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' SOME ASPECTS OF THE CONSTITUTION OF COAL

B. K. Mazumdar, S. K. Chekrabartty and A. Lahiri

. Central Fuel Research Imstitute
P. O. Jealgora
Dhanbad, India

The last ten years have witnessed rapid strides in our knowledge of the complex
nature and constibtution of coal. The recent contributions from the physical techni-
Ques c.g. infra-red, nuclear magnetic resondnce, X-ray ana van irevelen et al's
statistical aooroacnes have given a new impetus to the study of coal science as a
result of which various modelsts2 of the structural 'unit' of coal have oveen suggested

" from time to time. However, ths problem of coal constitution is ultimately a chemical

onz and in the long run sa.nct.:.on of chemical approaches have to be sought for any
;nructq.rﬁ proposed for-coal, irrespective of the techniuue employed in formulating
the model, - in the past extensive studiss on the oxidatiecn, reduction, halogsnation,
pyrolysis etec. of coal had been carried out but the data, tnrough J_nformatlve, failed
to unravel the intricabe chemical structure of coal in the orthodox chemical sense,
nor did they yield any significant information on the strucbtural paraneters or coal,
an essenvial orerejuisite for hypotnesizing a model siructure, How ‘ever, as a result
of recent studics an attempt way now possiovly be made to make tantative provgsals
bdased on.the mfomatlon on the stale of carbton, hydrogen and oxygen in coa.lj'

Uxygen in Uoal

Thougn there is still divergsnce of opinion regardiing tie actual values of
hydroxyl, coroonyl and czruoXyl oxygen grougs in coal, a fair order of estimate
particularly for hyuroxyl is row availadlelh, 50-60 per cent of ths total oxygen
in coal, at ileast in lower ranks (O {85-86.) is found to be in the form of hyroxyl
groups, ard the rest eppears to be present in small amounts as carbonyl, carboxyl
and ether and/or heterocyclic oiygzen groups. In higher rank coals (C D86.) few
of the functional oxygen groups are bslieved to oe present, but the major part of
oxXygen remains unaccountoo. 1or.

state of Carton and Hydrogen in Coal: ]
(xidation & behydrogenabtion Studies:- The work of done, “heeler and their collabora-
torsi5 in the early twenvies ana ot Hortonl® ana others established that aromatic ity
of coals increased with increase of the rank. Bub, for preciss determination of
aromat:.city obviousiy a method of controiled oxidation was nzeded which would selec-
ively oxidise tie nobecromaitic part of the coal structure, such a method of oxidation |
wa.s recently advancedh by the present vritcrs. It was shown that prolonged oxidation
of coal in air at’ 170°C was crlleﬂy restricted to the non-aromatic structures of coal,
leaving the aromatic carbon skeleton practically intact., Such an approach, supported

' by further viork?,17 led to a numoer of deductions regarding aromaticity, torms of

hydrogen, the size of the aromatic nucleus, and an assessment of the dimensions of
tne alipnatic side-chains in a coal unit. These deductions are presented in Tables

lan:iZ

The recent studié’s on dehydmgenationlo »11,12,13 of coals have thrown some fresh

ilight on the problem, The non.aromatic carbon structure of coal has so far been
assumed -to be only aliphatic in nature. Dchydrogenation studies by Vesterberg's
technique and with ha.logensl8 ) appsar to indicate that the non-aromatic part may be
1a.rge1y‘constitut.ed of alicyclic carvon. Similar indications have since been

obtained by Zrgun 9 from x-ray studies.

The presence of hydroaromat:.c or alicyclic structure was, nowwer, first
suggested by .ieiler?0 on the score of the deh,,drohalogenatlon phenomenon (which

he called "soit“ing“).
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<uantitative measurcment of alicyclic caroon and hyarogesn from dehydrogenation
-sbudies show that a considerable proportion of carvon-im bituminous coal is in

alicyclic form (10-25%) and also that the alicyclicity progressively diminishes with

increase in the rank of coal. antiracite does not contain any alicyclic carbon
nor doegs iv undergo any denydrogenation,

~ The chief objection™ %o this technique (Vesterberg's) for cuancitative reasure-
ment of alicyclicity of coals has been that the method may not seiectively denydro-

genate alicyclic carbon alone_and that aromatic carbon may also e alffected to
somne degree, Further studiest3 nave, however, snown that only a ziinor oart of
denydrogenation may be due to some 51oe-r°actlons (possibly. cross-linking} with
aromatic positions end there does not appear %o oe any doubt, that the methoa is
fairly reliable (as far as coal is concerned).. vorrections have now oean made’
for such possible stray side-rcsactions and the new set of values for alicyclicitvy
of coal qenved are presented in Table 3,

It may aopzar strange, but statistical and exmerimental facts sezm toindicate
that the sum of aromatic anc alicyciic ca.rbon percentage is virtually constant
(0.87 £+0.03) as witl oe seen irom Taoie k. , }

If this be true, then ooviously the value for the percentage of alipnatic
carbon can be deduced from experimentally determined vaiues oi aromabicity and
alicyclicity, and naturally the value ior alipazblic caroon psrcenicge in coalis
will also be nearly constant. This value is between 10-15% : it wmay, however,
be somewnat on the higher side, as it is likely that the values for alicyclicity
presented here is llkB_Ly to err on the minimum side, BDe that as it may, tne
consta.nt nature of tire aliphatic carbon in coal (if this be the case) would
appear to be a remarkable fact, for which no explanation can be ofifered at this
stage.

It was sv.lg,ge:steci.9 earlier taat the aliphatic side~chains present in coal
should be smail anc sven as small as in methyl group, and certainly not longer
than in %n etn 1 group., The estimation of u-methyl content oy hunn ana fotas’
reaction yieided a vaiuz of 2 to 4% of the carbon present as methyl
group in cqal. it is possible thet this value is also on the lower side, as tne
aromatically linkcd methyl group may not be estimated queantitatively vy this
tecnn1que25 Exhaustive ¢hlorination®6 on the other hand gave a higher estimate
of Usmethyl content i,e., 6~-7% of the carbon., The agreement between the experi-
mental values and those theoretically deduced as far as the order is concerrsd )
may or may not be significant. Further retrincment m the techniques of determn.na.-
tion of aliphaticity in coals should prove to e of great value,

ihe Alicyclic Structure in cCoals

The formation of tar is completely innhibited when a dehydrogenated coal is -
carbonized. There is, also, a orooortlonate increase in the yield of cnar,
The additional carbon 'fixed' in the char is apparently proportional and almost
equal in value to the alicyclic carbon estimated directlylo:n»n. Therefore,
it may not o2 J_.J.o%:.cal to conclude that tar nas its origin in the alicyclic
structurcs of coal *:t The complete inhibition of tar formation by any msthod of
dehydrogenation (even oy air/oxygen)27 is also sigriticant.

van irevelen andFitzgerald recently concludedza.‘that "Laal part of coal
structure wnicn yields tar umust be weaikly linked or not at ail bonded to the
remainder’, A study on the extent. of the inhibition of tar formation with
varying .d'egrees of dehydrogenation (Fig.l) also lsads to & similar conclusiont3,
The compleve.inhibition of tar formation, nowever, coes not appear to aszpsnd on
the caomdleleness oi tne cenyurogenation but a minimum quantity of the dehydro-
genebing agent (sulphur) is apoarently needed for Tor the meximum innisvition (Fig.l).
It anpears probable that simulteneously wilth dehydroge xat.:Lon, i condensation
¥ vion \oosswly by f‘ycln_cﬂnydrogenatlon) vetwgen ta: alicyclic part and ths
The coal structure is possibly iniviated., The action of sulpnuric and
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phosphoric acidszg, pho sphoryl oxychloride)p , even Scholl's reagentgl also appear

. to nave similar effects on inhibition of tar formation and probably through a

sinilar mechanism of condensation reaction, leading to fixation of the alicyclic
carbon in the char. '

v

amother significant fact is that on dehydrogenation or even in condensation
reactions mentioned above, nearly 927 of the total carbon in coal is found to be
retained in the char (6009¢) on caroonigation, irresvective of ths rank of coal
s0 treated from lignite upto the high renk oituminous coals. Normally, in carbo-
nization only 70-8C% of the carbon is fixed in the coks or cher at 600°C. Thus,
the 'extra' carbon retained in char is'of the order of 10-22% of the total carbon
in coal, which correspords to the values of alicyclicity of coals determined uirectly
Dy, deiydrogenabion reactions, iihe proportion oi carcon normully fixed in coke and
ciizr on carwonization at 600°C corresponds W the aromutic carbon in coals<.
The additional carbon fixed on tresatments mentioned above and the constancy of the
value at about 92 %, again, appears to correspond to the sum of aromatic and alicy-
clic carbon, irrespective of the rank of coal.

This would irdicate that in course of coalification enrichment of aromatic
carpor takes place at the expenses of alicyclic carbon {and possibly derived from
it), the sum total ol the two obeing constant. : :

ttages in Coslification :

The progressive increase in aromaticity in coal (&t the expense of alicyclic
curvon) during coalification rust be a very slow process and a gradual one, Uns
may, therefore, envisage a ‘parent' coal unit ab any mrticuiar stage of evolubion
wiich will very in arometicity, alicyclicity ana ring size. lhis corcspt of the
evolution of coal with increasing rank may be hypothetically illustrated in terms
cf the structural models shown in rfig. 2.

The model I, ¥ = 68 %, may be arbitarily assumed to bz the ‘'parent' structural
unit of coal, existing in the lignitic stage (there may bz other structural units,
but the model I may oe conceived to be as the predominant species at this level).
decarvoxylation and partial dehydroxylation (vhich are believed to bz the major
reactions in the evolution of coal in the lower ranks) of model I can lead to e -
stage of model II, © = 79 %. ‘[he model ILIA, ¢ = 91 % is envisagod to be the )
transitional stage marked by the completion of the decarboxylation, denydroxylation
and dehydrogenation of the alicyclic ring and its fusion with the aromatic rucleus.
Partial demethylation may also occur between the stage II and IIILA. o

The transitory nature of these structures is to be emphasissd at any particular
stage of the rank svolution of coal. WJecarboxylation may be largely completed at
or near about 307 oarbon coal but the process may continue well after this stage
is reached. Small amounts of carboxylic oxygen can still be detected even in -
84,35 % caroon coal, Sehydrogenation of The alicyclic ring ama ring-ciosure oy
cyclodehydrogenation (model IT & ITIA) may constitube the major steps in the
bituminous coal range. :

‘he prbperties of the three hy'gnthetiéal structures designed to portray the
three important transition steps in ranik-evoiution may ve depicted as in Taole 5.

. "The analysis of structure IIIA (Table_ 5) broadly represents a typical high
rank bituminous coal (¢ = 91 &) having 9Lt aromatic carbon. This 'unit' given in
"the model is presumed to be the most predominant one present at 91% carvon ievel.
At any intermediate stage of coalification between lignite and this high rank
bituminous coal, a certain fraction of the 'unit' of model I may undergo metamor-
prosis into the 'unit' of model II which in its turn, under the prevailing
geo-chemical condition may underg further progressive transformation into the
model IITa, The final stage (model IILi) is, thus, a result of the sum total of
decarboxylation, dehydraxylation, dehydrogenation and partial demethylation of the
tparent' unit (model I), The incipient initiation of stage Il to Lils reaction in
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the earlier stages is also not precluded. As a result, any transitory stage in.
rank-evolution may contain a mixture of one or two or all of the above types of
units, though one or the other model species may predominate, depending upon the
level of geochemical metamoronoslsm attained in the natural state.

Mo coal can, thersfore, be homgﬂmous in respect of their unit structures.
As an example, a proportion of 10:70:20 of the’ three structures may represemt the
typical analysis, both chemical amd structural, of a 80% carbon coal (Table 5).
Such a plausible structural analysis of. a 807 carbon coal would indicate that it
_has undergone substantial decarboxylation. It would also indicate that dehydro-
xylation, dehydrogenation, (including cyclo-dehyirogenation) and demethylation
processes had been initiated in varying degrees. All the transformations are
_consistent with the known properties of coal of such a rank. A partial comversion
of model II to Iil4 (say bo the extent of 227 as suggested in the proportion of the
units; will lead to an increase in aromaticity ami also to the grovth of 1;na .aromatic
nucleus at the expense of alicyclic carbon. -

'he possibility of a number of model spscies (units) occurring together at any
stage of coalification (though ons or the other may be the dominant one) may also
explain some of the following observations: (1) the assortment of ring sizes in
any coal, (2) the constant trend of the sum of aromaticity and alicyclicity in any
rank of coal.(lignites and bituminous coal), (3) ths constancy of carbon per cent
retained in the char of dehydrogenated-coal samples of any rank, as well as
several other apparently perplexing facts observed in course of owr studles on
dehydrogenation and cyclo—condensa.tlons.

“Whereas the transition of stage I to stage IIIA depicts the evolution of rormal
coals upto the highest rank in the bituminous range occurring under a set of gso-
emical conditions, the transition of ‘stage IIL to stage IV (anthracite stage;
- must, oy all accounts, be an abrupt and drastic one, involving a completely new set
of geochemical conditions. The evolution of a typical anthracite may be conceived -
.as shown in Fig. 3. ‘ . "

The structural models given here are. not initended to actually represent any
coal but has merely been used to illustrate the concept of thejneterogeneityof
the coal structure at any varticular stage, and to emphasise the precominant
chemical transmutation that may take place in response to geochemical forces in
nature at any given level of meta::nrphlc hlstory of coal.

Studies in rank clc.sszl.flcatlon of coal have led to the formuistion of tne
well-known coal band, which by itself, emuhaslses the transitory nature of the
metamorphic changes in coal. whether there ars distinct and discretely separate
zones of chemical reactions in courss of rani-evolution is yet to be estc.ollsned
though te predominance of one ='t of reactions over anotier at any stage can
nmot be disputed.- ’

Admitiedly, the models, the reactions, ana tn= conceph ol co-existence of
several models may explain meny experimentally determined properties of coal, but
We do not sutmit them here as pure "modcls® of any 'unitf coal;. that stage may
yet ve far off., The number of rings assumed or other structural feature shown in
the models- {e.g. the digposition of unaccounted oxygen) may be different and still
fit into the general picture of evolution of rank, bubt what is emphasised is that
rarely any reaction in nature is ever complete, thougn the ideal is al‘*la.ys
towa.rds pverfection,
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Molecular Weights of Humic Acids in Sulfolane

J.C. Wood, S.E. Moschopedis, and R.M. Elofson

' - Research Council of Alberta
Edmonton, Alberta, Canada

. INTRODUCTION

Recent viscosimetric studies by Mukherjee and Lahiri (1) and by Rajalakshmi et.al. (2)
offer convincing ‘ evidence that humic acids behave as polyelectrolytes. Since this behaviour
is fundamentally inconsistent with previously reported molecular weights - which range from
160 to.700 when measured cryoscopically in catechol or acetamide (3, 4) - re- exa.mmauon of
the molecular weight of humic acids appears to be fully warranted.

The difficulties inherent in such a study are formidable and have beern discussed by several
investigators (1, 2, 3, 5, 6, 7). -For example, Yokokawa (7) notes that molecular weight deter-
minations on solutions of humic acids in acetamide amount to little more than an estimate of
the proportion of functional groups. From conductivity measurements and parallel cryoscopic
determinations on potassium humates in aqueous solutions, he concluded that some of his
preparations had molecular weights in the thousands rather than in the hundreds. Osmotic
pressure techniques (8) have likewise y1e1ded molecular weights estimated in the range of 1200~
2200. And Dryden (9), using semi-quantitative diffusion measurements, concluded that some
90% of the ethylene diamine extract of coal* has a molecular weight in excess of 6000.

Some of the specific problems associated with cryoscopic measurements on humic acids
emerge from an analysis of published data, e.g. those of Polansky and Kimmey (4). A partic-
ularly noteworthy feature of these data is the variation of the cryoscopic constant K with solute
concentration, which suggests some form of molecular association, dissociation or solvation in
acetamide. Fig. 1, which reproduces typical results obtained in this laboratory with 1, 2, 4,

5 - benzene tetracarboxyhc acid in acetamide, may serve to illustrate the general effect t.he
curvilinear shape of the graph suggests complex behaviour including probable ionization at low
molality and solvation at higher molalmes (10). A second difficulty to be overcome in molecular
weight determinations by cryoscopic means relates to the removal of water without simultaneous
chemical change and loss of solubility. Finally, it should be recogmzed that humic acid prep-
arations, particularly those obtained by oxidative degradation of coal, may show a wide distri-
butiod of moleculdr weights. In order to attach real significance to a number-average molecular -
‘weight of such materials, and permit a meaningful comparison of My, with weight-average .
molecular weights obtained by other methods, ‘it is, therefore, 1mportant to undertake appro-

- priate fractionation of the sample.

Toa consideréble'degree, however, it appears that most of these d.iﬂiculties can now be

‘eliminated. Burwell and Langford (11) recently suggested that tetramethylene sulfone (sulfolane)
- because of its low latent heat of fusion and resulting high cryoscopic constant (K) might represent.

a good medium for the cryoscopic determination of molecular weights, and this suggestion seems-
to have real merit. It has been found that sulfolane is not only a reasonably -good solvent for humic
acids, but that it behaves as an essentially ideal solvent for a variety of solids with normally

quite distinct associative and dissociative tendencies. The detailed findings are reported below.

Wh1le humic acids need not necessarily have similar molecular wexghts some prepa:atlons or
ﬁ-acnons of hmmc acids prepared from coal m1ght be expected to e in such a range. ,



EXPERIMENTAL

Materials .
Acetamide used was Fisher certified reagent dried in an oven at 60°C/20 mm. for 24 hours
and stored in a desiccator over phosphorous péntoxide until used.

