . p  

?uritj.  of T a r  Acids 
T,J-. - 

Neutral 311s C G . i  
T a r  3ases +.i 

9s 3 1:1 s d u t i o n  Lo nsotme. 
*Inciudes n e p t a e  used t o  d i l u t e  tar a- id  oi;. 
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i 

Solvent Elrtraction of Potroleum Cresylic Acids 

Feed Composision (16O-2!+O0C) 

Tar Acids 
Mercaptans Thiocresols 
Disulfides ) 
Neutral O i l s  

E-xtraction Conditions 

Tar Acid O i l  
GO$ Netnanol 
iiexane 

Pur i ty  o f  Tar Acids 

Neutral O i i s  
Tar Bases (Pyridine) 
i.;erca?tans 1 (Thiocresols 
Disulfides ) 

16.3 

1- 5 

Vol. Ratio 
1.0 
2.0 
41.5 

* 
0.05 
0.05 
0.012 

Table 4 

Senoval of Mhydric Phenols From Hi& Boiling Tar Acids 
23O-j5O0 C 

Extraction Conditions 

Exp. No. - 1 - 2 1 
Feed Rates (mL/min. ) 

Tar Acids 4.5 4. j 4.5 
Aqueous Methanol 12.0 ( 3 @ )  U.0 (35%) 18.0 (40%) 
Eexane 10. j 10.5 10.5 

Yieids (Wt.$ Tar Acid Feed) 

Kezhwol Extract 11 12 21 
Hexane Raffinate 89 88 79 
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Table 5 

Separation of 2,6-Xylenol From Mixed Cresols 

Tar Acids 
Aqueous &tnanol 
3exane ' .  

Extraction Cor?&itions 

Vol. fiatio 

1 1 
5 (45%) 10 (35%) 
10 5 

Feed Composition 

o-Cresol 
m-Cresol ) ' 

p-Cresol j 
2,6-xyienol 

( W t . $  Feed) 
Naphtha Raffinate Yield, 

Conposition, Wt.$* 

2,6-Wlenol 
o-Cresol 
m,p-Cresol 

*Based on I R  analysis. 

43.0 
40.0 

17.0 

16.1 

67.3 
19.1 
13.6 

42.2 
42.5 

15.3 

9.1 

91.2 
8.8 - 
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FRACTIONAL SOLVENT 
EXTRACTION APPARATUS 

STIRRER 

AQUEOUS 
METHANOL 

HEXANE 

4 t 
HEXANE 

RAFFINATE 

ROTAMETER 

EXTRACTION 
COLUMN 
I" X 8' 

V 

n 
HEXANE 

ROTAMETER METHANOL 
EXTRACT 
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U t i l i z a t i o n  of Coal Tar Bases 

Franc is  E. C i s l a k  

R e i l l y  Tar & Chemical Corpora t ion ,  Ind ianapo l i s ,  Indiana 

t 
1 

t 

The ca rbon iza t ion  o f  coa l  g ives  r i s e  t o  a complex mixture  of hun- 
dreds of chemical compounds. Nost of t hese  compounds f a l l  i n t o  one of 
t h r e e  groups: hydrocarbons, ac ids ,  and bases .  The coa l  t a r  bases  a r e  
n i t rogen  compounds. The n i t r o g e n  atom is  i n  the  r i n g ,  as i n  pyr id ine ,  
o r  i t  is a t t a c h e d  t o  t h e  r ing  a s  i n  a n i l i n e .  O f  t h e  l a r g e  number of 
compounds t h a t  a r e  inc luded  i n  the  ca t egory  of coal t a r  bases ,  on ly  
py r id ine  and i t s  s impler  homologs a r e  cons ide red  i n  t h i s  p re sen ta t ion .  

Narra t ing  t h e  a c t u a l  u ses  t o  w h i c h  py r id ines  a r e  put  would be one 
way of d i scuss ing  t h e  u t i l i z a t i o n  of coa l  t a r  bases.  Perhaps a more 
s t i m u l a t i n g  approach is t h e  one adopted he re in ,  t h a t  i s ,  a p re sen ta -  
t i o n  of a n  o u t l i n e  of some chemical r e a c t i o n s  of py r id ines  which a r e  
involved i n  t h e i r  u t i l i z a t i o n .  

Qua te rn iza t ion .  Pyri dine and the  a l k y l p y r i  d ines  r e a c t  wi th  a l k y l  
h a l i d e s ,  ac id  c h l o r i d e s ,  and wi th  alicyl or a r y l  s u l f o n i c  e s t e r s  to form 
pyridinium s a l t s .  The r a t e  of q u a t e r n i z a t i o n  i s  in f luenced  by t h e  na- 
t u r e  and p o s i t i o n  o f  the s u b s t i t u e n t s  on t h e  p y r i d i n e  r ing .  Methyl 

rou s ad jacen t  to  the  n i t r o g e n  decrease  t h e  r a t e  o f  q u a t e r n i z a t i o n  
91273 . 
2-pico l ine)  2,!t-luti d ine )  2 ,6 - lu t id ine .  A method of p u r i f y i n g  2,6- . 
i u t i d i n e  from such contaminants as  3 -p ico l ine  and 4-p ico l ine , .  is based 
on t he  fact  t h a t  2 ,6 - lu t id ine  qua te rn izes  much more s lowly  than  do t h e  
p i c o l i n e s .  The presence  o f  a carboxyl group on t h e  py r id ine  r i n g  
g r e a t l y  r e t a r d s  t h e  r a t e  o f  q u a t e r n i z a t i o n .  On t h e  o t h e r  hand, t he  
e s t e r s  of py r id ine  ca rboxy l i c  a c i d s  a r e  qua te rn ized  r a t h e r  smoothly 

Pyri dyl-pyridinium s a l t s  wherein t h e  n i t r o g e n  atom of a p y r i d i n e  
nuc leus  is connected to a carbon atom a t  t h e  2-, 3-, o r  4- p o s i t i o n  
of a second pyr id ine  molecule a r e  known. N-pyridyl-4-pyridinium d i -  
c h l o r i d e ,  made by t h e  r e a c t i o n  of t h iony l  c h l o r i d e  upon pyr id ine  (87 )  
( 2 1 ) ( 1 1 ) ,  had been u t i l i z e d  i n  the  p r e p a r a t i o n  of 4- s u b s t i t u t e d  pyr i -  
d ines  (75). The recent  c o n t r i b u t i o n s  to  t h e  chemis t ry  of pyridine-N- 
oxide  have made N-pyridyl-4-pyri dinium d i c h l o r i d e  of l e s s  importance 
i n  t h e  p r e p a r a t i v e  methods (30). 

2-Vinylpyri d ine  r e a c t s  w i th  pyri d ine  hydrochlor ide  t o  g i v e  an a l -  
nos t  q u a n t i t a t i v e  y ie ld  of 2-pyridylethylpyriainium c h l o r i d e .  The r e -  
a c t i o n  fs a general  one, s i m i l a r  qua te rna ry  compounds a r e  formed w i t h  
pyr i  dine th iocyana te ,  w i t h  q u i n o l i n e  hydrochlor i  de, e t c .  4-Vinylpyrf - 
dine  r e a c t s  i n  l i k e  manner (35). 

Quaternary s a l t s  of pyr id ine ,  of a l k y l p y r i d i n e s ,  as we l l  as of 
o t h e r  py r id ine  compounds may be ox id ized  by potassium f e r r i c y a n i d e  t o  
1- s u b s t i t u t e d  2-pyridones (123) .  The n a t u r e  of t h e  s u b s t i t u e n t  i n  
t h e  3- p o s i t i o n  of  a pyridinium s a l t  de te rmines  whether f e r r i c y a n i d e  
o x i d a t i o n  g ives  a 2-pyri done or a b-pyridone. I f  t h e  3- p o s i t i o n  is 
occupied by phenyl, 3 -pyr idyl ,  carboxy, or carboxy e t h y l ,  b-pyridones 
a r e  formed. If t h e  s u b s t i t u e n t  is bromine, methyl,  or e t h y l ,  t h e  oxi- 
d a t i o n  occurs mainly a t  the  2- pos i t i on .  3-Cyanopyri d ine  methyl 

The tendency to  q u a t e r n i z e  decreases  i n  t h e  o rde r  4-p ico l ine)  

(118) .  
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i od ide  appeared t o  form bo th  2-, and 6-pyridones (22)(141). A more 
r e c e n t  s t u d y  of  t h e  f e r r i c y a n i d e  ox ida t ion  of t he  qua ternary  of 1- 
phenylethyl-3-cyanopyridine does not  confirm the presence of a b- 
pyridone (144) .  

k a l i n e  potassium f e r r f  cyanide t o  4-carboxy-N-methyl-2-pyri done i n  
y i e l d s  up t o  96% ( 5 5 ) .  

dine  and subsequent ly  t r e a t i n g  the r e s u l t i n g  compound w i t h  d i l u t e  
c a u s t i c  g ive  1- s u b s t i t u t e d  5-alkyl-2-pyri  dones (14). 
These compounds a r e  important  i n  t h e  p repa ra t ion  of 2- and 4- s u b s t i -  
t u t e d  pyr id ines .  

Oxidat ion.  The i n e r t n e s s  o f  py r id ine  towards ox id iz ing  agents  is 
one of its outs tanding  c h a r a c t e r i s t i c s .  Py r id ine  is n o t  a t t a c k e d  by 
fuming n i t r i c  a c i d  nor by chromic ac id ,  and even potassium permanga- 
n a t e  has but  l i t t l e  e f f e c t  on i t .  

I n  s p i t e  of i ts r e s i s t a n c e  to  ox ida t ion ,  py r id ine  may be oxidized 
q u i t e  r ead i  l y  to  py r i  d i  ne-N-oxide. The r e a c t i o n  is u s u a l l y  c a r r i e d  
out  w i th  a mixture o f  hydrogen peroxide and a c e t i c  a c i d  (67)(113)(115 ). 
The formation of t h e  N-oxide l i nkage  is a f a i r l y  genera l  behavior  of 
compounds conta in ing  t h e  py r id ine  nucleus.  Alkylpyr id ines  form pyri- 
dine-N-oxides; so do a lkano lpyr id ines  ( 3 1 ) ( 1 7 ) ;  and a c e t y l w r i d i n e s  
(82 ) (129) .  N i c o t i n i c  a c i d ,  i s o n i c o t i n i c  ac id ,  and p i c o l i n i c  a c i d s  
i v e  t h e  corresponding N-oxides ( 4 3 ) ( 5 9 ) ( 1 0 ) ,  and so do t h e i r  e s t e r s  9 82)(18), but 2 ,5-pyr id ine  d i ca rboxy l i c  a c i d  is not ox id i zed  t o  the  N- 

oxide  wh i l e  i t s  dimethyl  e s t e r  is (118). The pyr id ine  carboxamides 
a l s o  form N-oxides i n  t h e  usual manner (57). 
formed i n  good y i e l d s  (31, and so a r e  3-bromopyridine-i\l-oxide and 3,s- 
dibromopyridine-N-oxide (57) .  2-, 3-, and 4-pyridine s u l f o n i c  a c i d s  
a r e  r e s i s t a n t  t o  o x i d a t i o n  by hydrogen peroxide and a c e t i c  ac id .  How- 
eve r ,  t h e  sodium s a l t s  are r e a d i l y  conver ted  to  t h e  corresponding N- 
oxides (47). 

i n  c o n t r a s t  t o  t he  s t a b i l i t y  of py r id ine ,  t h e  a lky lpyr id ines  a r e  
a t t a c k e d  by a v a r i e t y  o f  ox id i z ing  agents .  The ox5dZdon of t h e  pico- 
l i n e s ,  e s p e c i a l l y  of the 3- and 4- isomers, t o  t h e  corresponding pyri- 
d ine  ca rboxy l i c  acids is one of t h e i r  commercially more important re- 
a c t  ions.  

Potassium permanganate is used t o  conver t  the  p i c o l i n e s  t o  pyr i -  
d ine  carboxyl ic  a c i d s  (15 ) (98 ) (139) .  I t  is  a l so  use fu l  i n  prepar ing  
2-aminopyridine ca rboxy l i c  a c i d s  from 2-aminopicoline (53) and 4-amino- 
n i c o t i n i c  a c i d  from !,+-amino-3-picoline ( 1 4 2 ) .  Potasslum permanganate 
may be used  t o  o x i d i z e  s e l e c t i v e l y  a py r id ine  compound having more than  
one ox id izab le  group. An a l k y l  group i n  t h e  3- p o s i t i o n  is more 
r e a d i l y  ox id i zed  than  i s  one i n  the  4- pos i t i on .  3,4,5-Trimethylpyri-  
d ine  oxid ized  wi th  a 2% aqueous KMnO, g ives  4 , 5 - d i m e t h ~ l n i c o t i n i c  a c i d  
and 4-me t hy 1 n i  co ti n i c  a c i d  . 3,5- D i m e  thy1 -4- butyl  pyri dine f Orms 4- 
buty l -5-methyln ico t in ic  a c i d  and 4-buty l  d i n i c o t i n i c  a c i d  (148). 

d i n e  by KNnO, o x i d a t i o n  a t  0' t o  5* C. (42); 4 ,5-d ie thyl  p i c o l i n i c  
a c i d  from 2-styryl-4,5-diethylpyridine ( 9 1 ) ;  4-isopropyl-5-ethyl  pico- 
1 i n i  c ac  i d from 2- s t y r y  1 -4- i s o p r  o py 1 -5- e t  hy 1 pyr i d i  ne ( 122 . Treatment 
of  2 - s ty ry lpy r i  d ine  a t  200' C. w i th  selenium dioxide g ives  l-phenyl-2- 
( 2-pyr i d y l  -1,2-ethane dione ( 24). 

Nitric ac id  is an impor tan t  commercial ox id i z ing  ac id .  The pico- 
i i n e s  r e s i s t  o x i d a t i o n  by n i t r i c  ac id .  Even a t  i t s  bo i l ing  poin t  
n i t r i c  a c i d  does not o x i d i z e  3 -p ico l ine  (121) .  Nitric a c i d  a t  a tem- 
p e r a t u r e  of  about  230' C. and about 35 atms p res su re  ox id izes  3- 

Methyl iod ides  of i s o n i c o t f n i c  a c i d  esters a r e  oxid ized  w i t h  a l -  

5-Alkyi-2-picolinium s a l t s  upon ox ida t ion  wi th  iod ine  and p y r i -  

The pyridine-N-oxides a l s o  form qua te rna ry  compounds (82)(49). 

2-Bromopyridf ne-N-0x1 de and 2-bromo-6-methylpyri dine-N-oxide are 

4-Methyl p i c o l i n i c  a c i d  can be made from 2-styryl-4-methylpyri-  
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p i c o l i n e  t o  n i c o t i n i c  a c i d  (5WG y i e l d )  and 4 -p ico l ine  t o  i s o n i c o t i n i c  
a c i d  (90% y i e l d l ( l 3 ) .  

A mixtur-e of n i t r i c  a c i d  and s u l f u r i c  ac id  or phosphoric a c i d  
g ives  good y i e l d s  of py r id ine  ca rboxy l i c  a c i d s  from p i c o l i n e s .  The 
r e a c t i o n  proceeds a t  a tmospher ic  p re s su res  (39) .  

S u l f u r i c  ac id ,  w i th  selenium a s  a c a t a l y s t ,  may a l s o  be used  t o  
o x i d i z e  p i co l ines  t o  py r id ine  ca rboxy l i c  a c i d s  (155). The o x i d a t i o n  
of 2 ,4 - lu t id ine  wi th  s u l f u r i c  a c i d  p lus  se len ium g i v e s  29% of 2,4- 
p y r i d i n e  d i ca rboxy l i c  acid and 18% of 2-rne thyl i sonico t in ic  a c i d  (116). 

Pyr id ine  ca rboxy l i c  a c i d s  can be produced by t h e  c a t a l y t i c  vapor 
phase a i r  o x i d a t i o n  of p i c o l i n e s  (37) .  The p o s i t i o n  of t h e  methyl 
group determines t h e  ease o f  ox ida t ion ;  t h e  methyl group i n  t h e  3- 
p o s i t i o n  is t h e  most r e s i s t a n t  t o  o x i d a t i o n  (36) .  

Vapor phase o x i d a t i o n  of p i c s l i n e s  w i t h  a i r  i n  t h e  presence  of 
ammonia or an  amine y i e l d s  cyanopyr id ines .  This method of  malting 
cyanopyridines was f i r s t  observed i n  the  vapor phase o x i d a t i o n  O f  
n i c o t i n e  wherein 3-cyanopyridine was made (38).  3 -P ico l ine  is Con- 
v e r t e d  t o  3-cyanopyridine by o x i d a t i o n  w i t h  s u l f u r  i n  t h e  p re sence  
of  ammonia (143). 