Sulfolane was the product of Shell Development Co., Emeryville, California. This material
was distilled from powdered sodium hydroxide under reduced pressure and the portion boiling
at about 100°C/0.01 mm . retained for use..

1 2, 4, 5 - Benzene tetracarboxyhc acid (mp. 177-8°C) was obtained from Aldrich Chemical
Co. dned a.nd stored in the same manner as the acetamide.

f3-Naphthalene sulfonic acid was recrystallized from an alcohol-benzene mixture as the
hydrate, but no attempt was made to dry it as this was accomplished in the course of its use
(see below). ’ '

Humic acids were derived from two sources. One was commercially available Baroid
Carbonox, a naturally oxidized (i.e. weathered) North Dakota Lignite, and the other a weathered
sub-bituminous coal from the upper seam at Sheerness, Alberta. Each was extracted with
sodium hydroxide solution, filtered, precipitated with hydrochloric acid, washed until nearly -
free of salts, and finally electrodialyzed until the current had fallen to a minimum. o

Cryoscopic Procedure

Cryoscopic measurements were carried out in an apparatus similar to that employed by
Smith and Howard (3) and Polansky and Kinney (4) and flooded with purified nitrogen to exclude’
moisture. Measurements in acetamide were performed following the procedure of Polansky and
Kinney (4). When sulfolane (mp. 28.2°C) was used, the bath was slightly cooled by .a cold water-
coil in order to permit operation of the heater-controller.

~.  Materials such as biphenyl and be_nzbic acid, which did not present a significant drying
problem, were weighed out and directly dissolved in sulfolane for cryoscopic constant determin-
atons. In the case of [3-naphthalene sulfonic acid, it was found more convenient to dissolve a
roughly weighed sample in more sulfolane than actually required and subsequently to distil off
part of the solvent (and all water) at 100°C/0.01 mm. The acid concentration was then deter- :
mined by titrating an aliquot of the solution with standard alkali.

Molecular Weight Determinations :
Since humic acids did not dissolve rapidly in su].folane and since it was also necessary to {
use a drying technique on the resultant solution, it was found most convenient to dissolve the 4
sample (300-500 mg.) in 20-30 ml. of a 3:1 acetone-water mixture, add this to 55-60 ml. sulfo- ¢
lane, filter the mixture repeatedly (5-8 times) through a Seitz bacterial (sterilizing) filter
(previotsly found adequate to render the filtrates optically void) and remove the acetone, water !
and some sulfolane under reduced pressure (with the final conditions not exceeding 100°C/0.01 mm.).
After determination of the freezing point depression, the weighed sulfolane solution was diluted
with sufficient benzene to precipitate the humic acid, which was then removed by centrifugation,
washed free of sulfolane with more benzene, dried and weighed. In the case of lower molecular ;
weight humic acids, a significant amount of material remained in solution in the mother liquor .
after the first precipitation; this was recovered by concentrating the solution to a very small f
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volume under reduced pressure and further dilution with benzene. The precipitate was then
treated hke the fu'st one and added to it.

The techniques described above for sample drying eliminate the water problem entirely.
Because of the large difference in the boiling points of sulfolane (278°C/700 mm.; 100°C/0.01 mm.),
and water it was possible to remove water"entirely by vacuum distillation prior to the freezing
point determination. Caution is, however, necessary in the case of humic acid solutions, whose
exposure to temperatures much in excess of 100°C results in the formation of anhydrides with
consequent changes in solubility. This aspect will be- discussed in another paper.

The Crvoscopic Constant of Sulfolane
The average cryoscopic constant of sulfolane (K = 65.5°C/mole/kg.), which agreed well

with the figure of 66.2 1 0.6°C/mole/kg. quoted by Burwell and Langford (11), was established
by measuring the freezing point depression ( A T) for various concentrations of benzoic acid,
biphenyl and" [3-naphthalene sulfonic acid. The results are shown in Fig. 2 and indicate that
the constant is valid for use with materlals of vastly dJﬁermg dissociative and associative potent-
ialities. '

Fractonation ’

‘Humic acids were prepared for molecular weight determination by two fractionation
techniques, one involving successive extractions with an _alcohol benzene mixture and the othex
precipitation from sulfolane solution with benzene as the non-solvent. In the former case,
14.18 g. of Carbonox humic acid (average m.w. 1570) was extracted in a soxhlet apparatus with
the azeotrope of alcohol and benzene for 25 days; the results are set out in Table I. Infrared
spectra were obtained for each fraction, typical ones being shown in Fig. 3. Apart from small
variations in the carbonyl band, which are listed in Table I, all spectra were similar.

In the second m_ethod, a 10 g. sample of Sheerness, Alberta, humic acid (average m.w. 4600)
was dissolved in.200 ml. of sulfolane by the acetone-water technique described above, filtered
through a Seitz (sterilizing) filter until optically void and then diluted with 130 ml. of benzene.
The resultant precipitate was removed in the centrifuge, washed with benzene and dried at

60°C/20 mm.

The remaining solution was treated with more benzene to produce a second precipitate and
soon. The general procedure is summarized in Table II.

DISCUSSION -

A number of factors combine to make sulfolane a peculiarly attractive solvent for cryoscopic
measurements. Its cryoscopic constant (65.5 degrees per mole) is very much higher than those
of other readily available solvents (thus permitting accurate measurements of freezing point
depressions at low solute concentrations). It has good solvent properties for humic acids and a
wide variety of simpler materials. It permits effective drying of hygroscopic materials and also
allows their concentration to be determined quantitatively after drying. And most important,
sulfolane appears to ehmmate disturbing effects ansmg from association or dissociation of
solute molecules.

Fig. 2 supports this last contention by showiﬁg that sulfolane exlﬁbits ideal cryoscopic

‘behaviour - cf. Spauschus (10) - with K values independent of coneentration for benzoic acid, -

3-naphthalene sulfonic acid and biphenyl. It stiould be emphasized that this constancy of K
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Table I
Fractionation of Carbonox Humic Acid with Alcohol-Benzene o
(Average molecular weight of starting material 1570) T
Incremental  Extract (% of ' . .
Fraction Extraction original GC* %H g0.4%** Molecular Weight
Time sample) 0.09 cm. .
1 2 hours 8.21 : - 19.4 600
2 3 hours 6.77 56.98 4.39 '23.9 970
3 12 hours 24.75 57.46 4.26 21.0 1546 -
4 48 hours 6.19 58.30 4.30 18.2
5 12 hours 1.61 57.84  3.95 Y
6 24 hours 1.01 57.32  4.40 18.3 \
7 24 hours 0.95 57.76 4.19 19.9 ~
8 4 days 5.39 58.40 4.02 18.3 5370
9 7 days 1.07 58.96  4.04 19.1 X
10 7 days 1.01 58.78 4.15 19.3 .
Residue 45.46 57.91 3.19 13.4
Total = 102.42 ,

*

Carbon and hydrogen analyses were performed by Micro-Tech Laboratories, 8000 Lincoln

Avenue, Skokie, Hlinois.
*¥ .
g0-4% = extinction coefficient of carbonyl band (1720 cm. -l)
0.09 cm.

(determined in KBr)

Table II
Fractonation of Sheerness Humic Acids by Precipitation from Su.l.fola.ne (200 ml.)
(Average molecular weight of starting material 4600)

Incremental Precipitate .
Fraction Volume of (% of original %C /A=t Molecular Weight
Benzene added sample)
1 130 ’ 66.13 ~ See note A
2 100 9.98 56.8 4.58
3 100 3.77 -58.6 4.43 1, 260
4 400 - 0.64 57.95 4.90
5 material remaining 2,21 59.37 4.66 460
in solution ) '
Total _ 82.72"

A material balance shows that some 17% of this initial sample were lost during fractionation.
We are inclined to the view that this loss accrues from partial peptization of this humic acid
and elimination of the peptized material with the washings.

Note A
Fraction 1 was dissolved in 200 ml. of sulfolane and 100 ml. benzene added The fraction
which prec1p1tated (3.55 g.) had molecular weight 8,500, and contained 52.1% C, 4.00% H
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would not be observed if the carboxylic or sulfonic acid groups were to ionize or associate in
sulfolane solution.  Burwell and Langford (11) cite three other examples of this ideality in
sulfolane solution, the most interesting from the standpoint of the present study being acetic
acid, which they describe as behaving as a monomer when dissolved in sulfolane.

That sulfolane solutions of humic acid also yield concentration&ndependem results is
illustrated by the fact that the observed molecular weights of a humic acid preparation over
the 0. 01-0. 005 molal range varied only between 1520 and 1560. This variation is conmdered
to lie within the normal expenrnental error mcun'ed in the measurement. .

On the assumption that association would be at a maximum in the solid state and at a minimum
in dilute solution, further evidence for the ‘absence of association in sulfolane solution can be
derived from infrared data, in particular from ana.lys1s of the carbonyl stretching frequency
between 1733 and 1695 cm. ™ and from the ~OH ‘stretching frequency between 3700 and 2500 cm. "L,

When benzo1c acid is examined in a Nujol mull, the carbonyl absorption band appears at
1695 cm. "1, while a.0, 5% solution in sulfolane shows this band at 1733 cm.~l. Since such a
shift is known to be associated with a change from the dimeric to the monomeric form of the acid
(12), molecular association in sulfolane solution would imply a progressive shift of the carbonyl
band towards 1695 cm. -1 or the appearance of 2 second band there (12) as the solute concentra-
tion increases. - This does not occur: even for a- 5% solution of benzoic ac1d in sulfolane, the
carbonyl absorption was found to remain at 1733 cm. -1

The same conclusion can be derived from the position of the -OH stretching band. According
to Bellamy (13) and Flett (12) absorption between 2700 and 2500 cm. ™~ is commonly taken as
evidence for the existence of dimeric carboxylifiacid groups. This is observed in the solid state
spectrum of benz01c acid, but is absent in spectraof sulfolane solutions. The -OH band wh1ch did
appear occurred at 3226 cm., -1, This is too low for completely free -OH (3700-3500 cm. = 1y
but is in the region of weak hydrogen bonding, Since the cryoscopic results showed no variation
with concentration, and since the carbonyl absorpuon showed no indication of dimerization of the
benzoic acid molecules, this shift does not appear to be caused by inter-action between the acid
molecules. It is possible that the -OH group is hydrogen-bonded to an oxygen atom of the
sulfolane, cf. Jones (14). This would remove some of the solvent molecules from that role

‘and make them in effect part of the solute. However, over the concentration range here studled

this has been ca.lculated to exert a neghg1b1e mﬂuence on the effect:lve concentration,

The unsu.ttabr.hty of acetamide as a cryoscopm solvent is borne out by the variation of its
cryoscopic constant (determined with 1, 2, 4, 'S - benzene tetracarboxylic acid solute) with
solute concentration (Fig. 1). Spauschus (10) reported similar behaviour for high molecular
weight esters in benzene and discussed the large departure from ideality in the region of low
concentration, Assuming that a similar behaviour to that seen here for benzene tetracarboxylic

~ acid wauld be exhibited by humic acids in acetamide solution, itis likely that previously reported

measurements were carried out in the region of large deviations from ideality (below 0. 03 molal),
since the materials used probably had number average molecular weights in excess of 1000.

Further evidence for the unsuitability of acetamide for cryoscopic work is offered by Magne
and Skau (15) who note that the molar depressions of closely related fatty acids in acetamide vary
widely. They suggest that differing degrees of dissociation of the molar complexes of these
materials with acetamide may expla.m this phenomenon.
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Considerable errors would also be introduced if insufficiently dried humic acids were used,
For example, 1% water in a material of m.w, 1500 would double A T. The same impurity
would result in a 3-fold increase in AT if the molecular weight were 5000. , N
In order to show that the humic acids here studied were also subject to these uncertainties “
in acetamide, a sample of molecular weight 970 (determined in sulfolane) was found to give a
value of 230 in acetamide (using K = 3.58). ~
The fractionation procedures described above provided samples which, from several stand- N
points," are more appropriate for molecular weight studies than an aggregate, unfractionated .
sample, For example, in order to compare values obtained by number and weight average
techniques, as small a range of molecular sizes as possible is desirable. N
There is reason to believe that further fractionation is possible and that the molecular <.

weights of humic acids may extend well beyond the upper limit reported here. The method
adopted in this study is limited by the fact that acids of high equivalent weight and/or very high
molecular weight are difficultly soluble in sulfolane.

- In the case of fractionation by extraction with an alcohol-benzene mixture, attempts to
determine the molecular weight of the residue encountered difficulties. The sample would only
incompletely dissolve in either acetone-water or in this mixture plus sulfolane, and each
attempted molecular weight determination accordingly resulted in different - A T's with calcu-
lated molecular weights ranging from 985 to 1510. We venture to suggest that this behaviour
is intimately connected with particular properties of the residue. While a residue fraction
with an apparent molecular weight of 985 was shown by sodium aminoethoxide titration to have
an equivalent weight of 240, previously separated alcohol-benzene soluble fractions,
irrespective of their molecular weights, had equivalent weights of about 140. It is, therefore,
reasoned that the residual material includes both high and low molecular weight fractions character-
ized by a relauve la"k of polarity. This view is consistant with the low carbonyl extinction
coefficient of E0 05 cm ‘— 13.4 for the whole residue as compared with an average of

Eg égjcm = 19.6 for the soluble fractions. ’

It has thus been shown that the molecular weights of humic acids dissolved in sulfolane, and
thoroughly freed from water, can be determined satisfactorily by the cryoscopic method. The
resultant measurements appear to have resolved the apparent inconsistencies between prewously
determined cryoscopic values and those obtained by other methods.
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THE ELIMINATION OF SULFUR FROM COAL BY MICROBIAL ACTION
M. H. Rogoff, M. P. Silverman, and I. Wender

Bureau of Mines
U. S. Department of the Interior
Pittsburgh, Pa.

INTROUCTIN

The sulfur present in coals in the form of iron pyrites is of interest for
at least three reasons: (1) as a contaminant in coels used for the mreparation of
metallwrglcal coke, (2) 25 2 conteminant in coal used for power purposes, and (3) as
the ultimate source of the sulfur appearing as sulfuric acid in the effluents of mines
oroducing acid waters. Certain bacteria are known which, when grown in the presence
of pyrites, copper swlfides, or molybdemm sulfides, catalvze the formation of sulfuric
acid with concurrent release of the metallic cation in a soluble form (1-3). Micro-
biological studies have thus far shown that one of these organisms, Ferrobzeillus
ferrooxidans, catalyzes the reaction:

'z.Feso4 + 2H,50, + 0,—> 2Te, (501,)3 + 2H,0 @).

Bxperimentally, it has been demonstrated that iron- and/or sWlfur-oxidizing
organisns cztalyze the production of acid and soluble iron from ecal sulfwr ball
mnterial (1) or from the sulfuritic constituents of finely ground conl (2). It is
therefore believed that a2 thorough microbiological study of the oxidation of pyrites
would not only elarify the role microorganisms play in the process but conceivably,
through strain selection, determination of nutritionel requirements, and control of
the shysical environment, a2 method for the removal of pyritic sulfur from coal by =
microbial procsss might be devised. Such a study would also clarify the role of
microorganisms in.the formation of acid mine waters. A related mroblem,the treatment
of zcid mnters by a microbial process utilizing the uninue abilities of the bacterium
Desulfovibrio desulfuricans to reduce sulfates to elemental sulfur and/or sulfide,
might possibly be carried out by =xtension of the aforementioned line of attack.

There is very little kmown concerning the activities and abilities of
microbes which may attack orgenic sulfur-containing compounds other than the naturally-
occwrring amino acids and vitamins, A study of the oxidation of aromatic sulfur
conpounds by microorganisms has been initiated in the hope of finding a way of
elimimting organic sulfur from coa.l

EXPERIMENTAL
A, lMaterials and Methods

1. Stock Cultures. Stock cultures of the following autotrophic strains of
bacteria have bcen obtained from the Syracuse University Culture Collection. (a)
Ferrobecillus ferroozxidans - Culture capable of oxddizing ferrous #ron to ferric
state., ‘aintained on nmedium 9K (see below) containing FeS0; as energy sowrce. (o)
Thiobacillus_thiooxidans - Culture capable of oxidizing elemental sulfwur to sulfate.
Maintained on medium 9KS® and ThS, Stralns of the heterotrophic Pseudomonas
asruzinosa were those reported previously (4).
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2, Media Used, The followlng media are used for the routine culture )
£ the above bacterla and/or were used in the screening studies with the acid mine
ua.ter samples
(2) Medium 9K (5) for iron becteria: Solution A - Basal Salts - (HH ) so,,

, 4
3.00 g.; KC1, 0.10 g.; K HPO,, W50 g.; MgSO,+7H,0, .50 g.; Ca(NOy)y, .01 g.,
lONstou 10 nml.; distilled water, 700 ml. Solution B - Energy Source - FeS0,*7H;0:

300 ml. of a 14.74% (W/v) solution 1s added to 700 ml, of the basal salts solution
to moke one liter of medium. The pH is 3.0 to 3.6 without further adJustznent.

(o) Medium 98S O - For sulfur oxidizers. A4s in (a) with 1-2% elemental sulfwr
(sterilized separately by autoclaving at 100° C. for 3 hours) replacing the iron sdt
as source of energy; pH adjusted to 3.5.

(¢) Medium 9KS - For sulfur oxidizers. As in (a) with 1.0% lasS as Ya, Se *9H, )

as source of energy.
(@) Medium 9KP - For iron or sulfur oxidizers. As in (a) with 5% pyrite
(Sample No, PS-34-6008 obteined in a pulverized form from Bituminous Coal Resezrch,
g as source of emergy. This mediim was prepared at two pH levels: 3,5 and 7. O
(e) Medium ThS - For sulfur oxidizers ().
(f) #ediwm SS-1 - For sulfate reducers- (6),

3. Bacteriological liethods
Standard plate count methods for numbers of heterotronhs were used with

nutrient agar (Difco) or Czapek's medium in Petri plates, Tubes of media for
determination of autwtrophs were examined visually or subjected to microscopic
exaniration., Ligquid media for isolation of sulfate-reducing bacteria were prepared
in Virtis anserobic tubes, Agar media were wrepared as deep tubés or drawn into foot
lengths of 4 mm, D pyrex tubing. The ends of the latter were sealed with paraffin
wax, Growth in these tubes is recognized visually by the production of a hlack
precipitate of iron sulfide,

4. Cultures for lanometric Hxperiments
Preparations of resting cells of iron and sulfur oxidizers were made

according to the methods of Silverman and Lundgren (5,7); heterotrophs were grown
as vreviously noted (4), The Varburg apparatus was used in the conventional manner
to measure oxygen uptelte {2). Description of the flask ccontents for any particular
experiment is found in the figzwre 1ecrsnd

5. Determinations of iron were made by the colorimeiric c-phenanthroline
method, as described in ASTH methods., A standard curve for concentrations bewwzexn
20 to 240 Y of iron was mrepsred, readinz optical density at 5CO m A in a Beckman
Spectronic 20 specirorhotomster-colorineter,

6. The souwrce, description, and analyses of the wyritic nateriels is shom
in Teble I, The material was used as originally received (passing 65 mesh) or ground
in an azate mortar to pess a 325-mesh screen, The crystalline form of the sulfuritic
material in these samples wes verified as pyrite by Z-rey diffracticn. In addition,
samples of museum-grade pyrite and marcasite ground to -325 mech irere uzed.
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Table I. Analyses of pyritic material
Sample : . ' Percent
No, Description and source pyrite
29 Waste material—pyrite concentrate from coal fron Tabo bed, 77.0
- Power Mine, Montrose, Hemry County, Missouri.
30 Wagte material—pyrite concentrate fram Illinois #6 coal, 60,0
Peabody #10 Minej Christian County, Illinois. '
34 Pyrite concretion (sulfur bell) from Plttsburgh bed, Osage 54.4%
#3 Mine, Monongalia County, West Virginia,
35 Pyrite concretion (sulfwr ball) from Meigs Creek #9 coal, [/

Bredford #1 Mine, Harrison County, COhio,

a Contained 18.87 Ga003 in the form of cateite.

B, Proceduresand Results

and the acld swanp these waters form (Marchand Fool).

Samples of acid mine muds were obtained from shafts of the Hutchinson Mine
near Irwin, Pa,, and waters and bottom muds from the point of exit of the mine waters,

ollected are listed in Teble II,

The pool empties into Sewickley

Creek, from which samples were obtalned upstream from the pool en‘tz'y The samples

Table II. Samples of acid mine waters and related materials
Sanmnle
Yo Source Deseription pH
1 Hutchinson Mine Acid gob (yellow mud) 2.9
2 Hutchinson Mine Akaline gob (orange mad) 6.3
3 Sewickley Creek, Surface water 3.8
4 upstream from Bottom mud 4ol
5 Harchand Pool Green algal streamer too small
6 Bxit point of Surface water (clear) 5.3
7 acid waters Botton water (clear) 5.5
8 from mine Bottom mud (orange) )
9 Junction of mine water : : _
"and Marchand Pool Bottom weter (clear) 5,7
12 terchend Pool Too sewm {oily) 4.6
11 larchand Pool ".Surface water {(orange) 5.7
i lerchord Fool Bottom mud (orange) 5.8
13 ihrehand Poal. Bottom water (zreen-brown) 4e9
1 Marchand Pool " Bottom water {green) 5.0
15 Pool spillwzy to Sewlckley
' Bottom water (green) 5.0

Creek




.28 -

After collection, the samples, were examined microscopically. The presence
of viable hacteria was noted 1n samples 1, 2, 4, and 12, Sample 5 contained not only
bacteria but green streamers recognizable as algee; numerous protozoa and planarians
were present. The samples were used to inoculate duplicate tubes of culture media.

The various media were incubated at room temperature with the e:ception of
4 =, OD pyrex tubes of agar medium SS-1, which were incubated at 30°G. Tubes of
nediws 9ES? were incubated on the shaker, The subcultures to ths various media were
observed daily and examined mcroscop:.ca.]_ly ag required,

(bservations made on the various media after one week of incubation at roon
‘temperatwre are sumarized in Table ITI, Microscopic observations were made on the
pyrite and iron media (9KP and 9X), although in some cases, simple visual examination
was sufficient to recognize the deep red-crange precipitzate formed by iron oxidation,

Table ITI. Growth in verious culture medie one week® after
' inoculetion with acid mine water samples

Growth in media containing the enerzy sowrces designated

50,” so;
_ (anaerobic  (capillary
S  Pyrite Pyrite Fe'? tubes) . tubes) S
Sample Y

1 - + + + - - +
2 - + + + +
3 - + +
4 - + - + + + + +
5 + + - - +
6 - - - - +
7 - + + + +
8 + + + + + + +
9 - - - - -
10 - + -
11 - + ) +
12 + + + + + + +
13 - - - - - - -
14 - . ) - - - +
15 - - - - +

a Medium 9KS® examined after 10 days of shaldng,

——

The cultures were carried through serial transfer on the aprropriste media;
deternination of growth was made by a combination of microscopic emmnatz.on and
vlsua.l irzspection.
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The activity. of re.;t;i.n,= cells of Ferrobacillus ferrooxidans on pyrites
was tested by means of the Warburg technique. This technique is excellent for the
determination of: . (1) the ability of selected cultwres to oxidize pyrite, (2)
differences in the. susceptibility of the various pyrites to oxddation, and (3) the
physiology of py‘rite oxidation by bacteria in short-tern experiments. Pyrite
samples (65 mesh) were weighed and placed in the Warburg vessel with sufficient
cell suspension (pH 3.5) and water (pH 3.5) to bring ‘the volume to a Dredetermined
value, Cell siuspensions for the experiments were adjusted to 0.4 mg. bacterial-H/ml.
Oxygen uptake wes measured in the eonventional manner, Results of two such experi-
rmert# with concentration of pyrites and cells as veriables are shown in Figures 1
ard 2. The rate of p'yrite oxidatlon was increased only two-fold by a- twenty-fold
incresse in pyr:.te concentratlon m.'th these 65 mesh sanples,

A series ‘of Warbm'g experi:.lents demonstrated the role of ticle size
of the substrate on’ ‘oxidation rates. ' The results (showa in TablelW) demonstrate
that reduction in partlcle size enhanced bacterial action six-fold in ths case of the
pyrite conecretion and 35~ to 70-fold’ when the pyrite concentrates were used as
substrates, . Oxidation w'ith the bacteria was 20 to 40 tmes that of thé controls for
3 of the 4 pyrites tested : o .

Table IV Qx:Ld.atlon of pynt:.c material of two partlcle sizes in ‘the
. : presence of Ferrooeclllus fer’roond.ans

B - Ib.croliters o;tzgen tal’cn u;g in three hours S
Sanmple . . .—.goroxmatel*c 65 mesh ™ Passing throuzh 325 nmesh

Moy o Ho_ cells .-~ Cells . Ho cells . _Cells
29 o agt e g0 60 - 1322
CE R I L ~16+ SR A T
3 . 23*-' ST - ST S 29"

a Q:q:ren upta.ke/l 2 'mg. bacter:.al-nitrogen/three hom‘s.
+ Apoa.rent evolu‘:.ion of gas.-

In separate sha.ken-flask experiments the release of hydrochlorlc acid-
soluble iron was dctcr:n:.ned instead of oxygen uptake, as a means of demonstrating
orxdidation of the pyrites. ' Resulis of iron determinations in oze such experiment are
shoun in ‘the following table (Tible V), . The 25 ml. conical flask used contained
100 mg. of pyritic material, an aliguot of cell suspension conteining 0,84 mg.
bacterial nitrozén and su.ff:.cient o SOA-aCIdlfled wvater, pH 3.5, to btring the total

- volume to 4.0 ml. After 24 hours, 4.0 ml. of 2,0N EC1l was added and the mixture

heated 30 minutes on a steam bath. The HCl-soluble iron content of suitable filtered
aliquots was deternined as given in the section on Methods,
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TABIE V, Production of hydrochloric acid-eoluble iron from
pyritic materizl in the presence of
Ferrobacillus ferrooxidans

Sample : Microgrems HCl-soluble iron released®.
o, Cells _Initial 24 howrs Het Pyrite oxidized, &
29 + 1024P 00 3376 942
( - 80g 1080 272 - 0.76
30 + 1250 400C . 2750 9.34
- 1034 1376 . 342 1.22
35 + 3040 7200 {160 - 11,99
- 2824 3140 - - 316 0,91
a Froduction of iron from 1C0 mg. pyritic meteriel in the presence of 0.8/ ng.
bacterial-N,

b 216 ug. Fe were carried over with the cell suspension,

: The ablllty of T"]iobacnllus +hioo‘::.da.ns to accelerate the oxdidation of the
pyrite samples was also tested in 'Ja:btu'g e-oerlments. It was found that this

organism was unable to accelerate o*’:LcL tion rates over those of control vessels.

"hn ability of T, thiooxidens and F, ferrookidons {o accelerate oxidaticn of museum
grade samples {large crystals free of inclusions and contaminatirg mate rials) of

pyrite and marcasite was tested, It was fourd that both strains attacked the marcasite,
. Ferrobzaecillus being more effective; 3 neither cultiure accelerated the oxidation of

museum grade pyrite. Resulis of these ev\er_m..nt\_ are ceen in Table VI,

Tzble VI, Effect of Thiobseillus thiooiddens or ne*robacﬂ‘lus ferrooxidans on the
oxidation of museun grade sulfide mirnerals
bacrollters oxygen taken up in 3 hours per mg.

» o bacteriel -nitrogen
Sample Cells T, thiooxdidans ¥, ferrooxidans
Pyrite - ’ 15 ' ' 38 ’
* : 708 192
Marcasite - . - : &2 . _ 209
' ' + 128 134

a Apparent gas ewolution.

Efficacy of use of a mixture of the two strains was also tested. In these
Warburg experiments a resting cell suspension of Ferrobacillus wes placed in the
vessel and oxyzen uptake wes measured for one hour., A4t the end of this time the
sulfur-oxidizing Thiobzeillus was tipped into the reaction mixture., The effect on
oxidation of samples 29, 30, 35, and museum grade marcasite was determned The
effect of addition of Thiobacillus is seen in Figure 3,

The rate of oxddation of ferrous iron and elemental sulfw by the strains
of Ferrobzecillus ferrooxidans and Thiobzacillus thioozidans in use in the experiments
has been calculated. from the date obteined im thepreceding experiments. These are
presented in Table VII.

N

N
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Ta.ble VII. Rates of. o:cldation of ferrous iron and elemental sulfir
Eerrgbacﬂ.lus ferrooxidans e.nd Ihi_obacillus thioox:.dans

oL N)&-
| R qozu e
Qganism oo S (1000 Amoles) - Fe” (500 umoles )
T. thiooxddans' =~ - . ¢ . - 557 S0
F. ferroo:ddans T o S8 T 3672

a QOZ (N) representsmliters ongen uptake/mg. ce]l-nitrogen/hour.

e —
e——

C Other ma.nometric experlment.s uit.h Dolycyclic aroms.tlc hydroca:bon—grown
cells of a ‘strain of ‘Pseudomonas geruzinosa ‘were carried out to study the activity
of bacteria regarding: sulfur-containing organic compounds. It was found that cells
grown with phensnthrene’as - source of carban would itake up more.oXygen than cells
grown on napkthalene wlen oenzthiophene ‘was provided them as a substrate. Benz-
t.hiophene was chosen as.a modél- sulfur containin.g aromatic of the type thought to be
present in coal. "If oxygen ‘uptake - of 'both crops with naphthalene as substrate 1s
calculated toa “vilue.of 1.0, then uptakes on benzthiophene were: naphthalene-
grown, 0 3, phenanthrene-grown, ;Z_L 3.7

Benzthiophene was. provided a concentratlon of 3 B/moles/ml. At
6. 6Amoles/m.1llillter, 1éss oxygen ims “takeén up than-at the lower concentration., At
3. 3/\1."101es/ nl, addition of benzthio hené to the flask contents served to lower
oxygen uptake of cells notabolizing narhthaléne and Z-msthylnaphthalene (Figure 4).
Thus it seems 'that-a- compet:.tive inhibitlon or ‘perhaps sinple toxiélty of the
compound may be evident exceot. 1n the cg.se of cells g'rown on or m..tabolizmb
phenanthrene * (Figure 5). T e T T v _

DISCUSSION OF R.'ZSULTS

.' Results obtained on examination of .the microflora of acid mine drc.lnage
showed that top watérs and rapidly runnir% waters (green) were almost sterile in all
cases, The best sources :of nicroorganisms are the muds, which are apparently rich
in all-forms tested for.  ~Tie bottom ruds (orarge) collected at the pocl accumulate
only where the water is'not turbulent or. flow"ng too rapidly. ‘“here weter flow is
rapid, bottom mud does not accumulo.te, ‘the. orange color of oxidized iron mroducts
is absent, and’ the ‘mimber of: :\icroorgixusms rresent -is qL.ite small, In the laboratory,
sampleés of such moving cléar water after two weeks of incubation give evidence of
iron oxidation’ (ora.nge precinitate, heavy) -The reason for their clarity is
mrobably  that -they are smply flowing too rapidly for oxidation of iron to ocecur.
Thus, clarity of wat..r is:no criterlon of its potent.ial yield of ferrugineou.s mud
under nan-agitated conditlom. g o .

The finding that a.l_l t'ypes of bacteria tested for appear to be present in
the sa:mles i1lustra tes that ‘those chenicals present in an environment are usually
acconpaniéd by bacteria: capable of utilizing them. The inmportance of these
particular types fourd, in regerd to.the problems of qu_fur removal from coal and
treatment of acid mne waters, is as follows'
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{1) The same organisms which play a role in the production of acid mine
waters, and in whose presence ‘oxidation of large sulfuritic concretions » Dyrite,
and marcasite has been demanstrated are precisely those forms whose sbilities mist
be explo:.ted in any attempt to desulfurize coal by mcrobiologlcal means.,

(2) In any plan for disposa]_. of sulfuric acid microbiologlcally, the use \
of zmaerobic sulfate~reducing bdcteria to convert sulfuric acid to elemental sulfur b
ard/or hydrogen sulfids must be considersd. The isolation of such bacteria from
the bottom mud samples collected gives hope that streins of these organisms able to A
tolerate the acld environment necessitated by the use intended can be found or
developed. Acid conditions are known not to be optimum for their growth, but their
presence in samples 4 znd 5 at pHs of Z.1 and 4. 9, respectlvely, inchcate they may e
be more tolerant of acid than urenously e.ssmed. ‘

) "The presence of sulfuw ox:.dlzers, iron oxidigzers, and sulfate reducers >
in a given enviromment (ferrugineous mud) indicates that 2ll three forms may
participate in a cyclical process for sulfur. : Thus, it appears that previous testing
of pyrite oxidation with pure cultures ‘of bacteria mey not provide the bLest means
possible for carrying out the process.. It may well be better to try the natural flora
for most sfficient activity, although mixed ce1 15 of Ferro:,acJ.J_us and  Thi ooac:.]ﬂ us
did not have the des:.re" affect on py'rite (Flgm:'e 3%, . _ A

'The mnometrlc studles (Figures 1 and 2) with 65 mesh se.mple 35 demon—
strated that oxygen uphake ‘is s:.gniflcantly greater than that required solely for the
oxidation of ferrous iron :Ln:Lt:.aJ.'Ly present in uhe ,,yrlte sanple as determned by
our extractlon procedare. ' :

Sigm_flcantly h.lgher oxidation rates were. obu.lned when the sulfuritie
materials were ground to pass 325 mesh (Table V). The ability of. Perrobacillusg
to accelerate .the oxidation of the pyrite in samples 29.and 30 is encowraging as

gards microbial coal desulfurization., Thesé samples are pyrite concentrates from
coa_'L These contain minute crystals of nyr:.te eiﬁbedded in the coal with perhaps
only one face éxposed for oxidation., Yet in the preserce of the bvacteria oxidation
proceeds at a’ rap:.d rate as conpared to the rates in the absence of the organisms,

Based on the results fou‘nd in these studies (Tables Iz~ III Figures 1-5)
certain generalizations regarding microbial processes for coal desu.'].furization nay
bé drawn. These are that: l. The rate of pyrite oxidation depsnds ugon available,
that is, exposed pyrite. As a corollary to this, the cozl must be in 2 finely divided
state in order to expose a moximum of the ewmbedded pyrite. 2. The rate of oxidation
of pyrite depends ipon the "type" of pyrite present. The word type is used for want
of a betier description, since X-ray diffraction patierns are identical for the
pyrite of samples 29, 30, 34, 35, and museum-grade pyTite.

: Only sample #34 and. museum-grade pyrite resisted oxidation in the presence
of F, ferrooxidar Sample #3J contzined considerable calcite, Preliminary experi-
ments after the. ca.'LcJ. te had been removed (neutrallzl”lg effect of CaCOB) geve
indication of oudatJ.Ve ae Livity,
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. The -ubiquitous. p‘res'encefof thiobzcillus thiooxidans in 'acid-mine waters
is as yet unexplained, - Ouxr results show that only marcasite, a subsitance rarely
present in acid-'.zroducing areas, can be attacked by this organisn, raising the

" question of a possihle’ energy sowrce for the organism. The production of free

sulfur dur:.ng the oxddation of pyrite is ons explanation. However, the ability of
the iron-ocxddizing F, ferrooxid'ms to o:d.dize elemental sulfur suggf—'-sts another
explanation, - - ; s

'l‘he three orge.nisms found t.n acid mne waters are listed below together
with their proposed energy . sources, .