Recent s t u d i e s  on t h e  Oxida t ion  o f  p i c o l i n e s  w i t h  se len ium d i -  
ox ide  show t h e  e a s e  o f  o x i d a t i o n  to be 4-p ico l ine)  2-p ico l ine)  3- 
p ico l ine .  I n  f a c t ,  3 -p ico l ine  is  not  a f f e c t e d  by SeO, and hence is 
u s e d  a s  a s o l v e n t  f o r  ca r ry ing  out t h e  o x i d a t i o n  of t h e  o t h e r  pfco- 
l i n e s .  2,5-Luti d ine  g i v e s  79% of 3-methyl p i c o l i n i c  a c i d .  2,4- 
L u t i d i n e  g ives  a mixture  of 2-methyl i s o n i c o t i n i c  a c i d  (&?) and 2,4- 
pyr id ine  d icarboxyl ic  a c i d  ( 7 6 ) .  

of  2 -p ico l ine  wi th  gaseous oxygen i n  t h e  presence of a copper s a l t  of 
a f a t t y  ac id  ( b 5 ) ;  s i m i l a r l y  isocinchomeronic a c i d  was made from a l -  
dehyde c o l l i d i n e  and i s o n i c o t i n i c  ac id  from 4 -p ico l ine  (134) .  

3-Picoline has been o x i a i z e d  e l e c t r o l y t i c a l l y  t o  n i c o t i n i c  a c i d  
( 8 9 ) .  

Alkylpyr id i  nes may be ox id ized  t o  the  corresponding aldehydes by 
vapor phase o x i d a t i o n  i n  t h e  presence  of a l a r g e  excess of water vapor. 
2 -P ico l ine  g ives  2-2yri dine aldehyde (106); 2 , b l u t i d i n e  may i v e  b- 
methyl2-pyridine aldehyde, 2 ,6-pyr id ine  d i a l  dehyde (107)  and g -ca rborp  
2-pyr id ine  aldehyde (103) ;  3 ,5 - lu t id ine  forms 5-methyl-3-pyridine a l -  
dehyde (103). 

dine  aldehyde by means of  selenium d iox ide  ( 9 9 ) ( b 6 ) ( 2 0 ) .  

hyde involve the  o x i d a t i o n  of py r idy l  c a r b i n o l s  w i th  manganese d i -  
ox ide  (b4) ,  selenium dioxide  ( 7 7 ) ,  or l e a d  t e t r a c e t a t e  (111) .  2,b- 
bis-Hydroxymethylpyri d i  ne is ox id ized  by SeO, t o  2-hydroxymethyl-6- 
py r id ine  a1 dehyde ( 104) .  The 3-pyr i dy la l  dehyde has been  prepared  by  
vapor phase o x i d a t i o n  of 3-pyr idyl  c a r b i n o l  (b9 ) .  

3-Pyri  dine aldehyde, 4-pyri  dine aldehyde, and 6-methyl-3-pyri dine 
aicehyde were prepared  i n  good y i e l d  by reducing  3-cyanopyri d i  ne ,  4- 
cyanopyri dine,  and 6-methyl-3-cyanopyridi ne w i t h  semi-carbaz ide  hydro- 
c h l o r i d e  and Raney h i c k e l ,  and l i b e r a t i n g  t h e  aldehyde from t h e  re -  
s u l t i n g  aldehyde semicarbazone by a c i d  hydro lys i s  i n  t h e  presence  of 
meta n i t robenza ldehyde  (50) .  
a l s o  been made by t h e  r educ t ion  of 3-cyanopyridine w i t h  NaHAi(0Et)S 

py r id ine  (k52);  2-pyr id ine  aldenyde by t h e  ozon iza t ion  o f  2-vinyl- 
p y r i d i n e  (25). 

P i c o l i n i c  a c i d  has  been prepared  by t h e  l i q u i d  phase o x i d a t i o n  

I t  has been r e p o r t e d  t h a t  2 -p i co l ine  may be ox id ized  t o  2-pyri-  

Useful l a b o r a t o r y  methods f o r  t h e  p r e p a r a t i o n  of p y r i d i n e  a lde-  

j - w r i d i n e  a ldehyde  i n  83% y f e i a  has 

( 7 3 ) .  
l son ico t ina ldehyde  has been made by t h e  ozonization of 4-styryl- 

Hydrogenation. In  c o n t r a s t  t o  i t s  i n e r t n e s s  towards ox ida t ion ,  
p y r i d i n e  is r a t h e r  e a s i l y  hydrogenated. The complete r e d u c t i o n  of 

\ 

.. 
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p y r i d i n e  t o  p i p e r i d i n e ,  i.e. i t s  hexahydro d e r i v a t i v e ,  is a commercial 
o p e r a t i o n  of many yea r s  s t and ing .  

Nickel c a t a l y s t s ,  e s p e c i a l l y  Raney Nicke l ,  a r e  s u i t a b l e  f o r  t h e  forma- 
t i o n  of p i p e r i d i n e  ( 5 ) .  To avoid hydrogenolys is  w i t h  t h e  format ion  of 
h i  h -boi l ing  by-products ,  the tempera ture  is k e p t  as low a s  poss ib l e  
(78). The a l k y l p y r i d i n e s  are r e a d i l y  reduced by hydrogen (Raney Nickel 
c a t a l y s t  1 t o  t h e  cor responding  alkylhexahydropyri  dines  (5)  (130)( 80)  

Platinum oxide  is a u s e f u l  c a t a l y s t  f o r  t h e  l abora to ry  hydrogena- 
t i o n  of py r id ines .  Pyri dine poisons platinum oxide c a t a l y s t .  However, 
t h e  hydrogenation of p y r i d i n e  hydrochlor ide ,  o r  of qua te rna ry  s a l t s  of 
p y r i d i n e  proceeds v e r y  w e l l  (61). 
t h e  base i tself  may be due to  t h e  f r e e  e l e c t r o n s  on t h e  n i t rogen .  
Through these  e l e c t r o n s  the pyr id ine  forms a compound w i t h  the c a t a l y s t  
t h e r e b y  withdrawing t h e  platinum from its r o l e  of a c a t a l y s t .  I n  t h e  
qua te rna ry  s a l t s ,  t h e  p y r i d i n e  e l e c t r o n s  a r e  t i e d  up, t he reby  permit- 
t i n g  t h e  hydrogenation t o  proceed many times f a s t e r  than  if  f r e e  pyri- 
d ine  were used (108 ) .  The pyr id ine  when d i s so lved  i n  a c e t i c  a c i d  can 
be hydrogenated w i t h  p la t inum oxide  (54). 

P i p e r i d i n e  manufactured by the e l e c t r o l y t i c  r educ t ion  of pyri d ine  
con ta ins  s u b s t a n t i  a1 q u a n t i t i e s  of t e t r a h y d r o p y r i d i n e ;  t h e  p i p e r i d i n e  
proctuced by hydrogenat ion  over  Raney Nickel c o n t a i n s  no apprec i ab le  
amount of  t he  1 ,2 ,5 ,6 - t e t r ahydropyr i  d ine  (45). E l e c t r o l y t i c  r educ t ion  
of 2-ne thylpyr i  dine g i v e s  2-methylpiperi  dine and 2l+.& of  2-metkyl- 
1 2 ,3 ,6- te t rahydropyr  i di ne; 3-me t h y l  pyr i dine g ives  +methyl -1,2,5 , 6- 
t e t r ahydropyr i  dine i n  a d d i t i o n  t o  3-methylp iper id ine ;  and &-methyl- 
p y r i d i n e  gives  4-methylpiperi  d ine  and  4-methyl-1,2,3,6-tetrahydropyri- 
dine (51 ). The e l e c t r o l y t i c  r educ t ion  of  qua te rna ry  pyridinium sa l t s  
g ives  t h e  same t y p e s  of products  so f a r  as the p o s i t i o n  of t h e  double 
bond i s  concerned (52). 

used t o  reduce py r id ine  t o  p i p e r i d i n e  (102) .  This r e a c t i o n  was d i s -  
cussed  i n  1884 by Ladenburg (90).  I t  is important t h a t  the a lcoho l  
be dry. I f  95% e thano l  is used,  l i t t l e  o r  n o  p i p e r i d i n e  is produced 
bu t  i n s t e a d  t h e  p y r i d i n e  r i n g  is rup tu red  and ammonia evolved (136) 
( 1 3 7 ) .  
g ives  i n  a d d i t i o n  t o  3-methylp iper i  dine,  28.4% of 3-methyl-1,2,5,6- 
t e t  r ahy d r  o pyr i d ine  ; 4-me thyl pyr i di ne s g i  v e s  G% o f  4-me t h y l  - 1 , 2,3,6- 
t e t r a h y d r o p y r i  dine i n  a d d i t i o n  t o  4-rxethylpiperidine (51 ). A number 
of l p a l k y l p f p e r i d i  nes were prepared  from 4-a lkylpyr i  d i n e s  by r educ t ion  
wi th  sodium and bu tano l  fo l lowed by hydrogenation w i t h  hydrogen i n  the 
presence  of palladium. The sodium-butanol r educ t ion  gave mainly t h e  
t e t r ahydropyr id ine  which was conve r t ed  t o  t h e  p i p e r i d i n e  by hydrogen 
(149) .  

LiAlH,  r educ t ion  of q u a t e r n a r y  s a l t s  of a l k y l p y r i d i n e s  g i v e s  only  t h e  
t e t r a h y d r o p y r i  d ines  (51 1. 
L i  A i  H, to the co r  r es p nd i  ng hydro xyme t h y l  pyr i d i  nes  ( 79 ) ( 112 ( 81 3 ; but 
t h e i r  q u a t e r n a r i e s  w i th  LiAlH,  g ive l-alkylhydroxymethyl-tetrahydro- 
p y r i d i n e s  (51). 

p h a t i c  a l coho l s  ( 1  t o  16 carbon atoms) g ives  t h e  Corresponding 1 -  
a l k y l p i p e r i d i n e  in y i e l d s  i n  excess  of 70% (133). 

Various c a t a l y s t s  a r e  Useful i n  reducing p y r i d i n e  w i t h  hydrogen. 

The slow r a t e  of hydrogenation of 

I n  t h e  l a b o r a t o r y ,  sodium and a b s o l u t e  a l coho l  a r e  f r e q u e n t l y  

Reducing 3-methylpyri dine w i t h  sodium and a b s o l u t e  butanol  

Reduction of p y r i a n e  w i t h  LiAlH, g ives  l92-d ihydropyrfd ine  ( 1 9 ) .  

Fyr id ine  c a r b o x y l i c  acid e s t e r s  a r e  reduced, i n  good y i e l d  by 

C a t z l y t f c  hydrogenat ion  ( N i  c a t a l y s t )  of py r id ine  i n  var ious a l i -  

Amination. Because of t h e  d i f f i c u l t y  of n i t r a t i n g  pyr id ine ,  t h e  
usual methods for t he  s y n t h e s i s  of a romat ic  amines a r e  n o t  a v a i l a b l e  
f o r  t h e  p r e p a r a t i o n  of aminopyridines.  The n i t r a t i o n  of py r id ine  pro- 
ceeds on ly  under d r a s t i c  cond i t ions ,  fuming s u l f u r i c  a c i d  and  potassium 
n i t r a t e  plus a t empera tu re  i n  excess of 300" C.; the n i t r o  group e n t e r s  
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t h e  3- p o s i t i o n ;  the y i e l d  Is only 15% (a). When e s p e c i a l l y  high 
temperatures  a r e  used, t h e  n i t r o  group occupies  t h e  2- p o s i t i o n  ( 4 6 ) .  
Poly-alkylpyridines  a r e  somewhat e a s i e r  t o  n i t r a t e ,  the  r e a c t i o n  con- 
ditfons a r e  mi lde r ,  ana the  y i e l d s  a r e  b e t t e r  (120).  

whi le  py r id ine  i s  d i f f i c u l t  t o  n i t r a t e ,  pyridine-N-oxide fs 
r e a d i l y  n i t r a t e d ;  the n i t r o  group e n t e r s  t he  4- p o s i t i o n  (115) .  The 
n i t r a t i o n  can be c a r r i e d  o u t  a t  water-bath tempera tures  w i t h  a m i x t u r e  
of n i t r i c  and s u l f u r i c  a c i d s ;  t h e  y i e l d  is above 80% (83 ) .  The ease  
of n i t r a t i o n  extends t o  t h e  alkylpyridine-N-oxides and t o  var ious  de-  
r i v a t i v e s  of pyridine-N-oxide. 

The 4-nitropyridine-N-oxides a r e  r e a d i l y  reduced and deoxygenated 
t o  the corresponding 4-aminopyridines.  Various reducing agents  have 
been used, 2.g. i r o n  and a c e t i c  a c i d  (115), hydrogen w i t h  ,Raney 
Nickel  ( 4 1 ) ( 6 3 ) ,  hydrogen w i t h  pal ladium i n  a c e t i c  anhydride (48 ) .  4- 
Nit.ropyridine-N-oxides o f f e r  a good r o u t e  to 4-aminopyridines.  

P r io r  t o  the 4-nitropyridine-W-oxide approach t o  the s y n t h e s i s  
of 4-aminopyridine, i t  was prepared by t h e  Hofmann degrada t ion  o f  iso- 
nicot inamide (93 ) (114)  or from 4-pyridyl  p y r i d i n i u n  d i c h l o r i d e  and am- 
monium hydroxide ( 8 7 ) ( 6 ) .  The l a t t e r  method has a l s o  been used  for 
making 4-amino-j-oethylp;lriiine (44). 
nicot inamide ( 7 ) ;  i t  may a l s o  be prepared from 3-bromopyridine and 
aqueous ammonia i n  t h e  presence of copper s u l f a t e  ( 9 7 ) .  

t e r e s t i n g  and u s e f u l  r e a c t i o n  f o r  i-:troducing an amino group onto t h e  
2- p o s i t i o n  o f  t he  pyr id ine  nucleus.  He found t h a t  p y r i d i n e  r e a c t s  
w i t h  sodaiiide to  form 2-amino?yridine ( 9 2 ) .  The amino group goes a l -  
most e x c l u s i v e l y  i n t o  the 2- p o s i t i o n ,  o n l y  a t r a c e  of 4 - m i n o p y r i d i n e  
i s  formed; no 3-aminopyriaine i s  found. 

2-Aminopicolfnes may be prepared by r eac t ing  t h e  p i c o l i n e s  wi th  
sodamide (135).  I n  t h e  c a s e  of 3 - p i c o l i n e Y  the  two carbon atoms ad- 
j a c e n t  t o  t h e  n i t r o g e n  a r e  d f f f e r e n t  because of t h e i r  r e l a t i o n  to the 
3-methyl group. Soaanide g i v e s  two aminopicol ines  when i t  is  r e a c t e d  
wi th  3 -p ico l ine ,  t h a t  i s ,  2-amino-3-picoline and b-mino-3-picol ine;  
t h e  former predominates (34). 

Q r i d i n e  and 2-p ico l ine  have beer? aminated i n  t h e  a lpha  p o s i t i o n  
w i t h  a l k y l a n i n e s  by r e f l u x i n g  t h e  pyridine wi th  a s l i g h t  excess  of 
t h e  alkylamine and a s t o i c h i o m e t r i c  amount of sodium ( 8 8 ) .  

; ikylat ion.  There a r e  s e v e r a l  i n t e r e s t i n g  r e a c t i o n s  a v a i l a b l e  for 
t he  a k y l a t i o n  o f  t he  p y r i d i n e  r ing .  Arens and Wibaut found t h a t  an 
a l k y l  group may be in t roduced  onto t h e  k- p o s i t i o n  of pyr id ine  by t h e  
a c t i o n  of z i n c  d u s t  on a mixture  3 f  p:lridine, an  o r g a n i c  a c i d  anhydride 
and the c o r r e s p o n d h g  o r s a n i c  a c i d  ( 9 ) ( 5 b ) .  This r e a c t i o n i s  no t  ap- 
p l i c a b l e  t o  alpha s u b s t i t u t e d  pyridines; i t  car.r.ot be used t o  in t roduce  
an a lky l  group on to  t h e  4- p o s i t i o n  of 2-p ico l ine ,  2-aminopyridine, 
p i c o l i n i c  a c i d ,  nor of 2 -ch loropyr id ine  (153). The r e a c t i o n  proceeds 
i n  a "normal"manner w i t h  3 -p ico l ine  (1401. I ron  powder may be used 
i n  p l ace  of z inc  dus t  (1.54). 