: Qrganisms” : __Energy source
'Zhiobac:.llus th.iooxidans . Elemental S

. Thiobacillus ferroccidans: Ferrous iron; thiosulfate
Ferrobacillus ferrooxidans Ferrous iron

: The tnree are mpholcgica].ly indistlngaishable, the chief criteria for
their description being -energy sowrce. During iscolation procedures, it is entirely
possible that F.. ferrooxidans will grow in an iron nedium and be identified as

F, ferrooxidans and also be isolated in an elemental S medium and be identified as
T, thicoxddans, Thus, F, ferrooxidans may really be a variant of T, thicoxidans
ard exists in acid-mine waters by virtue of its iron oxidizing capacity. The
inability of Thlob.cgus thiogndag to0 oxidize iron may be due to th'= loss of
adaptive iron—oxidlzin,; enzyznes upon growth in elemental sulfwr, -

- The ability of ‘bacteria to accelerate the oxidation of sulfuritic material
has been studied primarily by investigators at the Mellon Imstitute (1) and Vest
Virginla University (9). . Their studies involved testing for the production of free
iron, sulfzte, or increased acidity fron insoluble pyrite materials. in the presence
or absence of bacteria in experiments of long duration, The development of methods
and media for the propagation in hish yleld of the relevant bacteria (5, 7) has
enabled us to utilize the monometric method for examining the role of bacteria in
the oxddation of pyrites, thus enabling us to accumulate comparable date in a short
time. A ' conparison of the results obtained with those of the Mellon Institute
and West Virginia University is given in Teble VIII. In general, our findings agree
most closely with those of the lMellon Institute. .

Table VIII. Acceleration of the rate of oxidation of different pyritic materials
by iron- and sulfur-oxidizing bacteria.

Ferrobacillus . Thiobacillus ' Thiobacillus

ferrooxidans . ferrooxidans thiocoxidens
M. I. W, V.U, B,M,  -MJI., W, V.U, BM. MJI., WJV,U, EM
Sulfur ball T+ . NTRE O+ NT. o+ N.T. - + -
Waste material N.T. . N.T. + N.,T. N,T, N.T. HK.T. N.T. -
Museun—grade marcasite + | N.T. + N.T, N.,T, N,T. + + +
- N, T. + N, T. - N.T. -

Musewn-grade pyrite . - N.T.

a R, T, = not'tested.A
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CONSTTTUTION OF HYDROCARBON-LIKE MATERTALS DERIVED FROM
KEROCGEN QXIDATION PRODUCTS

W. E. Pobmson and D. L. Lawlor

La.ramle Petroleum Research Center
U. S. Department of the Interior
Bureau of Mines
Laramie, nynmmg

(xidation is one method of converting the insoluble organic material (commonly
called kerogen) present in oil shale to soluble degradation precducts for constitu~

onal studies, The amount of degradation and the meolecular weight of the products
deoend upon the extent of oxidation and severity of the reaction conditions. A
variety of oxidants’ can-be used to accomohah this degradation, obut some are more

suitable .than otbers. K

In.a orev:.ous studJ (6), orgam.c materlal i‘ron ‘Colorado oil shale was oxidized
to high-molecular-weight acids by a bo:..h.ng solution of alkaline potassium perman=-
ganate under controlled conditions, and to carbon dlo/:.de and oxalic acid by exhavs-
tive oxidation for’ 100 hours. - By choosing different ratios of K0y}, to kerogen,
large or small amounts of "intermediate acids were ottained, However; it was not
possible to-obtain complete conversion ‘to.intermediate acids without sisultaneously
preducing carbon: dioxide and oxalic acid. In general, small yields of final oxida-
tion products were associated 'n.th 1ar0e ylelds of hlgn-molecular-welgnt intermediate

acids a.nd vice versa. B

In another Feport (5), the nature of the organic acids that were obtained by
oxdidizing raw oil shale Trom the Mahogany=zone beds of the Green River formation
near Rllie, Colc., was studied. The oil shale assayed approximately 5% gallons of
oil per ton of shale a.nd contained about 3L4% kerogen.. An oxidation product was pre-
pared by ireating each part of organic: carbon present in the kerogen with eight parts
oi_‘ KnCy . The organic acids obtdined were converted to n-butyl esters, fractionated
by distillation, and identified, where possible, by mass and infrared spectra of the
esters and by X-ray diffraction of selected derivatives. A total of 59% of the
organic acids in the oxidation product was identified as Cp to Cg difunctional acids
of the alkane series, ' The remaining 41% of the organic acids were not identified by
this method because of thzir complex nature, Identification or classification of
this material would contribute o the knowledge of the structure of kerogen and might
sugcest new commercial uses 1or 0il shaleas

In tnis study by the 'Federal Bureau of ilinss, characterization of the remaining
417 of the organic acids in this oxidation product was accomplished by reducing the
carooxyl groups of the acids through a series cof reactions. The resulting hydro-
carbon-like materials-were amenable to fractionation and characterization. Some of
the usual methods of decarboxylation were tried, but extensive thermal degradation

resulted.

The oxidation product also contained n~-paraffinic, isoparaffinic, aromatic,
naphthenic, and heterocyclic acidse The naphthenic and heterocyclic acids predomi-
nated, which sugzested that the structure of Colorado kerogen is mainly alicyclic
and heterociyclic, with smaller amounts of straight-chain and aromatic structures.

EXPERTIENTAL PRCCEOURE

Preparation of Organic Acids. Kerogen oxidation products were prepared from raw
0il shals using a method described in earlier reports (5, 6) The raw oil shals was
oxidized in two. steps by an aqueous solution.of alkaline Tn0),. The first step was
treatment. of 1 part of orga.nlc carbon of the -cero’—’en with é parts of Xt:nQy,, 1. 6
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parts of KOH and 3L parts of water at 70° to 90° C. until the KMnQ), was reduced.
The treatment was repeated in the second step except that only 2 parts of King

were used, The alkaline solution was separated from the shale residue, acidified
with 1 to 1 sulfuric acid and evaporated to drymess. Nonvolatile organic acids
were extracted from this dried product using methyl ethyl ketone. Based upon

total carbon, the kerogen was oxidized to 58% nonvolatile acids, 15% carbon dioxide,
a trace of vclatile acids, and 27% remained unoxidized. g

Preparation of n-Butyl Esters. The nonvolatile organic acids were converted to
n-tutyl esters by reacting 250 grams (0.8 mole) of the.acids with 1275 ml, (1l mole)
of n=butyl alcohol and 25 ml, (0.5 mole) of concentrated sulfuric acid under reflux
conditions for abcut 100 hours. Water was removed by using an enlarged Dean-Stark
tube mounted above the reaction flask, . After completion of the reaction, the n-tutyl
alcohol was removed by distillation, The resulting product was dissolved in ether,
was washed free of acid with a solution of sodium carbenate, and finally was dried
over anhydrous sodium sulfate and recovered. )

Preparation of Alcohols. All the recovered n-butyl esters were reduced to alcohols
in the following manner (1): - The esters.were.treated with a total of 61 grams (1.6
mole) of LiAlH; in 2500 mI. (23.& mole) of anhydrous ether in five different batches.
An ether solution of the esters was added slowly to- an ether solutien of LiAlH,) ,
then refluxed 4 to 5 hours. Exéess hydride was decomposed by cautiously adding
water to the reaction mixture. After gas stopped evolving, the complex was treated
with 10f sulfuric acid and the reduced product was recovered from the ethereal’

Preparation of Jodides., The alcochols were ‘converted to iodides by reacting the
alcohols with 115 grams (0.8 mole) of Pylg, 216 ml. (3.2 mole) of 85% HaPQ), and 530
grams (3.2 mole) of KI (7). -After the reaction mixtiure was heated at 100° to 120° C.
for 3 to 5 hours, the iodides were éxtracted with ether, The ether solution was
washed with sodium thiosulfate and sodium chloride solutions, ‘dried over anhydrous
sodium sulfate, and the ether was distilled from the iodides.,

Reduction of Todides. The resulting iodides were reduced with zinc and hydrogen
chloride gas (2). Zinc dust was added over a period of 2 hours to a warm glacial
acetic acid solution of the iodides, which was constantly stirred. The reaction
mixture was stirred and heated at 90° to 95° C. for an additional 2 hours and was
saturated with dry HCl gas every L hours. A trap, submerged in a dry ice and acetone
bath, was connected to the exit gas tube to condense any hydrocarbons with low boil-
ing points formed during the reduction. After completion of the reaction, the mix-
ture was diluted with water, and the product was extracted with ether. After the
ether solution was washed free of acid, it was dried over anhydréus sodium sulfate,
and the ether was partly distilled from the product. :

Fractionation of the Reduced Product. The prodict and a small quantity of ether were
placed in a spinning band distillation column and distilled at atmospheric pressure
(580 mm. mercury) up to a head temperature of 70° C. (pot temperature of 175° C.)e
After the reduced proguct cooled to room temperature, the distillation was centinued
at % mg. mercury pressure with a head temperature up to 130° C. and a pot temperature
of 200 Ce ’

A flow diagram of the fractionation of the distillate and distillation residue
is shomm in figure le The distillate and residue fractions were dissolved in a L0
to 1 volume ratio of pentane, allowed to stand overnight at 0° C., and then filterede
The insoluble material was washed with a small quantity of cold pentane, freed of
solvent, and weighed. The pentane-soluble material was fractionated on prewetted
columns of alumina (25 to 1 weight ratio of Alcoa XF-21 alurina) using pentane,
benzene and a 10% methanol-90% benzene mixture as eluting solvents. The benzene—
eluted material, referred to as nonpolar resins, and the benzene-methanol eluted
resins, referred to as polar resins, were freed of solvent and weighed.

e
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Wax was separated by dissolving the pentane-eluted fraction (011 plus wax\ 1n
a 10 to 1 volume ratic of methyl ethyl ketone (NEX), allowing it to stand at -5° ¢,
for 1 hour. The wax was filtered from the MEK-soluble oil, freed of soivent, and
weighed, Urea adducts were prepared Dy reacting each gram of wax with 21 ml, of a
saturated solution of urea in methanol. Excess urea, 1.5 grams per gram of wax,
and 6 or 7 drops of benzene, were added., This mixture was stirred at room tempera-
ture for 2l hours, The adduct and nonadduct waxes were separated by filtration;
the adduct was then decommosed with hot water and extracted with ether, 3ecth frac-
tions were freed of solvent by distillation. Wax was not separated from the dis~
tillate frdctlon.

The distillate 011 "the wax fractlon, and the distillation residue oil were
fractionated by-a meth od similar to that reported by Mair, Marculartis and Rossind (3)
Fach fraction was placed on a prewetted colurm of silica gel (25 grams of Davidson
analytical grade silica gel to 1 gram of sample) and eluted successively with 2,2,L~
trimethyl pentane, benzene, and 2-propanol, The fracticns were freed of solvent,
weighed and identified as paraffin oil, aromatic oil, and pelar oil respectively.

The paraffin oil from the dis%illation residue was adducted with urea by the same
technique used for waxes. The aromatic oil from the distillation residue was fur-
ther fractionated on a prewetted column of alumina using a. 25-ta=1 ratio of alumina
to samples Elutlng materlals were a mlxtune of igo-octenes, benzene, and 2-propanols.

Reduction w1th.gzgr10dlc Acld. The wax "and paraffin oil fractions were completely
reduced by concentrated hydriodic acid, Samples of Q.1 to 0.5 gram were reduced by
sealing them in glass ampoules with 15 ml, of - concentrated hydriodic acid (sp. gre
1.9) and heating at 175° C. for 2L hours.. The treated samples were dissolved in
benzene and wasted free of iodine with a solution of sodlum thiosulfate. The besnzene -
sclution was washed with water and finally dried over anhydrcus sodium carbonate,
Eenzene was distilled frem the reduced product at reduced pressure,

Physical and Chemical Properties. The elemental composition and functional groups

of the fractions were determined by macro methods at the Bureau's laboratory and by
micro methods at 4 commercial laboratory, using conventional methods. Carbon and
hydrogen were determined by combustion, nitrogen by the Kjeldahl or Dumas methods,
sulfur by ignition in a Parr oxygen bomb, oxygen by difference or by the Unterzaucher
direct method, saponification equivalents by hydrolysis and hydroxyl greups by acetyla-—
tion. Molecular weights were determined frem mass spectra and by the rise-in-boiling-
roint method using benzene as solvent, Infrared and mass spectra, as well as X-ray
diffraction, were used to characterize the various fractions.

RESULTS AND DISCUSSION

The total yield of reduced product from 250 grams of kercgen acids amounted
%0 36 grams after removal of all solvents, or approximately 15 weight percent. The
theoretical yield, based on data from 2 previous study (5), was 196 grams or 79
weight percent. However, approximately 50% of the oxidation product consisted of
difunctional acids containing 2 to L carbon atoms per molecule, The reduction
method used in this study converted these acids to gases that were not recovered
in the reduced producte Because of this loss, the overall yield of reduced precduct
was 363 of the theoretical. Typical yields were: esters - 95%, alcohols - 753,
jiodides - 95%, and hydrocarbons 50%, Losses were probably due to handling rather
than to unreactivity of the components. However, the possibility of fractionation
occurring did exist and some unreactive parts of the oxidation product may havs been
eliminated from the reduced material, Vacuun distillation of the reduced product
resulted in a yield of 8.5% distillate and 91.59 distillation residue,

Composition of the Distillate Fraction. In addition to the solvents used, the
distillate ootained by atmospheric distillation contained trace amounts of pentanes,
hexanes, hexenes, and cyclohexanes., The distillate obtained by vacuum distillation
(845% of the total reduced product) was fractionated by the method described earlier
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and shown in figwre l. Nearly equal amounts of five fractions were obtained, namely
paraffin oil, aromatic oil, polar oil, nonpolar resins, and polar resins,

Mass spectra analysis of the paraffin oil fraction showed that it consisted of
isoparaffins and cycloparaffins, with the latter predominating. The cyclic part
contained 1 to 5 rings per molecule with dinuclear material constituting the largest
single type material. The major components of the aromatic fraction were benzenes,
indanes/tetralins and naphthalenes.

Infrared analysis of the nonpolar resins, polar resins, and polar oil indicated
that these fractions were predominantly cyclic because absorption in the 13.7 and
13,9 micron region was very weak, They also appeared highly saturated as shown by
strong absorption in the 3.L45 and 6.84 micron regions, The presence of considerable
terminal CH3 groups was suggested by medium to Strong absorption in the 7.3 micron
region. Absorption in the arcmatic region was weak. There was indication of the
presence of OH groups and other oxygen functionals; however, the strong absorptian
in the 5,70, 5.73, and 5.95 micron region may be due to C=0 groups of unreduced
esters,

Composition of the Distillaticn Residue, The amount of each of the variocus fractions
from the distillation residue, which represented 91.5% of the reduced product, is
shown in table l. The major fractions consisted of resins and paraffin oil, while
wax, aromatic oil, polar oil, and pentane-insoluble material were present in smaller
amounts. Molecular weights ranged from about 300 .to 1200.

Table i, Distribution a.nd &olecular ‘relffhts of the mstlllatlon Re51due Fractlons '

Percentagn _Percentage
of thal ~ of Total "
Distillation. Reduced Holecular
Residue Preduct . Weights
Pentane-insoluble material _ 3.0 2.7 1220
 Pesins : .
Nonpolar resins : 11,9 " 10,9 530
Polar resins 2549 23.7 300
Hax . : .
Urea adduct ' 3.0 ' 2.7 Laos
Urea nonadduct : 10.4 9.5 Loo
0il B v ’
Paraffin oil adduct 1.5 1ok 310
Paraffin oil nonadduct 30.5 279 L1o
Aromatic oil (isc-octene eluted) 945 847 270
Aromatic oil (benzene eluted) . ' 0.3 0.3 3Lo
Arcmatic oil (2-propanol eluted) v 0.3 0.3 3kL5
Polar oil 3.1 3.4
Total , : 100.0 - 91,52

3The remaining 8.5% consisted of the vacuum distillate fraction.

Ultimate analyses shown in table 2 1nd:.cated that the recoversd fractions con-
tained appreciable- a.mounts of oxvgen. Tt was necessary to determine the nature of
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this oxygen and to eliminate the oxygen from portions of the fractions by HI reduc-
tion, so that mass spectra data for ring analysis and carbon chain length would have
meaninge

' T_ablé 2. Elemental Analyses of Distillation Residue Fractions

Atomic
c H o N S H/C
Wax : : ‘ . .
Urea adduct : 8346 1h.2 . 1.82 0.2 0.2 2,04
Urea nonadduct 82.9 1.1 5. 0.2 0.k 1.61
-0il B . i ‘
Adduct paraffin . 8L - 143 1,22 0.2 0.1 2404
Nonadduct paraffin . 8l.1 111 . T.6° 0.0 . 0.2 1.6k
Mono/di-aromatic o B2 12 - 2,6 - 1.55
Resins . ' v . o ' i : o
Nonpolar .~ = . 18,9 10.1 ,9.ug © Ou 1.2 1.54

amrect oxygen ( U‘nterzaucher). . ‘
boxygen was determined by differences - . '
c‘rot.al o:qgen, mtroven, and sulfur determined by da.fzerence.

An estimate of the type and amount -of oxygen functional groups for various frac-
tions was obtained by analyses for hydroxyl, ester, and alkoxy oxygen. Other ether,
carbonyl and unaccounted for oxygen was determined by difference., As this difference
value was large in all cases, infrared analyses was used to indicate the most likely
type oxygen present.