A t  t he  R e i l l y  Labora tor ies  w e  found t h a t  pyr id ine  a s  w e l l .  a s  
a l k y l p y r i e i n e s  may be a l k y l a t e d  by t h e  u s e  of a l i p h a t i c  a c i d  s a l t s  o f  
t e t r a v a l e n t  l e a d  (128) .  By t h i s  means a l k y l  groups c o n t a i n i n g  one 
l e s s  carSon atom t h a n  the a c i d  r a d i c a l  of  t h e  l e a d  s a l t  a r e  produced; 
t h e  a lky l  group e n t e r s  b o t h  t h e  2- and the  4- p o s i t i o n s  i f  t h e y  a r e  
open. The r e a c t i o n  o f  3-hr tyfpyr id ine  w i  th l e a d  t e t r a - a c e t a t e  gives  
a mixture  of 3-butyl-2-methyLpyridine (i5%), 5-butyl-2-methylpyridine 
(5%)  , 3-butyl-2,6-di methyl pyri  dine ( 1.5% j , and 3-bUtyl-4-methylFyri- 
dine (5%) ( b 2 ) .  

Lithium a l k y l s  and phenyl l i t h i u m  a r e  used to  i n t r o a u c e  an a l k y l  
o r  phenyl group o n t o  the 2- p o s i t i o n  of py r id ine  (1561, of 3-p ico l ine  

The most convenient  method f o r  preparing 3-aminopyri dine i s  from 

I n  1914 the  Russian chemist ,  Chichfbabin,  discovered a most in- 
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( l ) ,  o f  3-aminopyridine and 3-methoxypyri dine ( 2 ) .  

I n  1936 Chichibabin d e s c r i b e d  the a l k y l a t i o n  of 2 -p ico l ine  and of 
&-pico l ine  by r e a c t i n g  t h e  p i c o l i n e s  w i t h  sodamide to form p ico ly l -  
sodiun: and r eac t ing  t h e  l a t t e r  compound w i t h  an  a lky l  h a l i d e  (29) .  The 
a c t i v i t y  of the hydrogen atoms i n  the  methyl groups of 2- and 4-pico- 
Line is asc r ibed  t o  t h e  a b i l i t y  of t h e s e  p i c o l i n e s  t o  take  p a r t  i n  
resonance with the  azomethine l i nkage  of t h e  py r id ine  r ing .  S ince  3- 
p i c o l i n e  cannot p a r t i c i p a t e  i n  such resonance, i t  was long be l i eved  
t h a t  3 -p ico l ine  could n o t  be a l k y l a t e d  by t h e  ChichibaDin method. I n  
1951 Brown and P!urphey ( 2 3 )  showed t h a t  3-p ico l ine  may be a l k y l a t e d  
by t he  sodamide method. 

The Chichibabin method o f  a l k y l a t i n g  p i c o l i n e s  is of  genera l  ap- 
p l i c a b i l i t y ,  both t h e  lower a l k y l  h a l i d e s  a s  wel l  as long chained  ones 
may be used  (86) .  

on e i t h e r  of t he  a lpha  methyl groups or on to  t h e  methyl group i n  t h e  
4- p o s i t i o n .  Me found t h a t  t h e  sodamide method in t roduces  t h e  a l k y l  
onto t h e  l-methyl qroup ( 3 3 ) .  2,4-Lutidine is a l s o  a l k y l a t e d  a t  t h e  

S u b s t i t u t e d  p i c o l i n e s  may be a l k y l a t e d  ( 1 0 1 ) ( 8 ) ( 1 3 2 )  

2 ,4 ,6-Col l id ine  p r e s e n t s  an oppor tun i ty  of a t t a c h i n g  an  a lky l  group 
(26 ) .  

- -  . .  
4- p o s i t i o n  (951. 

Z i e o l e r  and Z e i s e r  (156) showed t h a t  Dhenvl-lithium r e a c t s  wi th  
2 - p i c o l i i e  t o  form 2-p ico ly l - l i t h ium which-may-be r eac t ed  w i t h  a lky l -  
h a l i d e s  to  a t t a c h  an  a l k y l  group onto t h e  2-methyl group. This r e -  
a c t i o n  has been a p p l i e d  to the p r e p a r a t i o n  of a number of 2-p ico ly l  
compounds. d i t h  2-bromopyridine t h e r e  is formed 2,2'-dipyriaylmethane 
(117) .  Ni th  ch lo roace ty l enes ,  2 -pyr idylace ty lenes  a r e  prepared  (56). 
1-( 2-?yri dyl)-4-chloro-3-pentene w a s  made from 1,3-dichlor0-3- butene 
(72). 2-Pyr iQlma lond in i t r i l e  w a s  made from N-methyl-N-cyanoaniline 

I n  c o n t r a s t  t o  t h e  ease  of i n t roduc ing  groups onto t h e  &-methyl 
group through t h e  i n t e r v e n t i o n  o f  sodamide, a t t empt s  t o  use the  lithium 
method have not been t o o s a t i s f a c t o r y  (117) .  The usua l  manner of maKing 
2 -p ico ly l - l i t h ium is to p r e p a r e  a s o l u t i o n  of phenyl l i t h i u m  and t h e n  
add  2-p ico l ine  t o  t h i s  s o l u t i o n .  I n  t h e  a l k y l a t i o n  of 4 -p ico l ine ,  
b e t t e r  r e s u l t s  a r e  o b t a i n e d  when the phenyl - l i th ium is added v e r y  sloWry 
t o  the  4-p ico l ine  (151 1. 

mainly a t  t h e  4- p o s i t i o n .  A lky la t ion  by the l i t h i u m  method g ives  
mainly 2,6-dialkyl-Lpmethylpyri  dine and a l e s se ranoun t  of 2 ,4 ,6 - t r f -  
a l k y l  pyr i di  ne (74) .  

A l k a l i  meta ls  a r e  u s e d  as c a t a l y s t s  i n  t h e  a l k y l a t i o n  of  2-pico- 
l i n e  and 4-p ico l ine  wi th  compounds con ta in ing  an e t h y l e n i c  double band. 
A mix tu re  of 2 -p ico l ine ,  sodium, and e thy lene  under 60 atms. pressure  
hea ted  t o  l2O-ljO" i v e s  a mixture  of 2-propylpyr id ine  (23%) and 2- 
(3-penty1)pyri  dine 7126)( 119) .  Under s i m i l a r  cond i t ions  2 -p ico l ine  
and butad iene  g i v e  2-(3-pentenyl )py r id ine  and 2-(5-nondienyl-2,7) 
py r id ine ;  s ty rene  and 2-pic0 1 ine  g i v e  l-pl1enyl-3-( 2-pyri dy l  )propane 
(150) .  A c r y l o n i t r i l e  r e a c t s  w i t h  2- and 4 -p ico l ines  i n  the  presence 
of  a b i t  o f  sodium to  g i v e  p y r i d y l - b u t y r o n i t r i l e s  and dicyanopyridjrl 
pentanes ( 3 2 ) ( 2 6 ) .  

P i co l ines  w i t h  methyl groups i n  the  2- or 4- p o s i t i o n  may be 
a l k y l a t e d  i n  t h e  vapor phase by r e a c t i o n  w i t h  a l i p h a t i c  aldehydes (4.0). 

Condensation. The r e a c t i o n  of p i c o l i n e s  w i t h  aldehydes may be 
cons ide red  a c l a s s i c  i n  t h e  pyr id ine  s e r i e s .  The methyl groups i n  
the 2- and the 4- p o s i t i o n  a r e  r e a c t i v e ,  whereas a methyl group i n  
the 3- p o s i t i o n  is  not .  

(6 1; 4-p ico l ine  g ives  4 -e thano lpyr id ine  (124) .  

(94). 

Alky la t ion  of 2 , 4 , 6 - c o l l i d i n e  by t h e  sodamide process proceeds 

2-Pico l ine  condenses wi th  formaldehyde t o  g ive  2-e thanolpyr id ine  

2 ,4 ,6-Col l id ine  p r e s e n t s  a s i t u a t i o n  wherein the  formaldehyde 
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must dec ide  whether i t  w i l l  r e a c t  w i t h  t h e  methyl group i n  the  4- 

p o s i t i o n  or wi th  one of  t h e  a lpha  methyl groups. In t h e  presence  of 
a l a r g e  excess- of 2 ,4 ,6-co l l  i dine, t h e  formaldehyde condenses almost 
e x c l u s i v e l y  wi th  a methyl group i n  t h e  2- p o s i t i o n ;  o n l y  a t r a c e  of 
the 4-e thanolpyr id ine  is formed (109) .  I n  t h e  presence o f  a l a r g e  
excess of formaldehyde, t h e  4-methyl group as we l l  a s  b o t h  a lpha  
methyl groups r e a c t  ( 9 6 ) ( 1 6 ) .  2,b-Lutldine a l s o  r e a c t s  w i th  formal- 
dehyde, p r e f e r e n t i a l l y  a t  t h e  2- p o s i t i o n  (1lU)(!+2). 

4-Ethylpyri di  ne has been condensed w i t h  formaldehyde (excess)  t o  
g ive  a mixture of dimethylol-b-ethylpyridine (65.5%) and of monomethyl- 
01-4-ethylpyri  d ine  (26.6%)(131). 

The i n t r o d u c t i o n  of t h e  -N-oxide group enhances t h e  a c t i v i t y  of 
p i c o l i n e s  towards condensa t ion  r e a c t i o n s .  Nef t h e r  2- nor 4 -p ico l ine  
w i l l  condense wi th  e t h y l  o x a l a t e ,  but  t h e i r  -N-oxides r e a d i l y  con- 
dense wi th  e thy l  o x a l a t e  t o  g i v e  t h e  corresponding pyruvates  ( 4 ) .  

S tud ie s  i n  our l a b o r a t o r y  show t h a t  the  presence of  a c h l o r i n e  i n  
the  2- p o s i t i o n  of 4 -p ico l ine  r e t a r d s  t h e  condensa t ion  a c t i v i t y  of t h e  
methyl group. 4-Bromo-2-pi c o l i n e  r e a c t e d  w i t h  formal deh de  t o  g ive  

To improve t h e  y i e l d  o f  2-(2-hydroxyethyl)-3-picoline, t h e  2- 
l i t h i o  d e r i v a t i v e  of 2 , j - l u t i  dine was r e a c t e d  wi th  paraformaldehyde. 
2-Picolyl--l i thium r e a c t s  smoothly to  g ive  2-e thanolpyr id ine  (54). 
2,6-Lutidine through i t s  2 - l i t h i o  d e r i v a t i v e  has been condensed wi th  
propionai dehyde t o  g ive  a good y i e l d  of  2-(2-hydroxybutyl>6-methyl- 
pyr id ine  (b8). 

2-Picol ine  and 4 -p ico l ine  r e a d i l y  condense w i t h  benzaldehyde and 
w i t h  s u b s t i t u t e d  benzaldehydes. With benzaldehyde, i t  is d i f f i c u l t  
t o  s t o p  t h e  r e a c t i o n  a t  the  e thanol  s t a g e  because of t h e  e a s e  w i t h  
which t h i s  a lk ine  dehydrates t o  s t i l b a z o l e .  If  i t  i s  d e s i r e d  t o  s t o p  
a t  the  a l k i n e  s t a g e ,  i t  is sugges ted  t h a t  t h e  p i c o l i n e  be condensed 
wi th  t h e  benzaldehyde i n  t h e  presence of water and t h a t  no  condensing 
agent  b e - u s e d  (138) .  The y i e l d  of  a l k i n e  i s  inc reased  by r e p l a c i n g  a 
hydrogen of tne methyl group of 2-p ico l ine  wi th  magnesium and conden- 
s i n g  t h e  r e s u l t i n g  2-p ico ly l  magnesium c h l o r i d e  w i t h  benzaldehyde (100). 

of a romat ic  aldehydes and 2 -p ico l ine  a n d  4 -p ico l ine .  I n  gene ra l ,  the  
r e a c t i o n  is c a r r i e d  out by r e f lux ing  a s o l u t i o n  of t h e  a romat i c  a lde-  
hyde, t he  p i co l ine ,  and a c e t i c  anhydride (138) (28) (bw) .  Y ie lds  above 
90% a r e  no t  uncommon (71). 

cannot be made a s  a r e  the  2- and 4 - s t i l b a z o l e s .  3 - J t i l b a z o l e  has been 
made by condensing 3-pyridyl a c e t i c  ac id  w i t h  benzaldehyde and t h e n  
decarboxylating the  r e s u l t i n g  beta-phenyl-alpha-3-pyridyl a c r y l i c  a c i d  
( 1 2 ) .  The methyl i od ide  qua te rna ry  o f  3-p ico l ine  condenses w i t h  benz- 
aldehyde i n  the  presence  o f  p i p e r i d i n e  t o  g ive  a small  y i e l d  of t he  
a l k i n e  (751. 

aenzal dehyde condenses with 2,4-1ut i d i  ne by adding a molecule of 
the  aldehyde t o  each  of the methyl groups t o  g ive  2 , 4 - d i s t y r y l p y r i d i n e  
( b o ) (  1 l U )  and a l s o  t o  g ive  2-styryl-4-methylpyridine (42). 2,6-Luti- 
d ine  condenses wi th  benzaldehyde t o  Give a mixture  o f  2-methyl-S- 
s t y r y l p y r i  dine and 2 ,b -d i s ty ry lpy r id ine  (7U) .  

The hydrogens o f  t h e  methyl groups i n  2- and 4 - p i c o l i n e  a r e  com- 
pa rab le  i n  r e a c t i v i t y  to those  of t h e  methyl ketones.  And, a s 'wou ld  
be expected, t h e  Mannich r e a c t i o n  a p p l i e s  to  t h e s e  compounds. 2-Pico- 
l i n e  condenses wi th  formaldehyde and d ie thylamine  t o  g ive  2- (be ta-  
d i e t h y l m i n o e t h y l ) r , y r i d i n e  ( 1 & ) .  

Formaldehyde i n  an  a l k a l i n e  medium r e a c t s  w i  t h  3-hydroxypyridine 
t o  y i e 1 d 2- hy d r  dxyme thy  1 - 3- hy d r oxy pyr i di ne ( 1 $6 ) ; 2- me t h y  1 -5 - hyd r o xy - 
pyr id ine  Gives 2-methyi-~-hydroxy-b-nydroxymethylpyridine, i n d i c a t i n g  
the  in f luence  of t h e  hydroxyl group is more dominant t h a n  t h a t  of t he  

on ly  a 9% y i e l d  of t h e  corresponaing e t h a n o l p y r i d i n e  (125 Y . 

St i lbazo l - e s  a r e  t h e  products  u s u a l l y  ob ta ined  by  t h e  condensa t ion  

S ince  3 -p ico l ine  does not  condense w i t h  aldehydes,  3 - s t i l b a z o l e  
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a lpha  methyl group (147) .  
dine i n  an a c i d  medium g i v e s  2-styryI-3-hydroxypyridine (75). 
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Tar Acid Ext rac t ion  i n  a Rotating Disc Contector 

JohnV. Fisher,  Johnstone S. Elackay, Rudolph J. Gleiss. 

P i t t sburgh  Chemical Co., Pit tsburgh 25, Pennsylvania 

The ex t r ac t ion  of c o a l  tar acids f rm tar  acid o i l s  by means of caus t i c  
so lu t ions  w a s  investigated i n  a b in. I.D. Rotating Disc Contactor ex t r ac t ion  column. 
This inves t iga t ion  w a s  one phase of a program di rec ted  towards t h e  modernization of 
t he  c o a l  tar pocess ing  p lan t  at Pit tsburgh Coke and Chemical Co. Subsequent changes 
i n  the  economic p ic ture  f o r  c o a l  tar der iva t ives  led t o  a cance l l a t ion  of the projected 
moderni z a t  i on. 

Two feed stccks fram indepndent  manufacturing sources each containing 
lL-16 wt.$ tar acids i n  neu t r a l  o i l  tiere employed i n  the  test series. 
so lu t ion  was f r e sh  9 Wt.% caus t i c  i n  water. 
opzratixq conditions near capac i ty  opzration. 
chemically indeterminate. 
w l e n o l s  etc. Ueutral o i l  is a mixdure of methyl namthalene, naphthalene, alkyl 
benzene e t c .  The ac id-o i l  r a t i o  and the  individual cons t i tuent  r a t i o s  arz functions 
of the  c o a l  and the coking conditions.  
lccal feed stocks vhich v a r i a t i c n s  were expected t o  be canpounded %hen outside sources 
were employed as capac i ty  o p r a t i o n  was approached. 
the maxinun l ike ly  t o  b e  encountered over aqy extended period. 