Mass spectra data reported for the oil and wax fractions were obtained from the
HI-reduced material. By contrast, infrared spectra was determined on the oil, wax,
and resin fractions before reduction with hydriodic acid; also the aromatic oil was
not reduced with HI.

Adduct Wax. Based on mass spectra data, this fraction, which represented 2.7%
of the total reduced product, contained mostly isoparaffins and normal paraffins with
smaller amounts .of cycloparaffins (table 3)., Isoparaffins appeared to predominate
over normal paraffins; the normal paraffins ranged from Cjg to C34 carbon chains with
an average chain length of Cp (Average carbon chain length of this wax, determined
by X-ray diffraction, was 28 ? These data showed the presence of long carbon chains,
which suggested that the original oxidation product contained a small amount of fatty
acidse .

Ultimate analyses (table 2) showed that the adduct wax was highly saturated with
hydrogen and contained 1.8% oxygen. Infrared analyses of the fraction before reduc~
tion with HI, shown in table L, confirmed the presence of a predominance of chain
structures. The average molecular weight .of the adduct wax before reduction with HI
was L05. : - B o

Nonadduct Waxe By contrast, the nonadduct wax traciion, which represented 9.5%
of the total reduced product, contained predomina.ntly cyclic structures and only a
small amount of normal paraffins and isoparaffins (table 3). The cyclic portion
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consisted of aromatic and naphthenic rings with a predominance of the naphthenic
rings. The number of rings per molncule ranged from 1 to 6 with an average of 2 to
3 rirgs per molecule.

Tavle 3. Constitution of the HI-reduced Wax and Paraffin 0il Fractions
Obtained from the Distillatlon Residue

Average Composition, mols %2

Wax Paraffin 0il
Adduct Nonadduct Adduct Nonadduct
n-paraffins . 27 4° 8k 60
Isoparafiins , 66 - 7 -
Naphthenes
Mono and noncondensed '
naphthenes 3 1 - 13
Condensad naphthenes
2 rings’ : 1 19 1 22
3 rings 1 b 2 13
L rings 1 5 2 3
S rings 1 19 2 7
6 rings . - .8 2 6
hronatics = 22 3 25
Total .- w0 - 100 100 100

apetermined from mass spectra.
OTotal normal and iscparaffins.

Cxygen functional groups were determined by the methods described earlier and

the results are shown in table 5. The fraction contaired 5.L4% oxygen (table 2),
which appeared to be mostly in the form of ether or carbonyl oxygen with smaller
amounts of ester, but no hydroxyl oxyzen. Infrared spectra befcre reduction with
HI, shown in table l, indicated medium to weak absorption for ester, ketone, alcohol,
and anhydride oxygen suggesting a predominance of ether oxygene The presence of only

small amounts of long carbon chains was also confirmed by infrared analyses; howaver,
strong avsorption in.the 7.3 micron region indicated ths presence of considerabls
terminal CHy groups. This fraction had an average molacular weight of L0O before
reduction with HI and 360 after reduction.

Adduct Paraffin 0ils The adduct paraffin oil, one of ths smaller fractions
representing only l.4% of the reduced product, was ccmposed largely of normal
paraffinsg with smaller amounts of cycloparaffins and isoparaffins (table 3). The
normal paraffins ranged from Cig to C3g carbon chains with an average chain length
of Cz3e (The average chain length degenm_ned by X-ray diffraction was Cz2,) The
naphthenic material contained 2 to 6 rings per molecule.

Ultimate analyses (table 2) s'n&r.-red that this fraction was highly saturated
with hydrogen and contained 1.2% oxygen. Because of limited size of trke fraction,
oxygen functional groups were not determined by chemical methods. Infrared spectra
of this fraction, sinown in table L, indicated the presence of very little oxygzen
functicnal groups. This suggested that most of the oxygen was ether oxygen. Strong
abgorption in the 13.7 and 13.9 micron region confirmed the presence of considerable

7
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Table Lk, Infrared Spectra of Wax and Oil Fracticns Obtained
From the Distillation Residus

Intensity?
Band : . Addquct tionadduct
Locations, Adduct  Nonadduct  Paraffin Paraffiin
Microns - Wax Wax il Cil Possible Interpresvations
2.9 W w W W OH (conded)
3.5 S s S S CHp, CH
570 M- &y W W c=0 (es%er)
578 M-I M W MW C=0 (ester)
5.95 None M= W T £=0, aromatic
6425, 6.35 w M- W M- Cc=C (aromatic),
) carooxylate ion
6.8L s 5 S CHp, CHj
T30 M- S .4 S CH3
7455 W M W ' Lij —
3.10 ' § ¥ None . None Ester,
8.U5 W M None - Necne ketone, alcohol,
8.55 oW " oW None anhydride
11.25 L MY ueW w -
.5 - W N ) oMW Aromatic
12,7 ) S M M M- ~
13.15 '~ None -~ MNone "~ None None - Aromatic

13.7, 13.9° s .. .. W . s R Alkyl chains

aF - weak, M- medium and'S - strong.

‘Tébie.S. 'Oxygen Functional Groups of Various Fractions

' .Perc‘entv of Total Oxygen
' : Ether, Carbonyl

» Hydroxyl Ester Alkoxy and Qthers2
Nonadduct wax o] 36 - o
Nonadduct paraffin oil 2 27 3 68
Nompolar resins : : 0 : L5 15 Lo
Polar resins 6 27 3 : 6l

apetermined by differences

normal pa.ra.ffiﬁs. There was also some evidence for the presence of terminal CH
groups., The molecular weight of this fraction was 310 before reduction with HIT

Nonadduct Paraffin O0il. This fraction, which was the largest single fraction
and amounted to 27.9% of the original reduced product, #was predominantly nzphthenic
with smaller emounts of aromatic and paraffinic constituents (table 2). The naph-
thenic material had 1 to 6 rings per molecule with an average of 2 to 3 rings per
molecule, The normal paraffinic and isoparaffinic consiituents representad cnly a
small portion of the total fraction; however, about 25% of the material was of
aromatic composition. ’ '
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rzen functicnal groups were determined by the methods described eariier and
the results are shown in table 5. Of the 7.6% oxygen present in this fraction
(table 2), the majority aonearea to be present in the form of ether cor cartonyl
oxygen with smaller amoun%s. of ester, hydroxyl and alxoxy functicnal groups. 4 ¢
predominance of ether cxygen was indicated oy, infrared analyses (tacle 4) since
the abscrption for carbenyl and cther oxygen was weak, -Also, weak absorption in
the 13.7 and 13,9 micron regicn indicated the absence of long aliyl chains; how- <
ever, strong absorptien in the ‘7.3 region indicated ths presence of ccnsideracle
termiral CH, groups. This fracticn centained very little nitrogen and sulfur and

had an zveré*e rnolecular weight of Lth pefore reductlon with HI and 350 after re- N
cuctiola \
Aromatic Cil.  The aromatic fraction, )Vh:Lcn epresented >. 3Z of the tota =

reduced product, was separated into 3 additional fractions; namely, 1so-cctenea,
benzene, and 2-r>~'cpa.nol eluted material {figure 1). These fractions are referred
tc as mono/di, tri, and tetra nuclear aromatic s, respectively. Pipercnal chloride
color tests ‘_md;cated that the iso-octene eluted material, which was the major v
arcratic fracticn (table 1), was precominantly mono/di nruclear arcmatics. This

was confimed by mass spectra data shown in table €, which indicated that the .
nmaterial was nostly indanes and tetralins wvith'Smaller arounts of the other series
of aromatic compoundss The benzene series had large peaks at m/e 288 and m/e 259.
The m/e 238 peak was a parent peak that lost an ethyl radical to form /e 259 and
may represent ihe molecular weight of 'L co"pomd or several isomeric compounds.

4 molecular weight of 288 indiczted that 15 carbon atoms in alkyl gzroups larger

than n-propyl were atitached ‘to the benzens ring. Considering all possivle substi-
tutions and eliminating some by infrared analyses, —euhylnron_y'l substitution
appeared most likely., In addition to ‘tri-substituted benzeres (iol. wt, 288)

there was evidence of di-substituted bénzénes.-(lol. wt. 215), di-substituted indanes !
(tfol. wt, 258)/di-substituted tetralins (Mol. wt. 272), and di- and tri-substituted
indenes (ifol. wt. 256, 326).. These substitutions are shown diagrammatically in

figure 2, The location of the substituted groups is not known; however, there is

some evidence for the presence cf. sy:zmatncal tri-substituted benzenes. Also, it

is not meant to moly that other series of aromatics with the same "X-number" are

not present, but the ones indicated appeared to be the best possibilities. It

was assumed thdt the aromatic compounds isolated were degraded from kercgen and

wers not formed during the oxidation or reduction prcceduress Therefore, each

substituted group may represent a ruptured ring or ring system and suggests the

presence of . carbon skeleton structures in kerogen similar to that present in these
compounds, Ring systems that would be readil,y ruptured by #in0), to produce simiiar
substitution on arcmatic nuclei after redx.ctlon are cyclonentancne » cyclcpentanol,
crclopentene or ot]"ers. o

-

Table 6, - Constitution of Aromatic 0il Fractions From the Distillaticn Residue -
' Jolume, %2
E

Iso-octene eluted®

enzene eluted®

Benzenes - - E ' 12 - 16
Indanes and tetralins : o L1 29
Indenes and dihydronaphthalenes BN 15

?Japint?a;en,es 10 1c
Aceraphthenes ' . 10
Acerazhinyleres 5 w
Anthrzcenes and phaenanthrenes 10 11

motal . m 10
8Determired from mass spectra.

~T::3 ratio of calculated to cbserved to tal ionization was 0:65,
CTha ratio of calculated to observed total 1on1zat10'1 was 1.09.

1o
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Resins. The resinous matenal obtained from the original product consisted of
nonpolar (Mol, wte 530) and polar resins (lol. wt. 800) and represented 12 and 26%
of the total material, respectively. Elemental analyses (table 2) of each fraction
showed that they contained large amounts of oxygen and smaller amounts of nitrogen
and sulfur. Oxygen functional groups were determined by the previous methods
(table 5) and appeared to be present as ester and ether or carbonyl oxygen with
smaller amounts of alkoxy oxygen. The polar resins ccntained some hydroxyl and
little alkoxy oxygen. Infrared analyses of the two resin fractions are shown in
table 7. Both fractions showed weak or no absorption in the 13.7 and 13.9 micron
region, indicating few carbon chains with more than four methylene groups. Strong
absorption in the 7.3 micron region indicated the presence of considerable terminal
CH3 groupse Absorption in the arcmatic region was weak; consequently, these ma-
terials appeared to be composed predominantly of saturated cyclic structures.
Infrared spectra showed evidence for hydroxyl, carbonyl and other oxygen functional
groups, some of which was due to unreduced ester groupse

" Table T. Infrared Spectra of Resin Fractions Obtained
o . From the Distillation Residue

Band " Intensity®

Location, " . Nonpolar Polar :
Microns' . ” Resins " PResins o Possible Interpretation
2.9 UMW U= . " 0H (bonded)
3.45 - .S - CHo, CH
5475 5 ‘s . : c=0 (es%er)
5.95 W None C=0, aromatic
6.25, 6.35 M- o C o (aromatlc), carboxylate ion
8.10 W 5=k . | .Esters, ketones,
8.9 s None : [alcohols , anhydrides
.k W None Aromatic
11.5 None w Aroratic
13.L5 S None Aromatic
13.7, 1349 W None ’ Alkyl chains

a8y - weak, ¥ - medium and S - strong.

Polar (0il-and Pentane-insoluble Material. No analytical data were obtained for
these fractionse.

Composition of the Original Acids. Approximately 59% of the original acid frac-
tion was identified by a previous study (4). In the present study, the remaining L1
was characterized as shown in table 8. These complex acids, whose molecular weights
have a maximum of more than 1200, consisted of small a.mounts of straight—chain and
aromatic acids, but were predominantly saturated cyclic and heterocyclic acids.

There was evidence that the oxdidation product contained appreciable amounts of
ether ocxygens. Fractions of the material obtained by the reduction of the oxidatior
product contained 7 to 19% oxygen, of which 4O to 70% may be ether axygen. A quan-
titative estimate was obtained from the remainder of the reduced product and a com-
parison of the oxygen present in the original kerogen from which these products were
obtained, The total oxygen accounted for in the reduced product equaled 22% of the:
oxygen present in the original kerogen, which indicated that at least 10 to 15% of
the oxygen present. in kerogen may be ether oxygen.
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Table 8, Ccmpésition of Acid Fraction Obtained from Kerogen
by Alkaline Permanganate Oxidation

Percentage Percentage
of Reduced of Total
Productd AcidsP
Normal paraffin acids ’ S
(Cy to Cg) - - ‘ 59
Normal paraffin acids ' : : .
(C15 to C38) o o 2 | 1
Isoparaffin acids A ' 2 1
Cycloparaffin acids : : »
{1 to 6 rings) . v ' 3L N L
Aromatic acids " B _ o :
(1 to 2 rings) ‘ B | 6
Heterocyclic acids - SR Y4 ‘ ' "
' Total - 100 100

apetarmined from mass. spectra. . : ‘
bBased on analyses ootained from data presented in this report and a previous
report (li). ' ' :

By choosing other oxidation conditions different yields of complex acids could
have been obtained. For example an 8-step-oxidation procedure produced L% oxalic
acid, 17% COp, 2% volatile acids and .77% complex organic acids. About 50% of the
organic acids had molecular weights frem 1200 to 1L0O and did not undergo the re-
actions used in this study. Consequently, the oxidation used in the present study
appeared to be a ccmpromise between the two extremes and no attempt was made to ob-
tain maximum yield of -any one type of constituent.

SUMIARY AND CONCLUSICHS

The oxidation product cbtained from Colorado oil=-snale kerogen consisted of n-
raraffinic, isoparaffinic, aromatic, naphthenic and heterocyclic structures; the
naphthenic and heterocyclic types predominated.

The n-paraffins ranged frecm Co to Cag compounds. The cycloparaffins contaired
1 to 6 rings per molecule with di~ and t¥i-nuclear material being most prevalent.
Alsc, mono/di-nuclear aromatics appeared to predominate over compounds having more
rings, The aromatic fraction contained nuclei with 3-ethylpropyl substituticn at
two and three points. The presence of this type of compound in the degradation
products suggested that the permanganate oxidation cleaved S-membered ring systems
such as cyclopentene, cyclopentanore, or cyclopentanol that were substituted on
tenzene, tetralin, indane or indene nuclei, This structure has not been identified
previously in kerogen degradaticn products. :

Evidence was found for the presence of ether oxygen in the original kerogen.,
The four major fractions obtained by the reduction of the oxidation product still

contained appreciable amounts cf oxygen, most of which was unreduced ester and ether
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oxygen. This indicated th‘at Colorado kerogen contains some cyclic or bridge ether
oxygen. It seems unlikely that stable ether groups would have been formed during

any ol the treatment procedurese.

In general, these data show that Colorado oil-shale kerogen is predominantly
a cyclic material, highly saturated with hydrogen and contains oxygen, mitrogen and
sulfur atoms associated with ring structures. There is evidence for the presence of
some aroratic and long~chain structures, each representing small portions of the
kerogen, The nature of the oxidation products suggests that the kerogen is composed
mostly of ring systems connected through short carbon chains, bridges or hetero
atoms and is not composed of highly condensed ring structures (2 to 3 rings predomi-
nate). These conclusions are in agreement with those ootained from previous studies

(1y5,6)
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: comasssmn.m. FACTOR OF NATURAL GASES
AT _600F AND ONE ATMOSPRERE

"D. McA. Mason and B. E. Eakin

' . Institute of Gas Technology
: Chicago, Illinois

INTRODUCTION

Modern esnalytical techniques have markedly improved the accuracy
wilth which the composition of a gas can be measured. For wmany years
fuel gases were analyzed by volumetric techniques, such as the Orsat
or Podblelniak. Heating .values and specific gravities were also.
determined at atmospheric conditions for. pure components and fuel gas
mixtures, thus resulting in real gas values.. However, because of low
accuracy in the analytical methods; particularly with respect to
determination of the heavier’ hydrocarbons, differences between calcu-
lated and observed heating values were generally ascribed to experi-
mental techniques, and not interpreted on the baslis of gas law

deviations.

With the advent of the mass spectrometer, more accurate and
complete analyses of gas. mixtures may be obtained. - These analyses
are on a true mole fraction, or ideal gas, basis. Also, accurate
ideal gas heat of cowmbustion values can now be derived from the work
of Rossini et al., API Project 44° . However, full utilization of

this improved accuracy can not presently be obtained in the calcu-

lation-of real gas heating values and specific gravities. The lack
of sufficient data to.permit accurate prediction of the compressibility
factor for real gas mixtures may result in significant.differences

between measured values and those calculated from the gas analysis.
Largest deviations occur in-fuel gases containing appreciable quan-

tities of heavier constituents

An experimental program was therefore planned to obtain
compressibility factor data at 60°F and one atmosphere on fuel gas
components -and mixtures. It was anti¢ipated that these data would
provide the vasis for development of generalized procedures for
prediction of compressibility factors of gas mixtures. This project
was undertaken as part of the continuing basic research program of
the Instltute of Gas Technology, and was sponsored by The Peoples
Natural Gas Compeny. The results obtained for natural gas components

- and mixtures are reported here.

Methods used for determination of gas compressibility factor
fall into two groups: 1) gas density, and 2) pressure-relative
volume measurement. In the first group of methods, gas denslity is
measured by gas balance or by direct welghing In a bulb. The
compressiblility factor is calculated from the expression:

- | (1)
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where V 1s the volume of one mole calculated from the denslty and
molecular weight of the gas. The accuracy of thls method depends
on absolute values of pressure, volume and tewperature.

In the second group of methods, measurements of pressure and
relative volume are made over a range of pressure, and pvV or a
related parameter 1s extrapolated to zero pressure, as in the
Burnett method. A method of thls kind for use at pressures near
atmospheric was described by Jessen and Lightfoot.® Data are
obtained at two or three different pressures by confining the
sample of gas in progressively larger volumes over mercury. The
compressibvility factor 1s calculated by filtting the pV measure-
ments (V is the measured volume here) with an equation such as:

= (Vo z = (3Wo (1 + Bp) (2)

Here the accuracy depends primarily on relative volume and pressure
measurements, and constancy of temperature, rather than on absolute
values of these quantitles. Absolute values of pressure and tem-
perature affect the result in a much less critical way; that is,

by the dependence of z on Pressure and temperature, and not by the
dependence of pV and RT. Simllarly the accuracy of z for mixtures
1s not affected by the dependence of gas density on composition. ‘
However, the method 1s dependent on the linearity of z with pressure.

L il BRCR dnta il  t i, 2 DM e

According to the statistical mechanical expressions for virial .
coefficients in the equation 4

DV = RT ( 1+ Bo+0p® + ...) (3)

the second virial coefficlent, B, represents the deviation from 1deal
behavior involving collislons between two molecules.® From this
theory it also follows that the second virial coefficient for mixtures |
involves only binary lnteraction terms, and is of the form:

Bnl = X12B1 + X22B2 + stBg + e ‘1

+ 2X,X2By2 + 2X1X3Byas + 2XoXsBas + ... : (W)

where By, Bz, Bs, ... are second virial coefficients of the pure 4
components, and Byz, Bys, Be2s, ... are interaction coefficlents. '
The latter can be evaluated by experimental determination of 's q
on binary wmilxtures, together wlith knowledge of the B's for pur

components. The effect of the third v1rial coefficlent at one

atmosphere 1s very small and is considered later.

Flve components usually occur in natural gases 1ln concentrations
of 5% or more: wmethane, ethane, propane, carvon dioxide and nitrogen.
Mlnor amounts of isobutane, n- butane, isopentane and n-pentane also
occur, together with traces of heavier hydrocarbons. A review of
the llterature indicated that sufficlently reliable values of
atmospheric pressure nompressibillty factors are avallable for the ‘
ma jor components, *’% but not for the minor components. Also, although i
only very limited data were available on mixtures of these components, -
the data indicated that composition had a very sizeable effect ou
compressibllity factor.
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Therefore, compressibllity factor measurements were made on the
pure butanes and pentanes, and on a series of selected mixtures. The
interaction coefficlents among the flve major components, and of
methane with the four minor components, were determined. In addition,
the interaction coeffic*ents of n-butane with all ma jor components
was measured to orovide a basis Tor prediction of those not determined
experimentally. k

APPARATUS

The apoaratus is shown- in Wig 1. The mlxture preparation system,
gas expansion system, mercury reservoir and the lower part of the

qamercury manometer are mounted in a water bath wlth a plate-glass

front.” The temperature of the bath was maintained within O. 05° of
15.55°C (6O°W), and did not vary more than 0.01°C during any one run.

A and B are Hoke stainless steel cam- closing valves. Connection
to glass parts' is made through stainless steel Swagelok fittings and
1/8-in. stainless steel tubing sealed to the glass “with Dekhotinsky
cement. - Other valvés are Hoke toggle or needle valves. The upper
part of the lonc ‘manometer arm extends out of the bath and is equipped
with a Jackeu for water circulation. IHanometer arms and jacket are
constructed of precision bore tubing; arms 1 and 2, 12 mm ID; arm
3, 13.8 mn ID. Vacuum is naintained at 0.02 mm or less with a
mechanical vacuum pump and dry ice ¢old trap, and is read with a
tilting HMcleod” gage sensitive to.0. 0l mm Hg. Mercury levels are
read to 0. 03 m - Wlth a Gaertner lOO .cm, cathetometer.

‘ Tne mixture preparation bulbs, gas expansion bulbs, and manometer
arm 'l were calivrated try vwelght of mercury delivered. The volume
of valve 3'and the capillary manifold in the éxpansion system, and the
vdmm(wmma1mlmsAamiBaM'metqam‘Meuqmibﬂbintm
mixture preparation system, were determlned with a 10 cc gas burette.
The volurie between the top- and bottom menisci of the manometer arm 1,
and corrections for- capillary depression, were taken from Kistemaker7’3.

MATERIALS '

The hydrocarbons used were Phillips research grade According
to the supplier, purity of the wethane was 99.68 mole %, with im-
purities of ethane and nitrogen Purlity of the other hydrocarbons
was 99.9% or better. 'The carbon dioxide was Matheson, bone dry grade;
the nitrogen was Matheson prepurified Componients other than nitrogen
and ‘methane were condensed in.the freezeout trap to remove air.
The part of .the apparatus- being filled tras flushed with the component
before filling. _ :

PROCEDURE

In makinc binary mixtures the first component was measured in
the gas- expansion system. The second component was measured in the
mixture preparation system by means of manometer arms 2 and 3.

Then valve A was closed and the gases were mlxed by belng forced
from one buret to the other several times. A similar procedure was
folloved in making multicomponent mixtures, except that the inter-
mediate components were.measured one at a time in the mixture prep-
aration ouret_and transferred to the gas expansion buret. Gas
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remaining in the sectlon between valves A and B afuer the transfer
was discarded. , :

. In most'cases, the two upper bulbs of the gas expansion buret
were filled to a. pressure of about 950 mm Hg. Three to five readings

of the top and bottom of the mercury menisci in the two arms of the

manometer, and of a reference point. on’ manometer arm 1 were taken.

The position of the wmercury vas ‘changed a millimeter or so for each
reading, to wminimize, the erfect of local imperfections of the
manometer tubing and platé glass window. Similar readings were
taken after the gas was exnanded to 111 all three bulbs. Measure--
ments on Cs hjorocarcons nad to be: taken at lower pressures; a
maximum of . about 80% of" saturatlon pressure was used.

The apparatus wvas constructed with three bulbs to allow measure-
ments at three different,pressures on the same cnarge_of gas 1n order
to detect variation of the slope in equation (2) with pressure.
However, from variances of the pVv measurements at different pressures,
it was concluded that better accuracy might be obtained if only the

‘larzer volumes vere. used since volume measurement as well as pressure

measurement contributed to the error. - Accordingly, data at lover
pressures was obtalned by removal of part of the semple and repeatlng
weasurements on the’ same two comolnations of” bulbs

Data ‘were. fitted to equatlon (2) by least squares computation
on &n Alwac III dlrital computer.u ;f~ ,

COMPRASSIBILIWY FACTORS OF FURE COMPONENTS

Results- for the. coefflcient /3 equation (2) obtained cn C4
and. Cs oaraflln hydrocarbons -are présented 1n Table 1. Determina-
tions at lower: pressures. ‘were, made as' g part of Runs. 2. and 6 on
n-butane, and of ‘Runs 3 and 4 on isobutane, to detect the change
of coefliclent wish: pressure.» A trend in the direcilon of smaller
nunerical values of ‘the coefficient at lower. pressures is evident.
Such tests were confined to the Ca hydrocarbons, since the effect
is barely detectable with them and is likely to be less with lighter.
nydrocaroons and with mixtures,. .Determination on the Cs hydro-
caroons at necessarily lower pressures would not yield significant
results on hﬂlS question.

In order to obtain the oest value of 1-z (l atm, 60°F), the third
virial coefficient was; 1ntroduced to . account fo .ne‘observed :
trend of I vith pressure-“ RIS . : S

W »= ) : .2- .: :
T§v76— 1+Bp+Cp ) | | (5)

An approx1maulon formula was derived from which wvalues of B and C/B
could be evaluated from two measured values of and the average

~initial and final pressures, pi and pz’ of each’'run

-B=_.ﬁ[1-§(pl+pz)] e

The ratio C/B .was evaluated by appllcatlon of formula (6) to-the data

from pairs of runs on the same sample, one made at normal pressures




Table 1.

AT 60° F.

Run No. é (atm )

n-Butane
1 -0.03413
2a -0.03466
2b- -0.03433
-2¢ -0.03422
> -0.03423
4 -0.03453
5 -0.03411
6a -0.03437
6b -0.03297
6c -0.03416
Isobutane
1 -0.03022
2 =0.023893
Ja -0.03013
b -0.02973
4a - =-0.03022
4p -0.02942
EFPentane _
1 -0.0550%4
2 -0.05632
Isopentane
1 -0.05199
2 -0.05076
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GAS TAY DEVIATIONS OF C4 AND Cs PARATFIN HYDROCARBONS

Atmospheric
Gas Lavw
_ Deviation
‘D, + Do (atm) h=1-2
1.901 0.03361
1.826 0.03417
1.437. "0.03410
1.04Y 0.03419
1.849 . 0.0337h
1.830 0.03404
1.846 0.03362
1.862 0.03387
1.458 0.03370
1.027 0.03414
@1ghued Avg 0. 03394
“Io. 00008 (a
1.894 0.023982
1.891 "0.02953
1.889 0.02973
0.937 0.02970
1.881 0.02982
0.895 0.02947
Welghted Avg+o 02971
Z0. 00010 {a
0.578 0.05570
0.525 ; 0.05703
Welghted AvgO. 0565
Z0.0007 (b
0.723 0.05236
0.766 0.05107
Welghted AvgO. 0518
20.0005 {b

From pooled variance of b values for both butanes.

From variance of the pV wmeasurements.

)

)

)

)

13
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and the other at about half the normal pressures. Runs 2a wilth

2¢, and 6a with 6¢, on n-butane, and Runs 3a with 3b, and ¥a with
b, on isobutane, glve C/B ratios of 0.016, 0,007, 0.01% and 0.026,
respectively.- The average of the .four, weignted according to the
varlance of the pV. measurements, was 0.015; 1ts standard deviation,
also calculated from- the variance of the pV measurements, was 0.006.

It was. desirable to anply similar- corrections to our results
for Cs hydrocarbon and mlxtures. However, the C/B ratio for
lighter gases at 60°F is: smaller than those observed for the
butanes, e.g., ethane, 0.0061’3, yhile higher ratios are theoretically
expected for heavier hydrocarbons®., The observed ratio of C/B for
the butanes vas approximately equal to B/2. ' In order to correct
our results on a consistent basls over :the complete range of
deviations, we adopted a C/B ratio of B/2 for all the hydrocarbons
and mixtures.‘ ,

Gas lav deviations of the C4 and Cs hydrocarbons, in the form
of 1-z . . for easy comparison with the uncorrected values,
are shovm in Table 1. Maximum error of the compressiBility factors
of the butanes is estimated to, be O O/p, and for the pentanes, 0.1%.

Values of gas law deviations for. pure components used in the
calculation of data on mix tures are collected in Table j

BINARY INTERACTION CO"“FICIENTS

Interaction coefficients determined oy measurement of the
“omDressioility factors of blnary mixtures of natural gas components
are presented in Table 2. -These have been calculated by means of
the mixture rule.of equation (%) but ‘using the gas law deviation
(1-z) “+ rather than actual second wvirial coefficients. Since
the third and higher virial coefficlents mske only a small con-
tribution - (maximum about 1%). to the deviation, error from this
aoproximation should not be significant o

Estimated standard deviations ‘'of the methane - n-butane and
methane - n-pentane averages are 0.00034 and 0.00045, respectively.
The estimated standard: deviatlon of otber average 1nteraction
coeff1c1ents is 0O, OOO22. _

Agreement of experimental qas law dev1ations vith the mixture
rule was tested Dby determinations of interaction.coeffilcients on
1:3 and >:1 mixtures of methans with n-butane, and of carbon
dioxide with n-buténe. 0On the carbon dioxide - n-butane system,

agreement is Within experimental error and no trénd is apparent.

On the methane - n-butane system, & trend of increasing interaction
coefficient with Increasing methane content is noticeable however,
the difierence ‘between 3:1 and. 1:3 coefficients is not s1nnificanu
at the 90% confidence level. Compressibility factors of the methane -
n-butane mixtures calculated from. the average interaction coefficient
reported in Table 2 agree with the determined values within 0.06%
maximum deV18ulOn, and agree to 0.03% on the average.



e}
tn

*aanjxym 6yl U] §jusucdwod eyl Jo X pue Tx suoljoexy eTom 38 ‘ATen1)08(

sag ‘g aueuodwoo aand pur ‘T ucmﬁogsmo
a =

sand ‘aanixim syj 10J easydsowsr 2Uo 1& (Z-T) SUOTLIBTASD ABT se@ oam 2q ‘Tq ¢ q 2a8UM ¥Q,%X + QX 2 + Tq, X =

T8100° 3ay

8Tc00" 65200° 006
wh100" 02z00" 9° 64
§L600° Bay

T20T0" 2eceon’ 9" 4
/600" 9GHTO" c 04
06600" 86HTO" G 6h
GL600" /2600 G il
L,L100° Bay

00800°* 26600° 1°0S
Wk 100* L1600 0°6h
€2500° BAY

76400° 20900° T° 6%
25500° 0£900°* G 6k
G9z00° Ay

0l200" €2£00" 5 6h
09200 8T£00° 9" 64
19€00° 3ay

2gco0” ‘0L0T0°* ¢ 6
25¢£00" 6¢0TO" Q' 6k
84c00" 3aY

7€<00° 22900"* L6k
29¢00" T.900° 3ay

- - €8900° w8k
- = - 05900° b gh
- - - 28900° " gh
Gh200* Bay

9¢200° 7€£00" <0G
%5200° RHE00" T°05
GL000* 3ay

8.L000° €6000°* 9° 0%
2L000°" T6000° 0° 0%

FEAT <0G ucmpo@Eoo

qU9TOTJJ0) UOTIBTAS]
MET SBD

uoiaoeILlUL

SAMALXIN AMVNIF 0 INFIDIIITOD NOILDVITINI ANV ALITIGISSHYANOD-

18414 % 9TOW
uotiaisedwoy

-8p1XOoTp: U0qas)

-8pIX01p W0qaED
-8pTXOTP UOQIE
ZepIXolp uoqae)
-8pIX0TIp Uoqdcy

suenrng-U-us3oay N

suedoad~uedoas N
sueyjH-usF0Iy TN

mcmzumsucmwOMqu

Low2o* 8ay
gg¢ceo” 664720° 9° 64
92he0* w0G20" k" 04
us3oaq N
1OGT0® 3Ay
26510" 658T0" 8" 6h
ensTo" 0¢g8T0" 6" 64
_ 26110 3ay - .
suging-u 29TT0" © 6£2T0° 2° 0%
ceecTo” 992T0°. G' 0%
2C¢TITO" Say poaudiap
susdoad 08110" WhGTO® 6° 65
¢oTTO" 6.L4T0" G 09
LOTTO® ehe1o" 2’ 6%
suByld GZ600° Iy
£$600" - g&eTo” L1 65
L160C" GHeTO" 8° 65
susyj el 1£,00° 3ay pejusdiapn
h€900° wl120° 942
19600* 06120° Lce
£2.,00° 16220° 9°¢2
¢.1.00° €e¢To" Lo gn
G9.l00° 92¢T0" G gh
TTL00* £g500° T°5.
90800" 92900 8l
¢ /BOO* 20L00° T el
69900° 3ay
88900" LETTO" 6" 6%
16900" GGTTO" 9°gh
#.500° Ay
86500° TLL00° ¢ 0§
06500° g86.L00° L 6%
90#00" 3ay
9.£00°" ThkOO" L' 0%
9¢ HOO™ 2lhoo* 9°0G
BANIX TN AT P nusuodwo)
: JU9101JJ900 UOTIBTAX] 1SJd1d % 9TOK
uoTi3deIaqul MABT SB)

SININOJWOD SVD TVANLVN A0

uota1s0dmo)

sueng -U-ouedoad

sueqng-U-aueysq

euedoad-eusyad

ocmucmm|m-mcmnums

surjuadosI-susyasy

sueqng -U- sury1 8K

S1RINQOS I~8Uey ) ol

surdodaj-aue1sy

suByAHd-SURYI 4]

2anqx 11

N
5]



N
!
)
j
}
)

-

-

- PR

- 57 -

OMPLEX MIXTURES

In the Penedlct-iWebb-Rubin equation the linear square root
combination 1s used to predict constants for mixtures from con-
stants for the pure components for the second virial terms. Applled
t0 our parameter this yields

s [Z "ibi*-/z] o C z SR 3;‘;, xiijil/z"’j‘/z (7)

Comparison rith eguation & indicates that interaction coefficienus/
for a given component. } should: 1ie on a. straight line of slope b */ 2
if plotted against bo'/2. This plot is shovn 1in Fig. 2. peri—
mental points fall “easonably close to the predicted value, except
for carbon dioxlde mixtures. In order to retain the advantages of
the linear square root cowbination for calculating the compressi-
pility factor of complex mixtures, a pseudo. b value for carbon
dioxide has been calculated (Taole 3).

Tvo four component mixtures . wvere. p?epared and their gas lav:
deviations measured to test methods of predicting the cowpressi-
bility factors of complex mixtures. . The measured values are
Dresented in Table 4, toLether with values calculated ‘oy:

1) Linear combination. of gas law deviations of" comnonents,

2) Mixture rule with binary interaction coefficients,equauion.(“), and
3) Llnear scuare root combination of 'gas law deviations of pure
components equavion, (7), with the pseudo deviation for carbon

dioxide. .

These results indicate that the compressibilit factor of complex
mixtures can’ be. calculated by either 2) or 3) with an accuracy

of 0.03% or'bétter. ' This represents a distinct improvement over

the linear comoination.