The ext rac t ing  
i l e s e  r e v e s e n t e d  the projected p lan t  

The tar acid i n  neu t r a l  o i l  system is 
T a r  acid is a generic name f o r  a mixture of phenol, cresols,  

Wide va r i a t ions  were normally encountered using 

The 14-1675 ac id  content represented 

Thz study a l s o  covered the benzene-acetone-water system i n  order t o  provide 
a re ference  base fcr the  column pzrformance. 

l?--e prformances of the FUX colunn are reported f o r  bo th  t e rna ry  systems. 
Cer t a in  a s p c t s  of the r e s u l t s  m u s t  be vietred u i t n  caution. 
changes in  c o l w  prfornance wi th  changes i n  t he  leve ls  of the opzrating var iab les  
we believed t o  be  accurate. 
equilibrium phase d a t a  and i t s  in t e rp re t a t ion  coupLed with t h e  proximity of the 
o p r a t i n g  l ine to  the  equilibrium lire i n  these s tud ies  make the absolute values of 
the  t r ans fe r  stage height f o r  this system rather doubtful. 

The measured relative 

However, uncer ta in t ies  with respzc t  t o  t h e  tar acid 

Ternmy phase ezpilibrium d a t a  have been published f o r  the benzene-acetom- 
water s y s t e d .  No d a t a  concerning the  tar acid oil-aqueous caus t ic  system have been 
published. The d e t a i l e d  developnent of the ternary gase d i q r m  f o r  the  tar xi& O i l -  
c aus t i c  system is not reported i n  t h i s  papzr. Holrever, sane discuss ion  of the a p O 2 c h  
and the r e s u l t s  is e s s e n t i a l  t o  the  evaluation of the results of the calm t e s t s .  

Exmrirnental 

s p c i e s  d i s t r i b u t i o n  i n  the  feed stock, have not been developd t o  the p i n t  where they 
are p rac t i ca l  on a semi-routine basis.  

Absolute analytical techniques f o r  bo th  the tar acid content of, aril t h e  

An inf ra red  technique f o r  measurirg the 

(1) Briggs, Conings, Ind. Engr. Chem. 22 bll (19b3). 



251. 

concentraLion of the 0% g r o u g  w a s  developd which is believed t o  b e  fdr ly  r e l i ab le  . 
3.c tc.;aL !.;eig@ of % i d  is tinen calculated by using an w b i t r w f  llloleculw TJeight 
vhi-h q r e e s  wi th  long term plant e:tpriencz. 

2 

T q  acids i n  the caus t ic  @?as@ >?ere determined by p o t e n t i m e t r i c  t i t r a t i o n  
.:it:? X? t o  a gff of 9 i n , a l coho l i c  solution. 

?he $ m e  boundaries i n  par t  and the t i e  l i nes  were obtained by m i x i q  known 
i.:eiShts of tar acid o i l  and 9 mt.2 caus t ic  and analysins the  phases f o r  ac id  . . ' 
dis t r ibu t ion .  The phase bowdaries  f o r  a number of  feed stocks cbtained over a t v o  
ncr,th p x i o d  were determined by cloud point t i t r a t i o n s  according t o  the  method of 
W-nar3. The p\ase bra-idary locations f o r  sane f o u r  feed stocks anci a synthetic feed 
cf $zmi i n  na$kha?ene were very similar over the  tenpera tme ranse  between 30" and 
>> _. Xo posit ive trend i n  s l o p  or loca t ion  as 
2 resu l t  of COmpoSitiCfl or t empra tu re  d i f fe rences  could be  seen. These d a t a  suggest 
51?: ncrnal ir?-plant var ia t ions  of feed comFosition should not a f f e c t  the  ex t r ac t ion  
c s i m n  Frlormance s igni f icant ly .  
a l l  these data. 

-+a- Tie l i ne  d a t a  s c a t t e r  r a the r  badly. 

A germal ized  phase diagram 'rias syntiiiesizzd fr.m 

q.  ne coliuln t e s t s  '..?ere ca r r i ed  out a-L a l a t e r  da te  using Lwo feed stocks 
... dxLL- '^i ?::ere n o t  a part- of the above study. However, the generalized d i q r a x  was assmed 
ts a??ly t o  the ne?..! feeds. 
of $eRo? aid c reso ls  with respzc t  t o  their reac t ions  with caustic.  
n2;r n o t  be safe  i f  t he  concentration of the  caus t ic  changed appreciably. 

ihis aproximatior;  is  reasonable i n  view of the s imi la r i ty .  
This approximation 

The bas ic  uni t  of t he  Xotating Disc Contactor is a c y l i d r i c a l  c e l l  baf f led  
The c e l l s  of t h e  p i lo t  It each end a d  s t i r r e d  by a cen t r a l ly  located so l id  d isc .  

c o l u l n  had the following dimersions: 

I D  ir in. 
3e i ch t  2 ir.. 
-4 -. j ry tc f les  b in. OD, 3 in. ID, 1/6 in.  t h i ck  
2otatir.g .disc 2 I/!! in. 5, l,% in. t h i ck  

3 e  a~zrly bemer.e-acetone-r;ater s tud ies  and tne  tar acid nxtraction s tud ie s  vere 
z ? z r i z d ' o i t  i n  a glass i;:a!lzd ,cclimn containins 2!4 c e l l s .  
:mxr stiidios "ere executed i n  a s t a i n l e s s  s t e e l  c o l u m  coataining 36 c e l l s .  

The later Sertene-acttone- 

FezB 2.d eiflqjitnt r a t e s  m r z  cont ro l lzd  bj r o t m z k r s .  T'ne zfZ1uzF.t r a ~ e s  
Thz s31 ids  f3r 

-re-,i?:tatcd ,dwi~s the acid e::traction p i c i c ly  m,w'ered the r c t a m t z r s  m4"1;' 3ppqu;uz 
2 ~ 3  n~ haTjc ca11s~d soEe sticking. 

-' \, 

p.a i n t e r f . ce  x . 1 ~  sZnsc.2 ad ccntrollcd. by Eeans of capac i t ame  .prcSes. 
Snlilis deposit ion on the pobes  during the  tar %id  ex t r ac t ion  forced s0v.e nod i f i s a t i cn  
~ . c :  C!IZ c~ tc : to r  s:lstenr. 

ireap:;n3 of t>Lz inside of the g l G s e s  every z - 3 ~  miwtes  as f amd  t s  be satisixcto.;. 
~ 3 ; ~ ~  kbz conp:etion of t , ; ~  co1w.n strlriies a f l m  sys tem i n t e r f z e  detacioor 
d e . J , 2 ~ c p ~  ;,,fLii2?. :.;= not sib j e c t  50 the F & i z n s  x s o c i a t e d  with so l id s  S z p s i t i c n .  

5% z c i d  stu.iies w e  j a s z d  29 conti?.uous might, xeas.mment. 

A s  a r e s u l t  the use of ueigh tan<s ms adopted. 

. .  -p.io s ide  ncuntcd s i g h t  glass chambers wera i n s t a l l e d  with tine 
l.;irc: x.r?-ppd woad t he  outside of t he  91%~. It -Lhc desired levzl .  Alzsrnatz  

,". coluan a d  Z u c i l i a q  equipen*; -:rere s t a m  t raced  th*ougi.,out. 
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Discussion 

T:he initial d i s p r s i o n  of the a a s e s  i s  generally achieved witn t h  aid of 
a nixing nozzle. The i n t e n s i q r  of i n t e r f a c i a l  turbulerce i s  pr&&Ly a m a x i s u m  at 
t n i s  point. 
t u r h l e n c e  dies  out very rap id ly  and constant relative ve loc i t ies  w e  approzhed 
wi th in  a few inches up t h e  colunn. 
Lhe e x t r z t i o n  column a s i g n i f i c a n t  f r a c t i o n  of t h e  t ransfer  can occw over this  
stage.  

The mean drople t  s ize  may be a mininun. The excess sechanically iniiuced 

there  onby a few t r a n s f e r  un i t s  are attainabSe i n  

Coalescence of the dropleLs begirs  almost inmediately a f t e r  leaving the nozzle. 

Performance of the  mixing system i s  one mason rzhy a decrease i n  t h e  height 
of a t r a n s f e r  stage is  cibtained with increasing t o t a l  t:hroughput whzn the number of 
t o t a l  s tages  involved is small. 

The coef f ic ien ts  of neat  o r  mass t ransfer  pzr uni t  a rea  of interface have 
been shmn t o  depnd  ,primarily on the s e t t l i r g  r a t e  of the  droplets4.  
V s t e m  of t h i s  nature the accelerat ions imposed by the  s t i r r e r  We a small f r a c t i o n  
of that due t o  gravi ty .  The rate of the s t i r r e r  i n  an  
p z k e d  tover,  i s  therefore  t h e  gaintenance of a mininun droplet  s izz  spctrum. Stirring. 
breaks dovn the drople t s  t o  a s ize  spzctrun which a p p a r s  t o  depx-d on the power input 
per u n i t  ~ 0 1 ~ ~ 5 .  
r a t e  than the surface a rea  inscreases r r i t i l  i x r e a s i w  s t i r r e r  s p e d 4 .  
quant i ty  tra-nsfzrred across the  interface p r  unit voluTe of s t i r r e d  vessel  incrzases 
with s t i r r z r  s p e d .  

i n  s t i r r e d  

c o l m n  o r  packit% i n  a 

The coefz ic ien t  of mass t r a n s f e r  pzr cn i t  a rea  f a l l s  off a t  a s1o:rer 
Tnat i s ,  the 

The importame of inLernal mixing within, a d  ne'.*' surface gemra t ion  on, the 
drople t s  as a r e s u l t  of coa1esce;lce- ard breakdown has not been resolved. 

In mav tu0 phase systems, mixing of the  &ases a t  conditions othzr  than 
equilibrium r e s u l t s  i n  spontaneous i n t e r f a c i a l  turbulence. Spontaneous emulsif iczt ion 
has been &served i n  a few s'jstens. 
in te r fzce  prduce viscos i ty ,  density,  and surface tansion gradients .  
expan6s and contracts  13cally.  
cur ren ts  due t o  densi ty  grad ien ts  t o  produce convection c e l l s  a t  the interface6,  ?. 

Tlardom concentration f l u c t u a t i o n s  along thz 

This movement couples with gravity inducea comect ion 
The surface 

Spontaneous i n t z r f a c i a l  turbulerce could be detected undzr c e r t a i n  comiiti3ns 
with both of the systems under study. 
turbulerce o n v  lihen t i e  conditions were such t h a t  the local so lu t ion  densi ty  could be 
grea te r  t h a n  the l iquor  dens i ty  below it. 
,phenol i n  naphthalene-caustic system is not cer ta in .  
betireen 0.03 and 0.1 in. diameter. 

Tine zcetone-benzene-vater s j s t e n  eyhibited 

Yhether t h i s  r e s t r i c t i o n  appl ies  t o  the 
The c e l l  s i z e s  appeared t o  l i e  

The mean drop size observed with the be,nzene-acetone-water system i n  the 
colman rras not more than 3 tililzs the s i z e  of the c e l l s  observed above at :kit 

A t  s&h lox drop s i z e  t o  zonvection c e l l  size ratios, dzvslopeni;  02 interfaces .  
these convection cells mizht not be possible. 

Tnz preserce of surface act ive agents at the i n t e r f x e  does not i n h i b i t  
n m a l  solecular  diffusion. The i n t r i n s i c  mass t ransfer  coef f ic ien t  involves bo th  

(b)  ,;alderbark, P.H., I'loo-Young, X.B., Clem. Engr. Sci. 14 34 (1961). 
( 5 )  Reman, G.H., OlneLr, i'La0, Chem. Engr. e o g .  2 lh1 fiss). 
(6) S t e r l i r g ,  C.V., Scriven, L.E., A. I .  Ch. E ,  Journal 2 s l k  (1959). 
(7) Orel l ,  A,, k;estk=ter, J. Id., Chem. 9nSr. Sci. &, 137 (1961). 
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tu rbulen t  a d  molecular'diffusion. 
t he  subclass of surfsce active agents vhich r i g i d i z e  the  intt2rface4fB. 

Tnis coe f f i c i an t  has been found t o  be reduced by 

?!ot generally realizec! i s  tk, a b i l i t y  of  t r aces  of so l id s  t o . r i g i d i z e  an 
in te r face , .  D i s t i l l ed  r a t e r  exposeti t o  tne atmos&,ere f o r  a few minutes develops a 
narked surface r i g i d i t y  as a r e s u l t  of dust  depositio$. 
the  sane phenomena riith ?. nmber o f  orrjanic COmFOUndS. 

O m  of the  authors has noted 

The benzene-Qetcne-water systen is believed t o  be f r ee  of s.irface active 
However, the extent of the- f c r n a t i o n  sr" so l id  q e n t s  ard Should be f r e e  of solids.  

p rec ip i ta tes  at the in te r face  during ex t r ac t ion  of tar acids is  such that major 
recluctiom i n  the mass t r ans fe r  coef f ic ien t  could nave occurred. 

The ex,rerinental vaLues of the t r ans fe r  stage height are shown on F igwe  1 
and 3 for  the benzene-ketone-uater system and on Figures 2 and b f o r  t he  tar acid i n  
oil-caustic system. 

Tlie o d y  s i sn i f i zan t  process v a r i h l e  appa-s  t o  be the  r o t o r  s p e d  both f o r  
the De?~ene-~e;one-~:ater and %he tar as id  i n  oil-caustic system. 
neither ;he c i recc ion  of t r ans fe r  3f Lhe acetom, the $=e t.hich was d i s p r s e d ,  ncr 
the cnrcughpt had 5iGnificant e f f ec t s  on the  nmber of t r ans fe r  stages. 
point did horrever depr?d on the  pnase xhich uas dispersed, F ic ;ae  5. 
':as wserved with the  tar acid i n  oil-czustic sys ten  cver  the l imi ted  r w e s  studied. 

For t h e  f i r s t  systen 

The f l o d i q  
The sane pa t t e rn  

These data suc,gest t h a t  such phenonena x i n t e r f x i a l  t l lrsulerce , swface 
r i g i d i t y  induced by sc l id s  xc*Jmulaticn at  t h e  interface,  and the  d i r e c t i o n  of %ass 
t r ans fe r  zre not normally inpor tzn t  variables.  
a p p a r s  t o  de,pzzd p i m a x i 1 : y  an t he  drople t  size s p c t r m  a t ta inable  i n  the sysr;em. 
Eoi.ever, capacicy eoes depend on t;le par t icu lar  phase which i s  dispersed. 

The volumetric m a s s  t r ans fe r  coeff i c i e n t  

The reader i,s again cautioned against  using t h e  HTS valces ebtained f o r  the  
tar acid i n  oil-caustic system f o r  sonditions o t h e r  than repxted.  The operating lines 
tend t o  pinch the  equilibrium curve, Figure Bo. L, and t h e  exact loca t ion  of the  
equilibrium curvs is uncertair.. Depndifig on the individual i n t e r p e t a t i o n  o-C the 
dzta, a 507; difference i n  Yiie numder o f  transfer stages m q  be obtairod. 
l m a t i o n  of the  curve, while i t  changes the numerical values, does not cnange thz 
observed dependence of the  nunbers of t'ne opzrating variables.  

However, t h e  

of tne surp-ising featlmes of t he  R E  c o l u w  p r fo rnance  I s  the absence 
of so l ids  build-up x i t n i n  the  s t i r r e d  zones, 
s lu r r i e s .  In  General, the RotatinG Disc Contactor de7;elops a high t r ans fe r  rate per 
up.it volme,  ~ z d  i s  insensikive t o  shall u p s e t s  i n  the feed system, a& can  to l e ra t e  
s ign i f i can t  quan t i t i e s  of so l id s  within the  CO'LWLI? p o p r .  

The nwhine m i & t  be ,capable of hadl i -ng  
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R D C  EXTRACTION COLUMN PERFORMANCE 
24-36 CELLS 4 in l .D .  2 in .H.  STIRRER DISC 294 in.D 
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TAaLE I 

Extraction of Tar Acids with 9 wt,:z NaCH i n  ifater. 
rat io 1.9 t o  2.1. T a r  Acid C i l  d i s p x s e d  phase. 