Heating values of gas mixtures are sometimes calculated by
a summing of terms of the form x 10 where EE 1s the real gas
heating value of the pure componént. Thils fo &13 ylelds values
for the tvo mixtures in Table 4 which are about 3 Btu per SCF, or -
almost 0.3%,. too high. As a result.of this .study it is recommended
that the heating value be calculated on the basls of the ideal gas
heating values, and be corrected for nonldeallty by the mlxture
compressibility factor, calculated. by either of the recommended

‘combining rules, methods: 2) or 3). By this procedure the error

of calculation for the mixtures in Table 4 1s reduced to only
0.3 Btu/SCF, or 0. 03%. .
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Table 3. GAS LAW DEVIATIONS OF NATURAL GAS COMPONENTS AT 60°F
AND ONE ATMOSFPHERE

Hydrocarbon
Methane

Ethane

Propane
Isobutane
n-Butane
Isopentane
n-Pentane
Nitrogen
Carbon Dioxide

Gas Law
Devliation
b=1-2

0.0019

- 0.0084

0.0180

0.0297 —
0.0339

0.0518

0.0565

0.0003

0.0057*

Source

APTY
APT® .
APT
IGT
IGT
IGT
IGT
NBS*
NBS*

.* For calculation by linear square root combination, use the.
pseudo value, b = 0.0041.

Table 4. GAS LAW DEVIATIONS OF FOUR COMPONENT MIXTURES AT
60°F AND ONE ATMOSPHERE _

Methane, mole %
Ethane, mole %
Propane, wole %
Nitrogen, mole %
Carbon Dioxide, mole %

asured
bm meas

b, calculated* (1)
(2)
(3)

*.bm calculated fme‘:(l)
(2)
(3)

Mlxture 1~

67 .41

16.37
5.30
10.89
0.00
0.00274

0.00364
0.00292
0.00285

n

L xyby
Zx b4‘L+22x‘L ; 13
g Z xibil/z)z

1]

1

Mlxture 2
64 .14
20.68

5.02

0.00
10.16

0.00331

0.00544

0.00357
0.00362°



(1)

(2)

(3)

(%)

(5)

(6)

(7)
(8)
(9)
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THE DISTRIBUTION OF OXYGEN-CONTAINING FUNCTIONAL GROUPS IN PITCH
FROM A HIGH-TEMPERATURE COAL TAR

E. J. Greenhow and Galina S’ugoﬁdz

' Division of Cosl Research
Commonwealth Scientific and Industrial Reseerch Organization
P.C. Box 3, Chatswood, New South Wales, Australia

INTRODUCTION

The phenolic hydroxyl content of coal tar pitch is mainly confined to the
portion insoluble in light petroleum. In this portion there is approximately one
phenolic group per molecule of pitch constituent - indicating that the phenolic
bydroxyl, although emall in percentage, is a significant (1) constituent. It has
been shown (2) that, for a series of pitch fractions prepared from coke—oven,
vertical-retort, and low-~temperature tars, 40 to 68 per cent of the oxygen in the
benzene—éoluble, 1light-petroleum—-insoluble fractions and 28 to 63 per cent of the
oxygen in the pyridine-soluble, benzene-insoluble fractions is in the form of phen—
olic groups. .

: The present paper describes a systematic study of the oxygen-containing
groups in a pitch from a high-temperature tar obtained by carbonizing a medium~
volatile bituminous coal at 1000°C. in a technical-scale plant simulating condi-
tions in a by-product coke~oven. An attempt has been made to account for all the
oxygen, other than ethereal oxygen, in the pitch and to relate the conoentration of .
the variocus functional groups to the molecular size of the piich fraction.

| EXPERIMENTAL

A, Prnnaration of Pitch and Pitch Fractions

A pitch of softening point 66°C. (K. and S.) was prepared by rapid distil-
lation (70‘grams per minute) of a S-kilogram charge of tar in a metal still of the
S.T.P.T.C.: type — a method believed to yield a pitch similar to those produced .
industrially in pipe stills (3).

The pitch was separated bi.nto four fractions by' solvent extractionst

(1) "Crystalloids" - soluble in light petroleum (b.p. 60 to 80°C.).
(11) "Resinoids" ~ insoluble in light petroleum but soluble in benzene.
(iii) "C," - insoluble in benzene but soluble in pyridine.

2
(iv) "C," - insoluble in pyridine.

The Co fra.ctions were further separated by fractional prec:.pitation of a pyndine

‘solution of the C, with water.

2

All separations and functional-group analyses were carried out in darkness
and in an atmosphere of nitrogen. )

® Standardization of Tar Producté Tests Committee (Gregt Britain).
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B. Determination of Functional Groupé

1. DPhenolic droupg

I. Non-agueous tltratlon. - Mixtures of the sample (0.1 to 0.5 gram) with
2,6-xylenol (0.01 to 0.02 gram) were titrated potentiometrically in pyridine solu-
tion (or suspension) with 0.2N sodium aminoethoxide in ethylene diamine as describ-
ed by Greenhow and Smith (4) By co-titration with xylenol it is possible to
. estimate phenolic groups not normally giving a sharp end point in the absence of
this reagent, but in addition the method gives an estimate of the carboxyl,
phenolic ester, phenolic lactone, and some quinone groups. Carbon dioxide and
carboxylic acids give a separate inflexion in the titration curve (4), and may be
allowed for; the inflexion is sharpened by the addition of benzoic acid to the
sample (see 3, II below). Titrations were reproducible within 10 per cent.

IT. Mesylatlon. ~ The sample (O. 8 to 1 gram) in pyridine (50 ml.) was
treated at O to 5 %e, with freshly distilled methane sulphonyl chloride (7 ml.) for
about 24 hours, the mixture poured into ice water (200 ml.) and acidified with SN
hydrochloric acid, the precipitate washed with SN hydrochloric acid and, finally,
with water, and dried in vacuo at 50 C. The hydroxyl content was measured from
the increase in sulphur content of the sample; reproducibility was about four per
cent. It was found that various pure compounds, including heterocyclic tertiary
amines, quinones, esters, lactones, and carbazole derivatives, did not react with -
methane sulphonyl chloride under the conditions used. A low mesylation value was
obtained with indole, probably by the addition of part of the reagent molecule to
chains of indole polymer. Primary amines, secondary allphatic amines, and alco-
hols react to give the expected mesyl derivatives.

ITII. Methylation. ~ Diazomethane in ether was used as the reagent, a 1:1
mixture of dry ether and benzene as the solvent for the pitch fraction, and methanol
as the catalyst. . The methylated product was separated into two fractions, one
being insoluble and the other soluble in the reaction medium. Methoxyl determina—
tions were carried out on the methylated sample before amd after hydrolysis (with
N hydrochloric acid) for measurement of the carboxylic acid content.

IV. Acetylation. — The technique used was that of Blom et al. (5) in which
the sample is first treated with acetic anhydride in pyridine, the acetylated -pro—
duct is then hydrolysed with barium hydroxide, and finally the acetic acid is
distilled from the acidified solution and titrated. The acetic acid distilled
irregularly from hydrolysed acetylated crystalloids and resinoids, indicating that
further hydrolysis, possibly of N-acetyl compounds, was taking place in the acid
solution.

V. Methylation followed by acetylation. — Processes III and IV were used,- 2
in series.

VI. Acetylation fdllowed by methylation. — Processes IV and III, in that
order.

2. Carbonyl Groups

The method used was that of Blom et al. (5), in which hydroxylamine hydro-
chloride is the reagent. Oxime formation was measured in three ways, namely from
(i) the increase in nitrogen content, (ii) the decrease in nitrogen content on
hydrolysis of oxime, and (iii) determination of hydrolysable oxime as ammonia.
Application of the method to pitch samples gave a reproducibility of about eight per
cent.

3. Carboxylic Aecids

These were detsrmined by the hydrolysis of methylated samples (1, III above)
and by two additional methods.
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I. Decarboxylation. - A sémi-micro procedure similar to that of Beroza
(6) was used but with a larger sample (0.4 gram instead of 0.05 to O.1 gram) be-
cause of the low carboxylic acid content of the pitch fractions. Reproducibility
was about four per cent.
11. Non-aqueous titration. — A mixture of the sample (0.3 to 0.8 gram)
with benzoic acid (0.015 to 0.025 gram) was titrated potentiometrically using the

same solvent, titrant, and electrodes as in Method 1, I (above); the first major
inflexion was taken as the end point. Reproducibility was about ten per cent.

4. Ester Groups

The method employed by Knotnerus (7) for the determination of the saponifi-
cation number of blown bitumens was adopted. - . Reproducibility was poor (about
twenty per cent), probably because of the low solubility of the pitch fractions.

5. Quinomes

It is probable that much of the oxygen measured in the carbonyl determina-
tion is quinonoid. The increase in nitrogen content of samples following treat-
ment with diazomethane could also be attributed to quinones — but only to
1y4—quinones of the types known to undergo addition with diazomethane to form
pyrazoline rings (8, 9) - that is, "terminal ring" quinones:

' HC=N\
NH

o O +CHyNy; —»-0 o

A value for 1,4—gquinones can therefore be calculated from the uptake of
nitrogen. . A y

C. Molecular Weights and Coking Values

Molecular weights were determined cryoscopically in phenanthrene, and
coking values by the method of Charette and Girolami (10). .

BESULTS AND DISCUSSION

The solvent analysis of the pitch, the elementary analysis and coking
values of the pitch and pitch fractions, and the molecular weights of the soluble
fractions, are given in Table I. This shows that the percentage of oxygen tends
to be higher in the less-soluble fractions of the pitch, and that decrease in sol-
ubility is accompanied by increase in molecular weight and coking value.

Table II summarizes the functional group analyses of the pitch fractions;
values tabulated are the average of at least two determinations.

Close agreement for phenolic hydroxyl determined by non-aquecus titration
and by mesylation was obtained for the crystalloids and the resinoids. The val-
ues for functional groups in the C, fraction are generally low (Table III), probably
because of its insolubility. In %his case the mesylation hydroxyl value is higher
than the titration value and this may be due to the greater reactivity of the meth-
ane sulphonyl chloride or to the longer reaction time employed. ‘

In comparison with the other techniques, methylation ;nd acety;ation gave
lower values for phgnolic hydroxyl.

When methylated fractions were acetylated, higher overall hydroxyl values
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were obtained than when either acetylation or methylation was used alone. On the
other hand, when acetylated fractions were methylated, values were obtained similar
to those with methylation slone, and infra-red examination of the methylated ace-
tylated products revealed that all the acetyl groups had been eliminated. This
elimination reaction was noted for pure compounds by Bredereck et al. (11). Res—
ults obtained by acetylation-of methylated fractions suggest that methylation may
make functional groups more accessible to acetic anhydride. Several types of

hydroxyl groups appear to be present, probably of different acidities and/or
steric disposition.

Carboxylic oxygen in the resinoids and C, determined by hydrolysis of meth~
ylated fractions is higher than that measured by decarboxylation or non-aqueous
titration, and is highest in the 02 fraction. High carboxyl and low hydroxyl
(by methylation) values could be explained by lactones of the fluorescein type (12).

OH

‘which, on treatment with diazomathahe, give an ester

co0cwy

{7143,0

Such ‘a reaction could account for the low phenollc (i.e. hydroxyl) values obtained
with the C2 fraction.

Bearing in mind the relatively low accuracy of the decarboxylation and
titration methods it is probable that the carboxylic acid contents of the resinoid )
and crystalloid fractions are negligible, and the methylation value for the resinoid
fraction would again be due to the presence of lactones. The fact that there was
little difference in the values given by these two methods for the carboxylic-acid
content of the C, fraction, indicates that these values are significant.

The resinoid and 02 fractions had the highest carbonyl contents. The
three methods of measuring the extent of reaction with hydroxylamine gave similar

results, indicating that nitrogen uptake was entirely in the form of hydrolysable
oxime.

Calculation of 1,4-quinone oxygen from the nitrogen increase following
methylation has given values lower than those for>carbony1 oxygen (except with
crystalloids), but of the same order. The results could be interpreted to mean '
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that much of the carbonyl is in the form of terminal-ring 1,4-quinones.

Diazomethane also forms pyrazolines with gf-unsaturated ketones and alde-

- hydes (8); but in the present investigation it is assumed that these are absent

from high-temperature tar.

Ester groups appear to be absent from all fractions except the resinoid,
which latter has an "ester-oxygen" content approximately equivalent to the content
of carboxylic-acid oxygen measured by the hydrolysis of the methylated resinoids.
This qvidence supports the suggestion that methylation of a lactone-had occurred.

Oxygen, as phenolic hydroxyl (by mesylation), carbonyl (by oxime formation),
and carboxyl (by decarboxylation) is given as a percentage of the total oxygen
(determined by the direct method) in Table III. It can be seen that for the resin-
oids the total functional-group oxygen is higher than, and for the crystalloids and

. C, fraction lower than, the total oxygen; while for the C, fraction the total

f&nctional—group oxygen is approximately the same as the total oxygen. The high

value for functional-group oxygen in the resinoids could be explained, partly at
least, by the possibility that mesylation will determine other groups in addition
to phenolic ones. Non-aqueous titration — which gives the same value as mesylation -
can determins certain terminal-ring, 1,4—quinones as “"phenolic hydroxyl". . The
extent of such overlapping as this between the methods employed for functional-
group analysis is difficult to estimate, and at present an approximate figure can—
not be given for unreactive (i.e. ethe:eal) oxygen, although consideration of the
results as a whole suggests that this should be low for the resinoids and the 02
fraction.

The C,. is the fusible fraction of highest molecular weight obtained by the
solvent—extrégtion method used in this work, and it gives the highest yield of coke
(C,, being infusible, gives a char). Van Krevelen et al. (13) have shown that free
oalbon (c, + 02) of pitch is similar to a coking coal in its dilatometric proper—
tiesy 80 %hat the C probably contains the more important coking constituents of
pitch. : :

The present authors have separated the C, into three parts by fractional
precipitation of its pyridine solution with water (Table IV). As expected, ‘the
least soluble part had the highest molecular weight (832) and the most soluble the
lowest (420). However, the coking values were similar for each part and the phen-
olic hydroxyl content was highest in the lowest molecular-weight fraction. Clearly,
molecular size is not the only factor controlling either the insolubility of Co
in benzene or its high coking value. Results so far show that functional groups,
of which phenolic hydroxyl is probably the most important, play a part.

CONCLUSIONS

' (1) The concentration of oxygen-containing functional groups is highest in the

light-petroleum insoluble fractions and in particular in the 02.

(2) Phenolic hydroxyl, carbonyl, and carboxylic acid groups account for most of
the oxygen in the pitch fractions examined..

{(3) Phenolic hydroxyl is the most important oxygen-containing functional group,
whilst carbonyl oxygen and carboxylic-acid oxygen occur in approximately equal
amounts except in the resinoid fraction, where the carbonyl oxygen is high
{accounting for almost 50 per cent of the total) and the carboxylic-acid oxygen
probably negligible. :

(4) The content of ethereal oxygen is probably low in the resinoids and the 02
fraction. '

-(5) The "insolubility" and high coking value of the 02 fraction depend not only on
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its high molecular weight but also on the presence of reactive centres, ore of
which is probably the phenolic hydroxyl group. :
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TABLE III. FUNCTIONAL-GROUP OXYGEN AS PERCENTAGE

OF TOTAL OXYGEN

al Groups {
it ol I 68 5 46
cafg:;gﬁ formation) | s 48 22 17 |
Cafgzigi%:xziigion)‘l " ' 3 22 23

Total - 82 1 9 102 86

TABLE IV. PRECIPITATION PROIUCTS FROM 02 FRACTION

) Yiel
Fractions

c,/2
C,/3

% of Cp
Fraction

26.8

d, as

Black

Dark
brown

Reddish-~
brown

Mol. Wt.

Oxygen, as
Phenolic

Hydroxyl,

1.3

2.2

2.9

Coking
g| Velue, %

89.7
89.1
86.2

|
|
|
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GAS-LIQUID CHROMATOGRAPHIC ANALYSIS OF AROMATIC HYDROCARBONS BO [L [NG
BETWEEN 202° AND 280° IN A LOW-TEMPERATURE COAL TAR i

Ta-Chuang Lo Chang and Clarence Karr, Jr.

Low-Temperature Tar Laboratory, Bureau of Mines
U. S. Department of the [nterior, Morgantown, W. Va.

INTRODUCT ION

[n a previous publicaﬂonl the Bureau of Mines reported the results of a
detailed gas-liqu]d chromatographic analysis of aromatic hydrocarbons boiling up
to 218° in'a low-temperature bituminous coal tar. The present work extends this
detailed characterization to include compounds bonllng up +o 280°, specifically,
compounds in the range 202° to 280°.

Previously, only abouf 10 aroma+|c hydrocarbons boillng befween 202° and
280°, lncludlng naphthalene and 5 alkylnaphthalenes, were .found in low-femperafure
tars and in all. instances by older Technlques2 6, Quantitative results were
essenflally non-extsfenf. ' : o

In the- presenf work employmenf of the emlnenfly effective combination
of gas- I|qu1d chromafography and spectrophotometry enabled this laboratory to iden-
tify 48 compounds, including 9 mentioned In the previous publication. Of these
identified compounds 20 are alky!naphthalenes, including ai! isomeric dimethy|naph-
thalenes, except the |,8-isomer, The rest of the compounds identified inciude
methylated indans, tetralins, Indenes and biphenyls, and some oxygenated aromatic
hydrocarbons.. Cyclohexyl!benzene and 2a,3,4 5—Te+rahydroacenaphfhené, which had
never- been reported in any low-Temperafure tar, were also found. Quantitative
defermlnaflons were made on nearly all compounds. :

A correlaTnon between logar ithm of relaflve retention at 220° and boiling
point for some alkylbenzenes and some alkylnaphthalenes was esfabllshed this made.
it p055|b|e toidentify several additional constituents of The +ar. This correla-
Tlon is slmllar to the one for alkylbenzenes at I50° ’

EXPER [MENTAL WORK AND RESULTS

i. Preparation of aromatic conceniratfes fron the coal far for gas-liquid chroma-

The same neutral oil from a West Virginia bituminous ooal tar that was .