Feed t o  Solvent 

Column Rotor 
Tempratwe S p e d  

rFn 0,. L 

86 0 
67 25 
87 50 
a5 ?5 
86 123 
at3 155 
92 0 

Tota l  T a r  
Thoughput Feed 

Lt&r., sq.ft.  I&.,% 

19.t 
20.7 
21.c 
2 1 :c 
20.2 
21.3 
2c.5 
22.c 
33.0 
22.; 
23 
19 a 9  
19 .>' 
13.8 
51:3 
20.9 
20.3 
20.9 
22.2 

9.7 
9.1 
9.7 
9.7 
9.2 
9.2 
9.2 
?.2 
9 .s 
9.9 
9.6 
a .9 
8.6 
7.1: 
9.2 
3 . :  
4.1 
9.2 
9.5 

Nc. of 
Transfer 
Stages 

2.c 
2.3 
2.5 
2.e 
3.5 
3 .C 
5.L' 
b.5 
2.7 
2.1 
3.2 
2.2 
2,i 
r.7 
2.1 
2.9 
2.5 
4.0 
b.3 

c, sL;nthetic cf 5 i l t u n  S t i l l  T a r  Acid O i l  and recovered T a r  Acid from plant. 
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.Cor>tinucus 
Phase 

3e nze ne 
(24 c e l l s )  

Phase Throughput 
Be me ne Vater- 

Acetone 

Ib .,kc., sq.lt  D 

ketone  Content 
Feed %tract 
;i.ster- gemere- 
.keto?-e Acetone 
!;;t, 5 . 2.Tt.S 

. .  

hl.9 
41.3 u.9 
39.6 Ll.8 
L0.3 LC.3 
41.1 kl-3 

aemene- !.'&er- 
Acetone Accztom 

37.8 A. $ 
36.5 9 .> 
35.5 12 
35.5 15 

Vater Benzene 
-Acetcne -Acetone 

30.0 33 

3 l .C  33.0 
29.0 35.0 
31.0 35.0 
30.0 36.5 
29.0 34.5 
29.0 3b.5 

30.0 33.7 

Raffinate 
7:a'ater - 
.ker;cne 
!-L C' 

15.1 
19.5 
11.5 
lC.3 
10.0 

3enzene 
-kzfone 

0.1 
1.3 
2.7 
2.7 

.. .,> 

!iater 
-Acetone 

12.3 
12.5 
13.5 
10.7 
12.0 
12.0 
10.0 
8.4 

rransler 
Stages 

X O .  

2 
1.5 
3 
2.5 
2.9 

2.3 
2 
2.5 
3 

2.1 
2.5 
2 .0 
3.5 
2.8 
3.2 
3 .s 
3.7 
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Meeilon Ins-titufe 
?itisburgh 12, ?ennsyl-mnia 

- 
I 

N 111-a 2 = CB3 I11 
-b 2 = n-C& 
-c R = CH2=t"-CHz- 
-d I?. = n-C$?17 
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Tfie infrared and u l t rav io le t  spectra Were consis ter t  wi+h structure 11. 

U t r a v i o l e t  spectrum was tha t  D f  an ortho-disubstituted benzexie, aid ~e infrared 
showed absoqt ion bands character is t ic  of anhydride and ork&+dkubsti tuted ceozene 
groups. 

a e  

Under the conditions em$oyed, 3nly one benzene r a m  was Lydmgenated. Die 
failure of the second benzene ring t o  mdergo hydrogenation can be  expiabed 5y s t e r i c  
e f fec ts  as follows. The molecule of adduct I, which contains a zso-dihydmanZi?r%ene 
skeleton, is mn-planar. It has been shown tbat 9,1C-d*-&%ullyLzc--acvle is 5a:7; ajcu-, 
Lie i k e  j o j = a  carbon at- 3 and 10, each half  sf Cie sziecuie  c e k g  g l a m x  ju7 
tile two halves inclined t o  each oAher at an angle 3f zgpmrThatslJ iAjo.3~7 ASS& 
t a a t  addition of hydrzgen to the benzene r1in.g~ re tyizes  a rlaz;Pi,ee zdsoq~',on sf 7Ee 
llnsaturatod ring against tne ca ta ly t ic  surface, i% is l ike ly  tkat $de t o  LIE? :sen; 
configgat ion of adduct I and t o  +&e hindering e f fec t  of -&e b a j  --&Lie gxcg, 
oniy me of +he benzene rings can be hydrogenated.8 
aoiecular model of the adduct (I) c m f i r m S  'htse expectaiims. 

d p e c t i m  3f +ke Gcafr2y 

".e :?ydrogenared adduct 11, m.2. 1$3-165O C,  Bas B z i x c x e  ;i' s"u6-"eoisLaers, 
m d  nc a t t e q i t  48s made t o  separate tEen a d  riete-e Tdeiz cs?;Sir&-ation. 
derivaxives sf b z e r p s t  as  poten t ia l  g las t ic izers  ar pesticides, s ~ s i  zs -%e d i t szers  
( I I i -e ,  5 ,  c, 6 )  azld &?,e 8-subszltuted b i d e  (IV) , 'Rere sr?r,az?1 3:- i Z z r d C d  ?rzceiuzes 
from Ii. 

Sever-? 

Toe foregoing r e su i t s  show that ia *Le presence sr' a ,u;-,he&a :ara&-st, a 
select ive h p a s g s a t i c n  Jccurred, result- in rtne reductior: :i 5% c a z a t i c  r-bg 3ut 
not at'fecting the succL?ic W d r i d e  gmrip 31 'de adduct ( Z ) .  
grcug is  attacked -:?hen a mbstituted. .succinio a ~ Q ~ d r i d e ~ 9  IC L i  lii-irscpsxa:ei LT 2 9  
presence of paliadium o r  piatinum catalyst ,  the g o d x c t s  octainea 52% 2yL-o-q-- 
lactaries, iactones, & +sleA&yl acids. The reduct ipl  cf aCduc2 I -h -Le aresencc? sf 
3meg nickel a; 1600 C was also non-selective, 3 r v r i d k g  a  we rf ~ z ~ c ~ s ~ c s .  
iOere I, 2 ,3 ,  &,@,3,9a,lO-cct&j-Lz-3, 1 C - e ~ ~ ~ c ~ ~ ~ n ~ t - ~ - ~ e ~ ~ ~ l ~ 1 - ~ 2 - c ~ . ~ c ~ i ~ c  acid 
Izctcne ( T I ) ,  srccced 5y azt at'ack m +he .--matic r iq ami -ha mhy5ride gnu?; 
s -oc ;wdmmthracae  (VI) ; and succir ic  a g c i r i d e  ( V i I ) .  

Z n  ccctrast ,  %?e e - c k i i d a  

?me 

?mducts 71 and 71i COU kave been fcmed e i ~ e r  by i~jdxzqenolys' ar 
therael  deccmpositiw of the adduct (I) followed 3y hydrogenation 3f tke hteraediazes .  

\ 

I 

P 
3 A a n e y  

Nickel 
b 

150-160O C 

'I  

+ 

71 711 

The lactone (V), m.p. 125-45O C, was a mixture of stereoisomers. 
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Ln contrasr. t c  I, *he kydrogenation of ll-!~1etiyioi-9,1O-d~drs-3, iO-e&&ano- 
antrracene ( V I I I )  h the presence of ruthe-nium catalyst  proceeds C u t t e r  T L : ~  s c x  
reduction of *wtE aroziatic rings, afford- a mixture of Il-metnj-lol-9,iG-et?~o- 
1,2,3, L, ~ a , 9 , 9 a ,  X-octahydr3as,n.;i;-acene (ZX) and i l - m e t r ~ y l c l - 9 , 1 0 - - ~ ~ n 2 ~ 1 o p 2 r ~ . ; ~ ~ o ~ - ~ a -  
cene (X) in a variacle r a t i o  depecdhg upcn Lie reaction t ine.  

?,per-hental 

1,2,3.4,qa,9,9a,lG-Cctaigdroantr~acene-$, lS-a,b-succinic Arkydriae (I:) 

A m k u e  of 33 g. of 9 , lG-d~ydro~~hracece-9 ,1C-endc , -c r ,3-3~c~i -~c  anLgdrida . .  (I) ( ~ p .  261-202O C) ,  250 id. sf dioxane, and 6.0 g. sf 5% r - * - ~ - ~  - ,-AL--LL-c?--z2-i?2 
catalyst  vas placed in an "Amincc" autoclave, and hydrogen nas a&Ltt& "p 7 3  175C 
p.s.i. 
absorption of hydrogen ceased. 
3 molos cf hydrogen per mole of I. 
t ion  and vrasned '9th acetone. 
ssivents were rerio-qed by d i s t i l l a t i on ,  f i r s t  a t  atncsgneric ~ r e s ~ v e ,  xhec m 5 e ~  
vacuum 
(84:) of 1,2,3, ~,~a,9,9a,l0-octa;?~droantmacene-9,1C-a,~-succ~c aiiij.5rL5e (II), 
m.p. 14j-1650 C. X sample of t i e  ant-ydri",, c r y s t ~ L i i z e 5  f r z  s h y 1  w ~ s s : e - > e : r K e ~ ~  
ether, melted a t  175-177O C .  Infrared absorption maxima: 5.45,  5 , 7 G ,  x c  13.0 &. 
Ultraviolet absorption spectrum in methylene chloride: 2.47 !rq ( B 2.42) , 253 (270), 
260 (297), 263 (216), and 267 (230). 

The vessel was shaken and heated fo r  16 hcurs a t  1:5-1L3O C, d x z r  xhkh  f t 2  
The amcut If hydngen acscrbed ccrrespsr?cec? ZU" 25,cit 

A f t e r  cooling, the ca ta lys t  ivas remved E;- f i l m +  
The f i l t r a t e  and +&-e wasilhg sere  ccizkined, m.d :he 

The solid residue, a f t e r  washiog 'dth petroleum ether ( 3@-6C0 C )  , gzT;e 71 ? '  = 

Anal. Calcd. fo r  Cl&irsO,: C ,  76.57; H, 6.43; Ibiecular Weight, 262.3.. 
Found: C, 76.67; 2, 6.57; b l e c u l a r  Weigiiz ( U d i n e  

Ti t ra t ion) ,  283.3; 

In order t o  determine i ts  heat s t a b i l i t y ,  I1 was heated for 6 hours in air 
t o  23C-,Z400 C. A s l igh t  discoloration, but no degradation, occurred. 

In a second experiment, a modified procedure was enploged f o r  7Urif;ring the 
crude hydrogenation product, 
solvent, t i e  s o l i d  residue was heated with 5% sodium hydroxide for 5 minutes on a 
s t e m  oath. 
the aqueous layer was acidified w i t h  15% hydrochloric acid. 
a f t e r  washing wia water and drying, gave the adduct (11) in a yie ld  of 85% 

Dhethyi I, 2,3,4, ha, 9,9a.~O-0ctahydroanthracene-9,1O-a,~-succinate (m-a) 

After sepazation from the ca ta lys t  'and m o v e l  of the 

After cooling and w a s h i n g  w i t h  e ther  t o  remove the non-acidic products, 
The precipitated solid,  

Seventeen g r a m  of 1, 2,3,4,~a,9,9a,l0-octahydroanthracenne-9,10-a,~-succinic 
anhydride (11) and 200 ml. of methyl alcohol saturated at 5O C w i t h  anhydrous 'hydrogen 
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chloride were heated under reflux f o r  6 hours. 
was f i l t e red ,  washed .Kith xater,  and dried t o  f l e a  15.2 g. (77%) of 111-a, m.p. 122- 
1450 C, wh ich  crystall ized from hexane-ethyl acetzte (lO:l), mp. L$5-147° C. 

Bf te r  cooling, the  precipitated d ies te r  

anal. Salcd.  f 3 r  C2032~04: C,  73.Y; H, 7.37. 
Found: C,  73-49; 2, 7.53. 

Dibutyl 1,2,3,4,~,9,9a,10-0cttiiU.droanthracene-9,l~,~-succinate (111-b) 

I 
4 

1 
A mixture of I, 2,3 ,~,4a,9,9a,10-octahydrohydroanthracene-9,lO-a,~-~ccbic 

aahydride (17 g ,) and n-butyl alcohol saturated w i t h  anhydrous kydmgel? :;-loride (50 ml.) 
a t  50 C in benzene (SO ml.) w a s  heated under reflux for  5 hour-s. %e cooled saluCon 
w s  diluted ~ t h  ether and mashed with 5% sodium hydroxide, Ycen wi-21 s2:tbz. 
removal o f  the solvents. the residue w a s  dis t i l l ec!  t o  y ie ld  2 l  g. (85% af ihe dibutjL 

After 

es te r ,  b.p. 220-2250 c (1.3 ZUB. 1, nD2' 1.5710. 

Anal. Calcd. f o r  Ca&s04: Cy 75.69; 3, 8.30. 
Found: C, 75.13; 5, 5.62. 

%e procedure for  the preparation of other d ies te rs  xas as folims: X zk- 
t u re  =f  1,2, ? , 4 , q a , 9 , 9 a , i O - o c t ~ ~ a a t h r a c e - 9 , 1 0 ~ , a - s u c c ~ c  slm;rct-ide (0.1 a.), 
dlcchoi (0.4 i n , ) ,  toluene (75 d.), and p-toluenesulfonic acid (0.5 8 . )  s a s  neated a+, 
reflux u n t i l  the theore t ica l  an0un-c sf the water was collected 31 <?e trap. 
solution w a s  washed ;Via 5% sodium hydroxide, then with water, and, after remcvai sf 
the solvent, the residue w a s  d i s t i l l ed .  

DidLlyl 1,2,3,4,4a, 9 , 9 a , 1 0 ~ c t a h g d m a a c ~ ~ 9 , ~ 0 ~ , 0 - ~ c c ~ a ~ e  (XI-c) 

%e x - l e d  

b.p. 201-203° c (0.5 m.), nD2' 1.5420, 725 >tieid. 

Anal. Calcd. fo r  c2&&: C y  75.76; 3, 7.42. 
Found: C ,  75.36; H, 7.62. 

Di-(n*ctyl)-1,2, 3 , 4 , 4 a , 9 , 9 a , l G - o c t ~ ~ a n t ~ a c e 9 , 1 0 . 0 , & s u c c ~ ~ e  (111-a) 

b.p. U 5 - U '  C (0.4 mm.), q,2s 1.5025, 88% yield. 

xnal. Cdcd.  fcr C3&i52O4: C,  77.82; H, 9.99. 
Found: C,  77.67; 8, 10.01. 

N-( 2-Et~Ii1exjrl)-l, 2,3,4,4a, 9,%, lG-octahydroan~acene-9,lO-a,~succ~bicicie ( 77) 

To 28.2 g. (0.1 n.) of 11 was aeded l?.S g. (0.1CS m.) 3f 2-e th7Liexy lde ,  
and the reaction mixture vas bested vi+& stirring t o  lCOo C and t h e n  set aside for  2 
hours. It was then heated a t  16G-17C0 C f c r  an zdditional. 2 hours. After rem-ral 
of mater by distiilatisa, t h e  res idaa vas vac-um d i s t i l l e d  to  give 29.9 g. (76%) of 
the imide ( I V ) ,  b.p. 190-232O C (2.6 ZL). Cn cooiing, the d i s t i l l a t e  crystall ized tJ 
give a product melti-ng a t  58-66O C .  
( 30-60° C )  melted a t  72-74O C. 

A smple  recFjstall ized from getroleum, ether 

Anal. Calcd. fo r  C2&,5!j02: C, ??.?L; 3, 8.96; !I, 3.56. 
?3,?md: 2 ,  79.26; 2, 9.08; X, 3.30. 

Iiydmgenation of 9 , 1 0 - D ~ d r o ~ t ~ ~ s c e 1 l e - 9 , i C ~ ,  J-s~c~L?,? lc  . m d r i d e  in 'he h.eser?ce 
of ,%ey Nickel 

An "Aminco'! bomb m a s  charged %iith 27.6 g. 3f *.e title adduct (I) , 250 nl. 
of ethyl alcohol, and 10 ml. of  Raney nickel ca ta lys t ,  and 5yd.mgen ivas admizted 
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under 1330 p.s.i. a t  25O C .  
The amount of hydrogen absorbed corresponded t o  about 13.5 moles of hydrogen per aole 
of  '&e s ta r t ing  adduct. M t e r  cooling, the solution of the hydrogenated prsduct ? r ~  
separated from the ca ta lys t  by f i l t r a t ion ,  a d  the catalyst  w5.s wastied with ether. 
The f i l t r a t e s  yere comoined a d  the solvents removed, first a t  atmospheric pressue ,  
'hen under, vacuum. The residue, composed of an . a i l  and a solid, gas treated with 
e'thyl alcohal. The solid, i n sohb le  in alcohol, was separated by f i l t r a t i o n  t o  give 
4.8 g.  of s-octahydroanthracene. The f i l t r a t e ,  a f t e r  reaoval of the sciverit by 
d i s t i l l a t i on ,  gave 20 g. of an a i l .  

"he jomb w a s  shaken and h e a t e i  at 160° C for 20 hours. 

- In order t o  separate acidic products from ma-acidic, L-e a i l  (la g . )  was 
heated 3n a steam Satn r i th  120 ml. of 10% sodiun hydroxidt solution fsr 2 horns, and, 
a f t e r  cooling, ether xas extracted. The non-acidic prsduct, a f t e r  e l h i n a t i z n  of 
ether, gave an additional 5.6 g. of s-sctalr.ydroant-hracene. '?he t o i d  cf s-cctdiydra- 
anthracene ,isolated f r o m  the reaction nixtue mounted t o  10.4 g . ,  or  56%. Tn? a i h l i n e  
solution was acidified w i t h  concentrated HC1,  and the preci,itate4 so l id  8as ser,za%ed 
by f i l t r a t i o n .  'Lie aqueous f i l t r a t e ,  a f te r  ether extracticn and r enwa l  of the sslvent, 
afforded O:i, g. 3f succinic acid. 'he precipitated so l id  ( 6 . C  g.) 7fzs cqs:d.llized 
several tines from ethyl acetate t a  yield i, 2 , 7 , 4 , 4 a , 9 , 9 a , l 0 - c c t ~ ~ y ~ ~ - 3 , l 0 - e t l - . ~ ~ O -  
anthracene-li-me~lo1-12-carboxylic acid lactone, n. p .  125-li5O C. Inkazed  a'csorp- 

- t i s n  naxima: 5.7 (lactone) and 13.0 (ortho-disubstituted 5enzeT.e ring). 

A n a l .  Calcd. for Cl&002: C,  SG.56; 3, 7.51. 
Fcund: C, 79.74; 8, 7.67. 

i-fydrogenation of Il-Methylol-9,lO-d~.ydm-3,lG-ethanoantL-zcene ('7111) 

A mixture of 54 g . (0.228 m. ) of 11-metiiylsl-9, l C - i 2 y C x - ~ G l  1C-s-,Aamr1t!r-s-  
cece (m.p. 1G5-lCSo C )  (VIII),ll 250 i n l .  of e+S.yl j icshc,l, ~,li L;: 5 .  :I 55 y;:?-x.L*z- 
m-almina catalyst  xas placed b an autoclave, and hydrogen was I-LTLrIed :i? :o 1622 
2.s.i. 
absorption of hydrogen ceased. 
3.3 noles of Yjidmgen per mole of adduct. 
the residue 78s d i s t i l l ed  t o  y ie ld  46 g. (0^4$) 3f a colorless a i l ,  3.s. lSO-i7So C 
(0.6 m.) , 
9,9a, 10-octahydroanthracene and 11-methjlol-9 , iO-eLianoperhydmantrzacene i n  an approxi- 
mete r a t i o  G f  3 to  i. , .  

'he vessel ras shaken and heated f o r  6. r.surs e t  l j O o  C ,  a Z e z  -rtich ::?e 
Tiie man% --- 4~ kydrog=a s'ssorced corres?c.?ded I s  about 

After r smvz l  SL' t he  ca?alyst and sciverit, 

1. j@o, consisting of a mixture of Il-met:hylol-?, lC-e;hm,?c-l, 2,3,4, La,,: 

Anal. Calcd. f o r  3(C1+i220) + Cl7H2aO: C ,  33.59; 2 ,  9.75; !k;!=lscu2ir 
Weight, 244. 

Weight, 2LB. 
Found: C,  83.87; 3 ,  22.20; ?2ciecular 

(From determination of the hydroxyl content by acetylation Eethsd.) 

Upon cooling, the o i l  pa r t i a l ly  so l id i f ied .  The separated so l id ,  ;i-aethy131-3,;0- 
ethanoperhydroanthracene, crys ta l l ized  from hexane, melred a t  102-1CL0 C .  Zie infra- 
red and u l t rav io le t  spectra of  the so l id  product showed ccmplete disapearance zf the 
aromatic ring. 

Anal. Calcd. for C17H2B0: C, 32.80; HI 11.36. 
Found: C,  3 2 . n ;  HI  11.59. 

A thermal s t a b i l i t y  t e s t  of the hydrogenated adducts IX arid M + X mas con- 
Samples of the products were heated separately in air f3r  4 hours ducted as  follows: 

a t  235-&0° C. 
oxidation t o  the  aldehydes occurred (Fnfrared, 5.85 IA). 

carbon skeleton of the products was observed. 

ca ta lys t ,  a fresh port ion of the ca ta lys t  (4.0 8 . )  was added, and t h e  mixture was 

The products became colored, and according t o  Fnfrared spec t ra , -psr t ia l  
Eiowever, no change in t h e  

In a similar hydrogenation run, the  crude product was separated from the 
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hydrogenated further at 160° c for an additional 17 hours. 
tained approximately - of u[ and 70% of X. 

The reaction mixture con- 
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FEACTIONS OF 2,2' -BIPHENYLDICBRBOXBLDEIMlE 

J. C. Hawthorne, E. L. Mihelic, M. S. Morgan, and M. X. 'KLt 

,MeUon Ins t i tu te  
Pittsburgh 13, Pennsylvania 

Althsugk 2 2' -cigk:enyldicar'coxaldehyde (I) was f i r s t  reported by Kermer 

3ecent st.dddFe$ sn the 

m e  reaay a-mi la j i l i ty  

an& Turne-1 in 19l.i and l a t e r  by other workers,2 it has received on ly  limited study 
because no sinpln zetkod has existed f m  its 2repazatLon. 
ozanolysis 3f 2henant;zrene have resulted 3-1 a relativekg s h p l e  prepu 'a t im sf the 
dialdn&-de fron a so ten t ia i iy  abundant s tar t ing m t e r i a l .  
of t h i s  dialcehyde t3u.s served as a practical  st-tirmLL.~s to  3ur i,nvestigai,ion of its 
chemicai tekavi.zr. 

2 , 2 ' - a l ~ * e ~ l d i c a r i o x d i d e i ~ d e , ,  I, .#as reacted Kith Ymnania and primary amines 
Wen I Tas heated ~ t h  ammonium hydroxide, 5-hyd.roqy-Sif- 

ibe s t m t u r e  of I1 was assigned fmm elemntai  
to give Sciiiff-t:qe 'zases. 
di'cenztc,e]azepice (11) vas f3rzed. 
y 9 s i s  m d  iss  i?i^rared mi :XI spectra. 
O.LJ u (-H=C-) zcci j.2-j.3 p (<.-a). k e n  1 xas reacted v i f i  berzyianine, zethylamine, 
o r  ani l ize ,  2 , 2 '  -oi( ?I-'cenzylsem~lidenhine) ( I I Ia)  , 2,2' -hi(  :I-tcetbyjrljenzyiidpnirnie) 
( IIIj), .sr 2,i' -bi( N - o n e n y l b e n z y l i d ~ e )  ( I I Ic )  were the respec+,ive -,rodxc:s. 
F. !;fayeSa reported I I I c  from -he ?eac:ion of N-(q-iodobwjlidene) aniline and 

k f ra red  adsorption can& apceared a; 

iu;fer C" .  
a t  6.10 to 6.15 U. 

h - r u e d  adsorpion bands for &&e -H=C- linkage in zhese canpounds 
"Natur- 
occurred 

N-R N-a 
II II 

III (a) R = Benzyl 
5 )  R = ,&thy1 t 2) R = Phengl 
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T'en 11, IIIa, and IIrO vere refluxed KFth aqueaus sodium hydrosulfite, 
6,7-dihydro-SX-dibenz[c,e]azepine (ma)  and the 6-substituted derivatives (IVb and 
IVc) were the respective products. 
aldehyde n o n o d e  also gave ma. 

t ion  of I I I c  to  Nd  but  not 11 t o  Na. :ioweAe.rer, hydrogenation at -her pressure of 
an ethanolic solution of I and metbylamine over Xauey nickel yielded IVc. 
pressure hydrogenation of I miA& benzylamine and methylambe over +Uadiuin ca+,al;-st 
gave The respective products, Ivb and IVc. cnly representative wepines w e 2  ?repared 
by the  various nethods of reductim, and no attempt was made t o  study exhauti'rely +.e 
several different possible combinations. 

Ilydmsulfite reduction of 2,2'-biphenyldicarbox- 

Raney nickel catalyst  was sufficiently active for the low-pressure igdmgena- 

Low- 

IVa R - H  (from n) 
5 R = Benzyl (from I I Ia )  
c R = Methyl (from IIIb) 
d R = Phenyl ( f m  IIIc) 

It w a s  found unnecessary t o  isolate  the Schiff Sues prior t o  reduction by 
sodium hydrosulfite. 
by treatment mith the hydrosulfite, &al lyl  (V) , &-( 3-dimethylamhopmpyl) (VI), 
6-(3-diethylamimpro?yl) (VII), and 6(2-aminoet~l)-6,7-dihydrn-SH-dibenzEc ,*lazepine 
(VIII) re re  also prepared. 

'Nith *he oxce3ticn of t be  la tzer  three derivatives, these 6,7-d&j-dn- 
azepines had Seen prepared 5y -21s reaction of p,~' -bisfbramomethyl)biphenyl v t t h  
m n i a  or  xi*& ?rbary 
anhydride .Ria amonia :a give d i p k e d c  acid. Diphenamic acid vas cyclized t o  
diweninide, which B ~ S  in 3 1  reduced 3y li+&m aluminum hydride to  ?Xa.' 

ay f i r s t  refluxing I w i t h  the proper ambe i n  methand followed 

A second nethod involved the reaction of diphenic 

?-e ?resen; xe+,kod 3f q ~ z i ~ s i z - i n g  +hese azepines i s  superior t o  prei,%us 
methods because of "22  avai lab i l i tg  2f t iye initial. s t a r t i z q  material, :&emtbrene. 
The yields of &he azeFkes,  Ficla;ed 3s x i 2  s z l t s ,  ranged frcm 57 to  92$. 

C c m p n y  for  tke reductive minatioz? 3f tiie didldebjde t o  azepines. 
of scdium hydrosulfite in reductive ar inat lso of a aldehyde appears t o  be novel. 

miog t n e  ?resent vxk, z ~ r i ~ i s ~  2atente was granted t o  Xoffznan-Laliocke 
Xowever, %e use 

R a d &  ana smith7 screeEed Lks 6-su'cstituted azepines for phannacclcgical 
ac t iv i ty  and demonsmated their antiepinewrine j rsger t ies .  
maber of the group tested.  

chromite, dehydmcyclization occurred t o  yield 2,3-di$1enyldibenz[f,h]quinoxaUne (LX) .' 

V oa5 the mst effeczive 

When a solution of IIIa in N,N-diine~lfo~?namide i7as refluxed w i t h  copper 
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Ix 

Sparatores reactec I and pphenyienediamine 's methanol for  La hcurs a d  
obtained a glass, m.p. 5 2 - 5 7 O  C ,  for which ne u s i q e d  +be probable swxture of 
lYd-diSenzoic, e] benzhidazoil, 2-aIazepine (X) . An mcnaracterized $d.mcklloride 
nelted a t  260-265O C. 

Xa x 

.In our hands, T;ne p rduc t  frw *Ais reaczion was obtahed 9s a m y s t a l l h e  
solid,  m.9. 189-190O 5, uld vas thought to  e w e i t  ?oljrmorphisn. '?xu dzfe ren t  
crystal  t'orins were isolated M c h  had different infraced spectra as Nujol mul ls  t;ut 
the s u e  spectrum in carbon disulfide a d  the same empiricel formula. 
confi,med structure X ra ther  than Xa. 

,The GdR spectrum 

A mre convenkmt synthesis i s  t o  react the dialdehyde w i + t A  p%en.yl.ene- 
Cirmine dikycl-ochloride in isopropyl alcohol, Therein the azegine prsci2i ta tes  
presmabiy as the di&ydmchloride monohydrate. m e  free base can be regenerated by 
t rea t ina t  h x h  dlkali. 
because it  is believed t o  e e s t  as &&e di-ydmchloride, ~e mono+jdmc,iloride m o -  
hydrate, as well as the dihydrochloride monohydrate. Decomposition occurs dur ing  
meltbg point de tembat i sn ,  and the  recorded nelt iog aoint may be  *&at of 3. decom- 
positicn groduct. 

The melting point 3f the 'hydrochloride i s  ria definit ive 

;?ken I1 ivas treated ;Cit;l aqueous sodim bisu l f i te  and Lien reacted ivi-h 
Fotassim cyanide, j-cj-anC-ji+dibenzic, ?lazepine (XI) vas obtained. '&en the dialde- 
hyde :7as reacted v i th  y?monium chloride and potassium cyanide, .XI was isolated Ln 
alnost quantitative j i e ld .  

1) N a i i S 0 3  
2) KCN 

I WCl 
XCN 

XI 
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acid (XI), which could not be sufficiently separated fmrn inorganics f o r  charac- 
terizati3n. 
chelates. 

Acid 'hydrolysis sf ,XI gave a pmdcct, ~ -d i j enz [c , e ]azep ine - j - ca rbo~ l i c  

acid conpiexed i v ixh Eetdi l ic  ians to give -colored, water-insoluble 
Tne copper chelate (WI) vas characterized. 

Xi 
32SOI 0-0 - 

XI1 

& N-----Cll--N q 
\ / 

c-0 
/ 0 U \ 

XI11 

Nit-usatian 3f N a  resulted in 6-nitroso-6,7-aihydrc-%-dibenz [c, e] azepine 

NO 
I 

m 
On acetylation of 11 by acet ic  anhydride, the 5-aceto~-azepine 7pas aot 

isolated,  but rather 2-diaceto~thyl-2'-acetyliiuhonethylbi~er~.i (23). 
t i a n  ii5giit irvolve 'he isomeric structure,  XVI. 

me reac- 

A C 2 3  
___) 

XVI xv 
I1 was reacted with copper ion to  give an insoluble complex, the structure 

zf ThicS m u l d  not be determined. 
cupric acetate to  farm 5,5'-ethylenedioxybis( 5~--diOenz[c, el azepine) (XVII) . 
hydric alcohols gave o i l s  lPfiich were not identified,  

However, I1 w a s  reacted w i t h  ethylene gljrcol and 
Mno- 

I1 I N i  I 
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ihes-1 vas reacted with two mlecular  equivalents of acetophenone in the 
presence of s o d i u  -bydmxide, a 555  yield ?f 2,2'-bis( l-'i1ydroxg-2-benz~~lethyL)- 
biphenyl (XVIII) waj isolated, ana 2,2'4igi1enide (w() w a s  idexsif ied as a 3ppmduct. 
Yitb an equal mlecular  ra t io  Df reactants, a 35$ b5eI.d sf Xj'IiI ad. I 57% -yield .zf 
XIX, resulting f r c m  a coqet ing C a d z z a r o  reaction, xere isolated.  2eaction of ;CTiiI 
~ L t h  acetic anhydride a f f w d e d  2-aiacetc1xyiaPwi-2~-( benzoyl*lene)5i_3henyl (W) . 

XVIII 

+ 

XayerZa had prepared 9,lO-pb.enanthra~one by a cyanide-catalyzed benzoin- 
type condensatia of 2, 21-3iphenylaicar~xaldehjrde. 
intrano1ec.da.r conadensation vas a lso  ligint-catalyzed, aLtnougn a pergxide, sucn as 
senzqrl jeroxide, was necessary as an ini t la tor .L3 
effect  l;on tne f i e l d  3f ~e +ne (Table I). 

I t  sas found, ncwever, -k-at -de 

%e cnoice of solvent nad a marved 
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Tab le  I 

solvent 
$-Butyl Alcohol 
Acetic A c i d  
Benzene 
Ethyl Ether 
Tetrahydrofuran 
w== 
Acetone 

- Y i e l d  of 

5 
15 

5 a t  reflux. One weight ger cent 
0 b e m a y 1  peroxide catalyst. 
0 
0 
32 

Phenanthraquioane, 5 Reaction Coadftions 

k a d i a z i o n  (-my drc)  fur  1,8 
hours a t  m o m  temperamre; 3 h m s  

The yield in acetone was increased from 3 6  to  .5€$ by reflux for 72 hours. 
The remabing material was unreacted dialdehyde. 

5 - H m W  -5Ei-dibenz[c,elazepine (11). Four grams of I was refluxed w i t t ~  
28$ ammonium aydroxide (60 ml.) for 15 min. 'he mixture was cooled, and 'the colorless 
5-5rdmxy-SH-dib~[c,eIazepine (3.7 g.; 97%), m.p. 126.8-y8.8° C, w a s  collected. 

Anal. calcd. for C1,H1lNO: C, 8.36; 3, 5 . 2 0 ;  N, 6.70. Found: C, 30.59; 
R, 9.59; N, 7.00. 

2 ,  2f -B i (N-oenzy lbenzg l ide~e )  ( I I Ia)  . I (2.1 g. ; 0.01 mole) , dissolved 
in toluene (30 m l .  ) , was refl-uxed wita benzylanine (2.20 id. ; 0.C2 nale) for 15  nin. 
The toluene mas evaporated *;rider reduced pressure, Leaving an o i l .  3 i t u r a t i o n  K i t h  
water afforded the solid 2 , 2 ' - b i ( 2 j - O ~ l b e n z l j l d ~ e )  (3.66 8 . ;  39$!, m.p. 34- 
97O C. Recrystallization from p h e p t a n e  pave crystals ui+h a m.p. 3f 9c+?i"i' c .  

Anal. calcd. for C=.$Ia&: C ,  86.56; H, 6.23; N, 7.21. Found: C, 86.53; 

2 . 2 ' - ~ i ( N - ~ e t ~ ~ l S e n z s l i d ~ e )  (IIISl. I (4.2 g.; 0.02 m l e )  zas neated 

8,  6.25; N, 7 . Z .  

a t  75-80° C i n  15% aqdeous rnonornethylunine (45 d.) for 1 hr. with stiET-. 
colorless c rys ta l s  (4.66 g.; 98$), n.2. l&!,-l.46° C, 'Rere collected. Recq.malLzaticm 
from n-heptane gave the p u r e  2,2'-bi(N-menylben~lideniminej , m.p. 151.0-152.2O C. 

The 

h a l .  calcd. f3r C1gIl8N2: C, 31.32; 3, 6.32; X, U.86. Found: C, 81.32; 

2.2'  - B i (  N-ohenylbenzyliaenimine) ( I I I c ) .  

iI, 6.34; N,  l l . 34 .  

I (2.1 g.; C.O1  mie) and anilhe 
(2.04 g.; 0.021 inole) 'ReTe refluxed in Toluene (20 id.) for 2 x. , RL1;3 xater zebg 
collected in a 3ean-Stark trzc. 
dissolved in h i i i n g  g-negtane and +de solution cooled. 
8%) of 2 , 2 f - b i ( N - p h e n j r i b e n z y L i d ~ e ) ,  m.2. 95.697.2O C, uere cotainec!. 
recrystall ization from pheptane gave the pure compund, m.p. 9 7 . 5 - 3 9 . G O  C (Liz., 
98-99O C).2a 

Bi ter  evaporation 52 the cokerie, -=he rosidue w a s  
Lighz-yellm crystals  ( 3 . 2 2  pi. i 

?urtter 

6,7-Dihydro-j+3iibenz (c, e ]  azerhe  ( FTa), Me+hod A. I1 ( 3  .C z ,  d ;O&JUI I 

hydmsulfi te (9.G g.) w e r e  refluxed in w ~ i w  ( X C  e.) f o r  IC 0. ;n czcLi=g :&e 
solution, colorless crysta ls  separated and w r e  collrcted.  -1ddi:imai z a : e r i d  xa3 
separazed Dy adding s&lm chisride TO 'de f i l t r a t e .  
i n  r a t e r  (200 d.) containing ccncentrated hydrochloric acid (20 d . j ,  and -de solutim 
w a s  refluxed for 30 m i n .  

The comoined sol i ts  m e  5 b S O l T d  f 

After  concentrating the solution t o  50 ml. and  coo^, 
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6,7-dihydro-SR-dib~[c,e]wepine hydrochluride (3.0 g.; 92$), ru.p. 290.2-29LP C 
( l i t . ,  286-288Q C), separated. 

t ion  of hydroqlarOine hydrochloride (0.7 g.; 0.10 niule) inwater (300 id.). The 
precipitated 2, 2t-oiph~ldicarbox81dldehyde m m a e  (2.0 g.; 91$), n ~ p .  9'7-99* C, 
vas collected. 

Method 8. I (2.1 8.; 0.01 m l e )  in methanal (30 ml.) rpag added to a solu- 

Anal. oalcd. for  C L J I L ~ N O ~ :  C, 74.65; 3, 4.92; N, 6.a.  Fonnd: C, 74.63; 

T3e m o x h e  (1.0 g. ;  0.%5 m l e )  and scdium hyd?msulfite (4.0 g.; 0.023 

3, &%; X, 6.30. 

w l e )  were refluxed in water ( 5 0  ml.) for 90 m i n .  
was collected a d  refluxed f a r  30 &. in 10% aydmchloric acid (50 d.). 
r ioc  was cooled and neutralized w i t h  sodim bicarbonate t o  precipi ta te  6,7-dihydm- 
5X-dibw[cJe]azephe (0.7 g.; 31$), m.p. 38-93O C. Since the amine had not been 
reported as a solid, it was dissol-red i-n ethyl  etDer, and the  hydrochloride, m.?. 
290-291O C, ?reci?i:ated xi*A k,-drcgen cbioriae. Be  infrared spectrum m s  ident ica l  
t3 that  sf +the procuct fxra SLzhod A. 

'he solid which separated QT1 COO- 
"he Soh- 

6-3erzyI.-6 7-dih5rdro-~~-dibenz[cJe]azepine (IVb). I (2.1 g.; 0.01 mle) 
and b w y l a m h e  (1.6'mi.; O.Cl.5 xole) were refluxed in toluene (15 Id.) for 1 hr. 
?later cf reaction i7as collected in a Dean-Stark trap. The toluene w a s  reamed .mder 
M air Lias-,, ana tbe remainkg o i l ,  dissolved in methanol, was refluxed f o r  45 min. 
xi-a scdiun bydrosull'ite (10 8 . )  in mater (50 ml.) .  The methanol s a s  distilled from 
-Le ziixtL-e aad The cooled aqzeous ghase decanzed from the  semisolid inateI-ial. 
l a t t e r  xas Tefluxed xith hydmchloric acid (100 nit.) and the solution filTered. 
3 e  ccoled f i l t r a t e  Tas sade basic (pH 12) with sodim hydroxide. 
3 i l  vas extracted i n t o  e'aer an2 the sther dried 3ver potassium hydroxide pellets.  
i2nnydrms i;rdmger- cklsride w a s  ?assed into the ether u n t i l  the preciDitation o i  
&benzyl-6,7-cE1ydii-Sii-dibenz[c , e] azephe hydrochloride hemihydrate (2.99 g. ; 8'81, 
z.?. M3-MSO C ( E t . ,  2 G j o  C),4c ivas ccmplete. 

The 

The precipitated 

S -Lh~~y l -6 ,7 -d~y~- jH-d ibenz [c , e ]azeu ine  (IVc). I (4.2 g.; 0.02 mole) was 
heated a t  djo C viLh s3r5&- -h 30% mmornethylamine (25 d.) f a r  30 a. %e 2,2'- 
t i (  N-eey-yl.5e.mylideninine) was ccllected &-boiled w i t h  sodium ' gdrosul f i te  (12 g. ) 
ard aa ter  (75 EL.) fcr 30 m b . ,  s l l o d a g  the  volume t c  be reciuced t a  20 Irl. Xcen 
cool, the aqueous -mase vas decanted from the semisolid product. After xa?Aing and 
*&I, x i s  natef ia l  xas dissclved in q-heptane, snd anhydrous hydmgen d o r i d e  
xas ?assed irit3 the soh t ion  u n t i l  precipitation ?f 6-methyl-6,7-d~dro-5ii-dibenz- 
[c,e]azepine hydrochloride (4.0 g.; 81%) , m.p. 22l-224O C,  was ccncplete. 

.&tiiodide. 6, &Dimethyld, 7-dihydm-jh-dibenz[c , e] azepinlum iodide, 
m.p. 2 8 7 - 3 m .  , 287-288O C) .4c 

Hydmgenatian. A solution of I (0.0238 mle) and two molecular equivalents 
of the appropriate amine in ethanol (35 nit.) with the appropriate catalyst  (16 on the 
dialdehyde) was subjected t o  hydrcgenation in a low-pressure (50-60 p.s . i .g . )  auto- 
clave (Parr Bstlument Company) or in a ;\dagne-Dash autoclave (Autoclave -beers) 
a t  higher pressures. A f t e r  hydrogenation and remo-sal o f  catalyst  and solvent, the 
residue was refluxed Kith water (300 d.) and suff ic ient  hydr0cUolol-i~ acid t o  give 
pH 2. Azy urreacted dialdehyde uas collected by f i l t ra t icm,  and the f i l t r a t e  was 
concentrated t o  a l l -  crystal l izat ion af the azepbe  hydrochloride. 



270. Hsdrog- Temp-- Time, Yield, 
Pmduct Catalyst pressure, p . s . i . g .  ture, OC hr, % n.p., OC 

17 x 281-290 
a5 SC- 284-290 

91 202-208 

ITa Eaney N i  850 
Na 5% P t  on Carbon 500 
m 5% Pd on Carbon 60 50 18 
IVC 5% Pd on Carbon 60 50 7 97 221-227 

- 
75 24 

6 - P h e n . y l - 6 , 7 - d ~ ~ - d i b e n z f c ,  elazepine (Ivd) . 2,2~-Bi(N-pheaylheZ1zy~deu- 
W) (2.27 8 . )  in ethanol (50 6L.) was hydrogenated o ~ e r  Raney nickel (0.1 g-) a t  
room t w e p t u r e  and 50 ?.s.i. pressure fo r  7 hr. 
evaporation of the e+thenol, the semisolid product was crystzd&zed frcJm q-heptane to  
give 6-pheny1-6,7-~~0-5H-dibe[c ,e]azepine (1.3 g.; 76$), m.p, 37-90° C. 
recrystallization, the m.p. m a  89.5-9L6O C. 

After r w v a l  a f  catalyst and 

Upon 

Anal. calcd, fo r  C&l#: N, 5.17. Found: N, 5.38. 

6- l l l l ; r l -6 ,7-d~y~-;?I-dibenzic ,e]azep~e (V). - I (4.2 g.; 0.02 mle) and 
al ls lamhe ( 3.i ai. : O.GL1 mie) were refluxed in methanol for  5 min. A solution 3f _ . -  ~ 

sodium hyr i r&l f i t e ' ( l j  g.) in water (75 d.) mas added t o  the cooled solution and the 
mixture  refluxed fgr  30 &. 
was extracted in to  ethyl e ther  r'mm the cooled aqueous phase, After drsing the ether 
extract oYer wtassiun hydroxide, crude & ~ 1 - 6 , 7 - d i h y d r o - 5 € i - d i b ~ [ c , ~ ~  azephe 
hydrochloride (4.86 8.; W$), m.p. 190-200° C, w a s  precipitated by m g e n  chlor ide.  
Zecrystall ization from methanol-ethyl ether gave a 5% g i d d ,  m.p. 2 L 4 - 2 1 5 O  C (Ut., 

After d i s t i l l i ng  oTer t h e  z&hanol, the suspended oil 

214-2150 c) .4a 

6-( 3-Di~~e~;hylamino~rooyl) -6,7-dihydm -5H-dibenz[c,e]azeuine (VI). Dimethyl- 
aminopropyianine (Union Carbide CnaJPicais Ccmuany) (4.90 g.; 0.04.8 mole) ivas added to 
a sol.&ion cf I ( i o  g.; 0.048 mole) in nethano1 (15  m L ) .  
of scdim i-~ydrn.suUita (30 g.) in sa te r  (330 d.) was added Sro the solution refluxed 
for  i iu'. 
sodiup'h@roxide (75 m l . )  w a s  added t o  the cooled solution to precipitate the azepire 
as an o i l .  
r i t h  vater, separa+ed, and evapmsted from the amine. The 3zeOine was dissolved k~ 
i30pTOpY1 ~ ~ c c J ? - s ~  and reac5ed xi+A excess hydrogen chloride. 
ffiet'.yiaminopropyl)-6,7-diQ,-dro-Z-diberz[c, e] azepine dihydmchloride monahydrate, m.p. 
22'?-230° C (dec.), separated f x m  the sclution. The yield w a s  10.9 g. ( 6 s ) .  Thfs 
sar;er',al vas r e c q s t f i z e a  frm isop,copyl alcohol to a m.p. of 231.2-232.3O C (dec.). 

After 5 min., a soi?lticn 

After ~.ezoviog t w o - w d s  of the solvent by dis t i l l a t ion ,  10% aqueous 

me o i l  aas  extracted. into ethyl ether. The ether phase was washed well 

C r y s t a 7 l i n P  6-(3-&- 

-.kid, czled. fo r  C13.3241,!2 E C 1  - &O: C, 61.45; if, 7.60; CI, 19.10; N, 7.55. 
Fo-;nd: C, 61.29; 5 ,  7.3:; C1, 2.k; !i, 7.?5. 

< I  p D i , e t > ~ i ~ - ~ ~ r ~ ~ - ~ ~ )  -6,7-d*g&T-?d-dibenz[c, e ] a e p b =  (VII). 

0-( 3ifie+2--- 2 J J . A  , r : q G ~ - - ~ , y 7  9 - J -  - j .'e-' - , a d i 3 ; z  -.-- ' 739 ;:o?L-P~ s-kil.ar4 ts the y e v ' , w  c-. 
B e  c i ihy i~~r i ixLce  xas TOG Seliz-u?lesc-sx. :or aasy iandXng, so the di$ospha+e was 
pregarod 5j d i ~ s o l - r i ? !  a s  m i x  2 2 2 1 ; & ~ 1  ( 4 G  L.) and 85% phosphorfc acid (8.5 g.1. 
After crystallizatim 'cas = . c ~ ~ s I P ,  17.1 a .  ( 7 s  yield) o f  b(3-diethylaminopmpyl)- 
6,7-df..k,ydro-5E-diijenzic, PI 2 z s ~ h  ?i&csgkase mnohgG-ate, m.p. 220-223O C ( d e . )  
(lit., 2x-2220 C )  , 3 vas octa imd.  
p u r e  corqound zelted at 221.5-223. j0 C (CPC. 1 . 

C, 48.82; 3, 6:?2; N, 5.19. 

(2.0 ml.; 0.02 mle) was added t3 a sokJlticn o f  1 i4.2 3 . ;  0.02 mle) 
room t -pera ture .  After 5 ab. , sodim hydzosulfize (LG g.) in water (50 ml.) was 
added wid the  miXturs refluxed fz? I 3. AfLf"e r  C o C i . ~ ,  %e aquecus phase w a s  de-  
canted and the residze refluxed wit& 2 aqueous ~ 0 6 k i i i  LpL7xi.de ( X  ml.) and t a L u e n e  

After rocTs ta l i i za t ion  front ethanol-water, the 

ilnai. caicd. f c r  C2.X2&. ZIi3iCC4 E&: i, 48.27; Ef, 6.94; K, 5.36. F o ~ :  

6-( 2-iuxiaoeti371) -6,7-d~jdr0-5~4Y2e~2 Cc , e] azeuine ( V I I I )  . ,rthglenediami~~ 
methanol at 
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(20 ml.) for a few minutes, dissolving the  product in  the toluene layer. The organic 
phase w a s  separated, washed vi th water, and dried over potassium hydroxide pellets. 
The crude 6-(2~aminoethyl)-6,7-di.hydro-%-dibenZ[cJe]azep~e dihydmclrloride (4.6 g.; 
74%) , m.p. 225-260O C, rn precipitated by hydrogen chloride. RecrystaUization frcm 
methanol gave the -me compound (3.9 g. ; 63%) , m.p. 268-Z7Oo C. 

61.42; I?, 6.29; N, 9.38. 
Anal. calcd. for Cl62,X2 - Z C l :  C, 61.73; E, 6.47; N, 9.00. r'ound: C, 

2,3-Diu~enj r l~ iSenz[ r ' ,h ]quinox~.e  (IX). I ( 5 . 0  g.) and bowlamine (5 .1  g.) 
xere refluxed in t s b a e  (20 d . 1  f3r 30 The water 3f reaction w a s  collected in 
a Deaa-Stark trap. After wzpora t im gf -he toluene, the resi&& o i l ,  io N,N-di- 
setwlformamide (35 .nl.), ras reflaxed xLth powdered copger chromite (6.5 g.) for  
2 ;Zr. After ,-erso-~al 3f cazaiyst lad soiven3, the o i ly  residue ?as x i t m a t e d  d-ch 
methand (15 d.). 
fmn jenzens t a  give crystais  (1.4 g.; 15$) , P.P. 272-275O C ( l i t .  , 2?Z0 C )  .Is 

Zie insoluble yar t iaa  (1.5 g.), m.p. 260-265O C, was CrYstdLlized 

lSB-Dibenzo[c, =]'3enzi3idazoC1,2-ajazepine (X) , Me-ttod A. A solution of I 
(2.10 9.) 3nd ~-~-ieqrlenediamine (1.28 g,) in ffiethanol (40 d.) remained a t  ambient 
ten?erature f c r  r;B nr. .L*ter removal of the solvent by -racuum evanoratim, a benzene 
(25 d..) solutizn cf -ae residual o i l  was absorbed on a column ( 2  x 16 cm.) of neutrd. 
zl-a ( E o  3ad dG7, 1CC-2CO zesk). 
iz.p. 135-150O C. Secrystali ization from benzene gave the product (1.37 g.; 50$), m.p. 
lS9-l9G0 C. 

Zlution wi-ch benzene gave 2.35 g. 3f a solid, 

Ticrate, 279-281O C (dec.) (lit., 278-280° C )  .' 
.Inal. calcd. f o r  CmHI4N2: C, 85.08; 8, 4-59; N, 9.93. Found: C,  85.08; 

The chemical shift value fo r  +the aliphatic p o t s n s  w a s  5.03 T (area 

E, 5.34; N,  1G.15. 

ratis: anmatic t o  aliphatic protons, 5.5; theory, 6.0). A comparison of 1.62 T f o r  
the metnine groton ;d salicaldoxime and 6.38 T f o r  *&e methylene protons adjacent t o  
',ne pnenyl group in ~ , N , ~ ' , N I - t e ~ a b ~ ~ e ~ l ~  diamine16 led t o  the assignment o f  
st,ructure X rather than structure Xa. 

dissolved in methanol (25 m l . )  fja deep-red solution),  se re  heated aT ref lux f o r  20 
min. (red color was discnarged) . 
cooled. 
temperature, were collected. 
block a t  C ,  the sample melted w i t h  gas evolution, solidified, and remelted at 
252-256O C. 
the cornpsitian X - 2321 - H20 was assigr?ed. A sample of the above, heated a t  l4O0 C 
under vacum, l o s t  4.34% in weight (theory f o r  IH20: 4.635) and now nelted a t  256- 
2600 C. 
X .2iC1 (1.0 9.) was recrystall ized from isopropyl alconol (25 ml.) and xater (1 ml.). 
The c r ~ ~ a l s  (0.5 g.) now melted a t  263-267O C when placed in  the apparatus at Z O O  C: 
(m.p. &O-2LJ0 C from ambient temperature). Tne iafrared spectrum cow contained ?eaics 
a t  2.9 p and 3.8 p but none at 4.3 p, giving sugport w the composition X. HCl. azo. 

,%B: 

The diald-rde (2.10 .) and pphenylenediarmhe dihydrochloride (1.21 g.), 

The volume vas reduced by one-haLf c d  "&e mixture 
The c r j s t a l s  thus fomed (2.3 g.) , in. p. 252-256O C begbning a t  a b i e n t  

If a sample were introduced in to  *&e rnelz-ing poing 

The infrared spectrum contained peaks a t  2.8 p, 3.8 p, and 4 . 3  p. Thus 

The 2.3 p peak vas now clissbg i n  the infrared spectrum of +he dii-qdrociilcrida. 

Anal. calcd. f o r  CaHI4N2 . i I C l .  &O: N, 8.32; C1, 10.53. Found: N, 6.40; 

Method E. 

c1, 10.40. 

I (2.10 g. ; 0.01 male) and s-phenglenediamine dihydrochloride 
(1.81 g.; 0.01 zole) i n  isopropyl alcohol (50 d.) were refluxed f o r  2 ;hr. 
t ion  d x t u r e  was cooled to  Oo C and f i l tered.  
cold i sq roTj1  alcohol (10 d.) and dried. 
35% e'hanol (30 d.), and water (60 ml.) was added. 
(pii 8) wich aqueous 2C% scdium hydrcxide solution. 
concentratiag to me-kalf cf $he 7rQ131ume, *he free base w a s  collected. 

The reac- 
The resiche (2.34 g.) was rrrashed w i t h  

The @&oci;iLoride sas dissclv2d in boiling 

The azepine b a s e  separated. mer 
The solution was @e glirn7ine 

The -yield was 
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1.9 g. (7%) of buff-colored product melting a t  185-188O C. 'Crystalliz&ion fram 
benzene gave rhomboid-like crystals, m.p. 186-189O C. Recrystallization from 
a-heptane gave mixed crystals,  which on repeated recrystal l izat ion fmmpheptane 
gave solely a needle form, m.p. 189-192O C. 

Anal. calcd. f o r  C20H14N2: C, 85.08; H, 4.99; N, 9.93. Found: C, 85.26; 
H, 5 . 2 8 ;  N, 10.19. 

The needle f o m  of X could be reconverted t o  the rhomboid form by dissolving 
in  methanol, evaporating t o  an o i ly  semisolid, and crystal l iz ing from ethyl acetate. 
A few repeti t ions of t h i s  process gave solely the rhomboid form of X, m.p. 188-191O C. 

E, 5.05; N, 9.55. 

sufficient dissimilarity t o  suggest polymorphism. 
6.2 p and 14.1 w, which were absent in the needle form. 
a t  10.8 
spectra of the crystal  forms Fn carbon bisulfide were identical ,  With  M absorption 
a t  the above wave lengths. 

Anal. calcd. for CaHl&: C, 85.08; H, 4.99; N, 9.93. Found: C, 85-24; 

Comparison of the infrared spectra of the two forms in Nujol mulls showed 
'ke rhomboid form showed bands a t  

The needle form showed bands 
Solution infrared and 11.9 p, which were absent in the rhomboid form. 

5-Cyano-5H-dibenz[c,e]azepine ( X I ) ,  Method A. 
0.03 mole) in acetic acid (30 ml. )  w a s  added t o  a solution of sodium bisu l f i te  (3.1 g.; 
0.03 mole) in water (75 ml.) and evaporated t o  dryness. 
cyanide (1.9 g.; 0.03 mole) in water (30 ml.) was added to  the residue dissolved in 
water (200 EL.), 
azepine (5.0 g.; 82%), m.p. 150-152O C, precipitated. Recrystallization fran ethyl 
zcetate-pheptane gave a m.p. of 154-156O C. 

A solution of 11 (6.3 g.; 

A solution of potassium 

The solut ion w a s  heated at 90° C f o r  1 hr. 5-Cyano-SH-dibenz[c,e]- 

Anal. calcd. for C15H10N2: C, 82.56; H, 4.62; N, 12.83. Found: C, 82.46; 

Method B. 

3, 5 . 2 l ;  N, 12.84. 

slowly poured into water ( 3 1. ) containing ammonium chloride (16 g. ; 0.33 mole) and 
potassium cyanide (6.5 g.; 0.01 mole). 
coaled. 
washed with water, and dried. 

(2.6 g.; 0.012 mole) was refluxed for 2 hr. in 67% sulfur ic  acid (50 m l . ) .  
reaction solution was poured in to  cold water (100 ml.) c o n t a i d q  sodium hydroxide 
(34.6 g.). 
of the product and sodium sulfate ,  which separated were collected and dried. 
[c,e]azepine-5-carboxylic acid w a s  extracted fmm the sol id  in to  hot methanol. 
t ion  of the  methanol gave 2.4 g. (87%) of the acid, m.p. 249-253O C. 
w a s  d i f f i c u l t  to f ree  of sodium sulfate,  an analytical  sample was prepared in the form 
of a water-insoluble copper chelate, X I I I .  A solution of copper &ate pentahydrate 
(0.628 g.; 0.0025 m l e )  in water (25 ml.) was added t o  a solution of the acid (1.1 g.; 
0.005 mole) in water (25 ml.). 
which precipitated was collected,  washed, and dried. 

A solution of  I (21.0 g.; 0.1 mole) in methanol (300 ml.) w a s  

The solution was refluxed for 3U min. and 
The 5 -cyan~5H-d ib~[cYe]azep ine  (20 g.; 9%), m.p. 150-153O C, was collected, 

SH-DibenZ[c,e] azepine-5-carboxylic Acid (XII) . 5-Cyano-SH-dibenz~c,e] a z e p h  
The cooled 

The pH of the  solution was then adjusted t o  6.8, and the solids, consisting 
SH-Dibem- 

Evapora- 
Since the acid 

The lavender-colored complex (1.2 g.), m.p. 2 2 1 - 2 2 2 O  C, 

Anal. calcd. for (C1=,EIloN02)2Cu. 2H20: 

6-Nitroso-6.7-dih~dr-5H-dibena[c.e]azeoine ( X r T l .  

C,  62.98; H, 4.22; Cu, lJ.10; H20, 
6.29. Found: C, 63-10; H, 4.20; CU, 10.77; HS, 6.12. 

Sodium nitrite (2.8 g.; 
0.04 mole) was added to a solution of 6,7-dihydm-jii-dibenz[c,e]azepine hydrochloride 
(2.0 8.; 0.009 mole) in water (150 ml.) and hydrochloric acid (2.0 d.). 
6,7-dihydro-SH-dibenz[c,elazepine (1.8 g.; 93%), m.p. 107-lU.O C (dec.), which crystal- 
lized from solution, w a s  collected and dried. 

6-Nitroso- 
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ha. calcd. fo r  C1+H=P:20: C, 75.00; 3, 5.36; N, 12.50. Found: C, 74.90; 

2-Diacetoq7nethg.1-Z1-acetylFmFnobiphe~1 (T). 

H, 5 . 5 5 ;  N, 12.53. 

acetic anhydride (50 zL.1 for  31i ZLR. 
Vacuum disti-llation, the crude product (3.5 g.), m.p. 132-160O C, m s  washed &Kith e"WL 
acetaze (15  z l . )  . n e  undissolved r a t e r i a l  s a s  2-diacetoxym+&l-Zt -acetTlbbmethyl-  
S i p e n y l  (2.0 g.; SI$), m.2. 1i"7-18:0 c .  
the pure compound, 3.9.  184-186O C. 

3, 5.400; N, 4.26. 

11 (2.3 g.) was refluxed in 
bi;er rem-?- Tile J X Z ~ S S  +cezic anvdrxae SJ 

Eiecrysall ization fmm ethyl acetate gave 

A n a l .  calcd. for  C2,3i19N05: C, 67.97; €I, 5.42; N, 3.98. Fcxmd: C ,  67.81; 

5 ,  j -Ewlenedioqois (  %-dibenz [c , e J azepine) ( xVII)  . C U ~ C  aceta5e mom- 
hydrate (7.5 E.: 0.038 mole) was added to  a solution of I1 (15 $.; 0.G7.2 mle: i~ 
e ~ ~ ~ - l e l l e ' ~ l ~ c ; o l ~ ( l j O  d.) and water (30 id..) and %he m u r e  refluxed fa r  1.5 &. 
Croci3itated cupric pydroxide was removed 'cy r ' i l t r a t i m  and cdlorofom added -a *e 
f i l t r a t e .  
then ~ - 2 -  vater. After segaration, the chlcroform layer mas evagorazed t o  a .rolume 
sf 2CG d., and p-cepzane vas added t o  cause crystal l izat ion of -de c n d e  -poduct 
( z . 7  z.; T S ) ,  2 . p .  227-232O C .  
pure coq~ound, n.p. 24, -2 .~+6O C .  

9, 5.58; N, 6.26. 

nyL,xxi.de 7 2.1 g. ) in sater (80 ml. ) was added to a solution of I (4.6 g. ; 0.022 mnle) 
i n  e+?a;ol  (80 d.). 
solution over a :--. jericd. 
zhuzes  Bere collec-.ed, mshed d t n  ethaoof (-5 t o  Oo C ) ,  and dried. m s  crude 
2,2~-Cis(I-:-;rd--3~-2-'ceozoyle+~l)'cipher~yl iveighed 5 . 5  g. (5551, m.p. 175-165O C .  
F,ecz-s-szallizatisn flum nethano1 gave the pure conipound, m.p. 238.5-239.0° C (dec.). 

The cnloror'orm Ras ivashed w i t 3 1  7% aqueous sodim b i C a r c O M t 2  (joo Id-.) and 

Xecrystallizaticn from chiomfzrm-acetc)ne gave tke 

hal. calcd. fo? C3oEi24N202: C y  80.96; H, 5 . 4 4 ;  N, 6.30. F a d :  C ,  80.79; 

2,2'-ais( 1 - ~ ~ ~ o l O I - Z - b e r ~ o y l e ' ~ l ) 5 i ~ e n y l  (XVIII) . A solution of scdilm 

Acetogaenone ( 5 . 2  0 . ;  O.C& Eole) was added t o  zhn result- 
Cdorress  c q s t a l s  scon f a m e d  and after 013l.y sever& 

h a l .  calcd. f o r  C&I2804: C ,  79.75; 3 ,  5.81. Fousd: C ,  79.74; 9, 5.53. 

The use czf me  molar equivalent of acetopLenone as above gave 355 yield of 
XVIII and 57% yield of diphenide, 3 .p .  1&-130° C ( l i t . ,  132O C).' 
trum xas identical  With ziiat of auaen t i c  diphenide. 

benzoylethyl)bi$tw71 (6.0 g.) was refluxed in acetic annydride (1CO m l . )  f o r  1 br. 
Tne acetic anhydride ipas removed Sy f lash evaporation. 
i n  ezhanol, frm vhich, on concentration, 3.9 g. (70%) of crude 2-d iace tox~me-~l -2~-  
(benzcflvinylene) biphenyl, n. p. 197-204O C ,  w a s  obtained. 
e thyl  acetate gave the pure campound, m.p. 208.5-209.S0 C. 

The infrared spec- 

2-Diacetonmethyl-2' -( benzoylvixxylere) biphn-1 (my. 2,2' -Bis(l-bydroxy-2- 
The residual o i l  w a  dissolvpd 

Bec,qyszWzation 

Anal. calcd. for C2&im05: C, 75.30; H, 5.36; N, 19.34. Fomd: C, 74.92; 
H, 5.46; N, 19.62. 

2, Z1-Bis(hydrolrgmethyl)biphenyl (XI), Zkthod A. Alminum isopmpoxide 
(2.8 g.;-O.OU Eole) ms mixed w i t h  anhydrous isoprc;pyl alcohol (100 ml,) cont&Iing 
I (4.2 g.; 0.02 aole). 
Vigreaux column followed 3y the  major i ty  of the isopropyl alcchol. 
mixture vas poured into X$ hydrochloric acid (100 d.). The precipitated 2,2'-bis- 
(hydroxymethy1)biphengl (4.01 g.), m.p. 92-100° C, w a s  collected, Washed, and dried. 
Recrystallization frcm benzene gave 2.79 g. (65%) of material m e l t -  a t  u)9.4-109.8c C 

Acetone was d i s t i l l e d  from .the reactian through a 12-in. 
The cooled reaction 

(Ut . ,  U2-U3° C). l0  
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Rmey nick& cat&-st (0.5 g.) a t  520 C for 18 hr. after remaval of the cat- by 
f i l t r z t ion ,  '&e ethacol =as fiasn evaporated md xhe residue r e c r p t a l e d  from 
benzene t o  give 12.4 g. (819%) of 2 , 2 ' - b i s ( ~ ~ l g m e * ~ l ) b i p h e n g l ,  ~ p .  109.0-109.80 C, 

d solution of 1 ( 2.1 g. ; 0.01 mole) in acetaue 
(100 IL) containing 'c~mzql aeroldde (0.02 g.) was refluxed for 72 hr. w i t h  con- 
tinuous i r r ad ia t im  frcm a ziercury vapor lamp (Hanovia Chemical and 
Company, Type 16200; f i l t e r  removed) a t  a distance o f  5-6 in. 
aerated a t  the r a t e  of appmximateQ 0.06 S.C.F.U. 
and a 50% yield of 9 , 1 G p n ~ t b r a q ~ ~ ,  m.3. 196-Pb0 C (lit., 206-207O C ) , 1 7  'KBS 
recovered by ivashhg the residue ~ L t h  etkyl etner. 
ether w a s  largely unchanged dialdehyde, identified by an infrared spectrum. 

Method 3. I (i5 g.) in ethaadL (100 Id.) 'Ras hydrogenated (50  P.s.~,) mer 

9 , 1 o - ~ e n a n ~ a @ n c m e .  

'lhe solution was 
'fil2 acetone was flash evaporated, 

The material dissolved in the 

Other scl-ents-&-.-butyl alconol, acetic acid, 'semene, ethyl ether, te t ra-  
hydrofuran, and Q-lae-wsre emp1Gyed similarly, except ';hat -&e reaczion tiine X ~ S  

@ hr. a t  room Temperstme r'oilcwea 'by 3 *m. st reL2ux. 
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