- used in the earlier part of this work was used for the present analysis. The

neutral oil was distilled to the equivalent of 260° in a Podbielnliak Hyper-Cal
hlgh-femperafure automatic distillation-apparatus at 50 mm., with the results shown
in Table | of the previous publication. The residue left from this distillation
was further fractionated at 10 mm. in a Fisher Unitized disti|lation apparatus

with a 12 mm. [.D. column, using a reflux ratio of. 20 to |. The results of this
distillation are given In Table . Equivalent atmospheric bolling points were
estimated from a standard nomograph.

The dis+illa+94frac+fonsvwere each .separated into saturates, unsaturates,
and aromatics by means of displacement chromatography with siiica gel, as pre-
viously described. The data on displacement chromatography are summarized.in
Table [{. : o
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TABLE [

FRACTIONATION OF NEUTRAL OILS [N FISHER STILL

Charge:

Distiilate

Residue:

Loss and holdup:

131.4 g.

8.35 wt.-% of the tar

338.0 g.

"

201.8 g.
4.8 g.

uu

38.9 %

59.7 &
1.4 %

Fraction -~ Head femperature, ‘Estimated b.p.; Weight,

1
j
%

No. °c., 10 mm. °C., 760 mm. g. {
[ 22 - 124 257 - 259 2.9 {
2 Tox =127 259 - 262 9.0
3 127 - 129 262 - 265 9.0
4 129 - 132 265 - 268 9.3 1
5 132 = 134 268 - 270 8.5 1
6 134 - 135 270 = 272 6.2
7 135 - 137 272 - 274 9.2

) 137 - 138 274 - 275 9.6
9 {38 - 139 275 - 276 9.0
10 139 - 141 - 276 - 278 9.0

1 41 - 143 278 - 280 8.6
12 143 - 144 280 - 282 9.4 A

13 144 - 146 282 - 284 9.2
14 146 - 148 284 - 286 9.3
15 148 - 149 286 - 287 9.6 p
16 149 287 3.6 ’

Total  131.4
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[[. Analysis of aromatic hydrocarbons by gas—lxgu:d chromaTograghx »
. Apparatus and operating conditions. A Perkin-Elmer mode! 154G Vapor

Fractometer equipped with thermistor detectors was used. The response range of the
recorder was from 0 to.2.5 mv, and the chart speed varied from 4 to 20 .inches per
hour; depending on the retention times of thé components. The ‘peak’ areas on the
chromafogram were measured wifh -a planimeter.

Two columns were used, each made from a 20-ft. x |/4~in. O.D. copper

Tublng filted with approxnmafely 75°'g. of packlng made of 25% Aplezon L grease on

30- to 60-mesh firebrick. One of. the columns was used at 200°, which was the tem-
perature chosen for the analysis of the fractions boiling beTween 202° and 233°,
The other column was used at 220°, which was-the temperature for -the analysis of
the fractions boiling between 233° -and 275°, The samples varied in size from'5 ui
to.15 ul and were injected into the column with .a 50-p] syringe. The carrier-gas
was helium, admitted to the.column at a pressure of 30 Ib./in.2, corresponding to

a flow rate of 100 mi /mnn., ‘“the outlet pressure was atmospheric. The potential
for the detector was.8 V. Throughout the work the temperature stayed within * 0,i°
and the helium'pressure and the voitage of The detector stayed consTanT. .

7 .
The efficiency of the column was calculafed by using the equation : No.
of theoretical plates = lé(x/y)z, where y = length of peak baseline (as defined)

vand x = length from start of the run 1o middle of baseline section. Referring to

-,3,5-triethylbenzene and to |-methyl|naphthalene, the efficiency of .the column at
200 was 2393 -and 3948 +heore+1cal plates, respectively, and for the column at

. 220° was 3364 and 4356

General aggroach for ldenflflcaflon. The refenflon times of 58 aromatic

- hydrocarbons boiling .in the range of the neutral oil samples were obtained. Their

calcuiated relative retentions (elfher +ime ‘or volume) referred to |,3;5-triethyi-
benzene at 200° and 220°, and their boiling points are shown in Table [[[ The
aromatic fractions obtained by displacement chromaTography were each examlned by

~ GLC under +he same conditions as for the known compounds.

" The approach for ldenfxflcaflon was. prlnc1pally the same as that des-
crlbed in the previous paper, except that ultraviolet spectrophotometry was
included in addition to infrared. Components producing peaks were collected in
the previous!y described manner.; The ultraviolet spectra were obtained in cyclo-
hexane solutions. S ' ' '

Gensrally, two methods were followed to ideﬁfify the aromatic hydrocar-

bons. The first consisted of (a)’ prelnmlnary identification of the unknown by

comparing its retention time ‘with those of known compounds, and (b} final con-
firmation of the identity by compar ing the infrared spectrum of the collected

mater ial with that of.the authentic specimen. In some Instances, two components .
were found to have been eluted together. The infrared spectrum of Yhe material
producing a single peak served not only for qualitative Identification but also

for quantitative estimation of the components. The chromafograms for two different
aromatic cuts shown in Figure | illustrate a good separation in (A)-and a complete
overiapping of some _components’ in (B), which were subsequently identified and their
ratios estimated by infrared spectrophotometry. ‘Table [V shows the results of the
1den+|f|ca+10ns, the peak numbers in Th:s table correspondlng to the peak numbers
in Flgure o . . : . o .

The second method of identification .involved the correlation curves of
relative-retention and boiling points, Wwhich were applied in those instances where
retention times of authentic specimens were not available. These correlaflon

.curves are shown In Figure 2 and are. discussed more fully in a later section. Boill-
ing points of the components producing various peaks were obtained from their
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TABLE [II 1
BO[LING POINTS, RELATIVE RETENT[ONS, AND CAL[BRAT[ON FACTORS (f ) o
OF SOME AROMAT [C HYDROCARBONS
o . : At 200° At 220°
Boiling point Relafive b Relative: b !
Compound °C./760 mm. Source retention fo retention?® f-.C ‘
. ‘ . .
n-Propy | benzene 159.217 c 0.37 . 0.86 0.40 0.85 q
|-Methyi-2-n=propylbenzene 184.80 c 0.62 0,95 0.64 0.93
| ,4-Diethy!benzene 183.752 c 0.58 0.93 0.61 - 0.93
| 3—D|me1'hy|-5-e1'hylbenzena {83.,75 c "0.58 - 0.9t . 0.60 0.89 N
|,2-Dimethyf-4~ethylbenzene 189.75 c 0.67 - 0.94 0.70 - 0.92 ‘
l-Me'rhyl-3,5—die1‘hylbenzene 200.70 c 0.77 .00 0.79 .0.97
1,2,4,5~-Tetramethyibenzene 196.80 e . 0.82 . 0,98 0.84 0.98
1,2,3,5<Tetramethylbenzene 198.00 c 0.85 {.02 0.87 0.99
l,3,5-Triethy{benzene 216.2 c . 1.00 1.00 | .00 {.00
Pentamethyl benzene 231.8 - F.72 i.01 1.75 1.00
Hexamethyl benzene 2635.8 d 3.58 .01 3.47 1,01
Cyclohexyibenzene 240,13 e 2.09 1,03 2,05 I.02 1
1,2,3 4-Te+rahydronaph+halene 207.57 c .14 1,54 1.16 .52
[ndan 177.82 c 0.59 .42 - -
Naphthalene 217.96 c 1.35 1,02 1.37 1.03
2-Methylnaphthalene 241,14 f 2.12 1,04 2.10 .02 {
|-Methylnaphthalene 244,78 f 2.32 .01 2.28 .02
2-Ethylnaphthalene 257.9 c 3,01 .08 2,93 1,07
t=Ethytnaphthatene 258+67 c 3.04 l-.05 2,96 l-.05
2,7-Dimethylinaphthalene 262 c 3.21 i.07 3.13 1,05 {
2,6-Dimethylinaphthalene 261 f - 3.28 1,03 3,17 1.04
| ,7-Dimethylnaphthaiene 262.9 e 3.41 1,03 3.29 .03
i,6-Dimethylnaphthalene 265.5 e 3.54 | .04 3,43 .02
i ,3~Dimethy!naphthalene 265 c - - . 3.43 -
2,3-Dimethyinaphthalene 268 f 3.80 1.05 3.68 1.03
. 1,5-Dimethyinaphthaiene 270.1 e 3.99 1.03 3.83 .03
| ,2-Dimethy|naphthaiene 271 .1 g. 4.10 -— 3.93 -
1,3, 7-Trimethyinaphthalene 281 .7 e - - 4.88 .09
-2,3,6-Tr imethy! naphthaiens 238. | g - - 5.5l 1.09 |
2,3,5-Trimethylnaphthalene 289 e - -- 5.66 1.07
2a,3,4,5-Tetrahydroace- : . ’ i
naphthens 252 e 2.88 1,20 2.80 .20 ,
Acenaphthyiene , 270 d - - 4,05 -- '
Acenaphthene 277.2 f - - 4,53 S I )
Bipheny! .255.0 c 2,66 1.0l 2.60 1,00 1
3-Methyibiphenyl 272.70 c - - 3.82 .04
. 2-Methy I biphenyl 260 d 2,46 - 2,51 1.06 -
4-Methy!biphenyl - 267 d - - 3,10 -
2-Methy! indene _204.! e 1.05 .08 .08 1.06
2-Ethyl indene 222.5 e |.64 t.10 1,63 .09
3-Ethyl indene 218.1 e .58 {.08 1.57 t.09
| ,3-Dimethyl indene 207.5 e 1.09 == 1.10 -
2,3-Dimethy! indene 224.5 e 1,70 - .69 -
2,6-Dimethyl indene 226.8 e |.63 .09 1.62 1.07 ,
| -Methyi~3-ethyl indene - 64-5/1,3 e .62 - 1.60 --=
3-Methyi~2~ethyl indene 74-6/1 .25 e 2,40 - 2.34 -
2,3,6-Trimethy! indene’ 242.6 e 2.57 - 2.51 -
Benzofuran 171.38 f 0.52 0.99 0.55 .02
Dibenzofuran 287 f - - 5.02 .18
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(Table [[I, continued)

Diphenyl ether 258,14

e 2,53 1.06 2.47 1,05
5-Mathyi indan : 202.0 c 0.97" - 0.96h -
4-Methyl indan 205.5 c i,050 - 1.07h -
3-Methylindene - - . 205 c 107" — 1,090 -
1,2,3, 4-TeTrameThylbenzene 205.04 c i.orh —_ i.07h -
1,6-Dimethy!indan . © 210.9/740.0 i l.ooh - (.07" -
4,7-Dimethy! indan 227.6/745.5 167" - o “64h -
2-M3Thy|-|,2,3,4—Te+rahydro- : h h

. ) naphthalene 220.2 k .38 - 1,35 --
6-Methyi-1,2,3,4-tetrahydro-

" naphthalene 229.03 c (.7sh - 1,720 -

| ,4-Dimethylnaphthalene .  268.5 -- -- 3,70 -

.0

a Dead volume corrocfed.
b Defined inAeq. I

c AP[ Research Project 44, Selected Values of Properties of Hydrocarbons and Reiated
Compounds, Carnegie Institute of Technology, Pittsburgh, Pa.

d G. Egloff hys:cal Constants of Hydrocarbons, Reinhol d Publ ishing Corp., New York,
1957, .

e Deferm|ned in Thls laborafory.

t From Coal Tar Research Assoc., "Coal Tar Data Book " Gomersal, near L eeds,
England- (I953)

g ‘From Geselischaft fUr Teerverwerfung mbH, "GfT-Aromafen;" Duisburg-Meiderich,
" Germany. oo

h The relative retentions of fhese compounds were defermlned from tar componenfs
"identified by [. R. .

i J. Entel, C. H, Ruof, and H. C. Howard, Anal. Chem, 25 (1953) 1303;

j J. Entel, Anal. Chem, 26 (1954) 612,

k A. S. Balley and C. M. Staveley, J. Inst. Petroleum 42 (1956) 97.
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TABLE 1V

[DENTIF[CATION OF COMPONENTS FRODUCING ELUTION PEAKS [N THE GLC OF
TWO AROMAT[C CUTS FROM DISTILLATE FRACTIONS 10 + 11 AND 26

Relative _ Relative retention of
Peak retention Compound identified authentic specimen °
No. at 220° by I. R. ’ at 220°
] - 1.98 Not identified -
2 2,08 2-Methynaphthalene 2.10
3 2.29 _1-Methy | naphthalene 2.28
4 254-]- Di-phenyi—ether— 2347
5 2.56 Bipheny! 2.60
6 2.914 2-Ethylnaphthalene 2.93
2,7-Dime+hy|néph+halene 3.13
7 . 3.18
2,6-Dimethylnaphthalene 3.17
8 3.30 |, 7-Dimsthyl naphthalene 3.29
‘ 'I,3-Dimethyinaphthalene 3.43
9 3.46 i . .
I,6-Dimethylnaphthalene 3.43
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Fig. |. .Chromatograms of two a}'omaflc cuts obtained from

distiilate fractions 10 + (I (A) and 26 (B).
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Fig. 2. Correlation between relative retentions and boiling
points of some alkylbenzenes (A) and alkylnaph+halenes (8)

at 220° on Aplezon L-grease.

Legend:

1 ,3-Dimethyl-5-ethylbenzene
1,4-Diethylbenzene

‘I—Me+hyl-2-n—propylbenzene

I,2-Dimethy! -4-ethylbenzene
l,2,4,5-Teframe+hylbenzene
{,2,3,5-Tetramethylbenzene
5-Methyl indan

4-Methy! indan
{,2,3,4-Tetramethylbenzene

"1,2,3,4-Tetrahydronaphthaiene

1-Methyi-3,5-diethylbenzene
| ,6~Dimethyl indan

2—Me+hyl 1,2,3 4—+s+rahydronaph+halene‘
.6-Methyl~-1,2,3,4-tetrahydronaphthalens
-4,7—Dlme+hylindan

Pentamethylbenzene
1,3,5~Triethylbenzene
Hexamethy|benzene
2-Methylnaphthalene

I-Methylnaphthalene -
2=-Ethylnaphthalene

| -Ethylnaphthalene
2,6-Dimethyinaphthalene
2,7-Dimethyinaphthalene

1 ,7-Dimethylnaphthalene

i ,3-Dimethy!naphthalene

i ,6-Dimethy!inaphthalene
2,3-Dimethylnaphthalene

| ,4~-Dimethylnaphthalene

| ,5-Dimethyinaphthalene

| ,2=-Dimethylnaphthalens
1,3, 7-Trimethylinaphthalene
2,3,6-Trimethylinaphthalene

2,3,5-Trimethylnaphthalene

Biphenyl

2-Methyibiphenyl
4-Methyibiphenyl
3-Methylbiphenyl

2
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relative retention by these curves and were used as a preliminary means of identi-
fication. Since relative retention or boiling point could not be depended on
entirely for identification, confirmation of- identity depended on the comparison of
the infrared or ultraviolet spectra of the collected samples with published spectra
of the pure compounds., However, not all of the spectra of the probable constituents
could be found in the I|iterature; to substantiate the preliminary identification,
spectral-structural correlations became necessary. Table V shows. eight alkylnaphtha-
‘lenes identified. by the second method. The detaiis of these identifications are as
fol lows: ‘ . ‘

{1} Constituent having a relative retention-of 3.70: . The boiling point
of the constituent, obtained from its relative retention by the correlation curve
for dimethylnaphthalenes, agreed very wel! with that of l,4-dime+hylnaphfhalenq.
The identity of this naphthalene was confirmed by comparing the infrared spectrum

‘of the constituent with that of | 4—dlme+hylnaph+halene, publlshed by the American

Patroleum [nstitute {see Table Vl).

(2} Cons+|+uenfs having rela+ive refenflons of 4.80 and 5. 20. According
to the correlation curve for frlmefhylnaphfhalenes, the boiling points for these-
constituents were 281.5 and 285°, respectively. They are somewhat higher than the
| iterature values for 1,3,6-, 1,2,6-, and |,2,7-trimethylnaphthalene. However, the
ultraviolet spectrum of fhe sample having a relafive retention of 4.80 matched well .
with the Iiterature spectrum of 1,3,6-trImethylnaphthalene. The material having a
relative retention of 5.20 was found Yo have more than one constituent and was col-
iected as two individual samples, one correspondnng to the first half of the.peak
and the other the second half. By comparing the- ulfrav1ole+ spectra of the two
samples with the publishad specfra of 1,2,6- and I',2 7-fr|me+hylnaph+halene, the
first sample was found Yo contain- prlncipally 1,2, 6 R and fhe second to contain
1,2,7--as a major ‘and I 2,6~ as a minor- componenf .

(3) Consflfuenfs having a. relaflve refenfion of 4, 39: - The boiiing point
obtained for this material from the frlmefhylnaphfhalene correlation curve was
277.3°, a few degrees higher than any of the |iterature values for the four possible
|,6- and 1,7-methylethyl= and efhylmefhylnaphfhalenes. The. .identiflication of .the
maferlal therefore depended mainly on.spectral-structural: correla+|ons, .as follows:
An examination of the ultraviolet spectra of- 1-methyl, I-ethyi-, 2-methyl-, and
2-ethylnaphthalene showed that the two I-alkyinaphthalenes absorb at neariy. identi-
cal maxima in the.region of 300 mu to 320 mu but differ in absorptivities; the
same is true for. the two’ 2-alky|naph+halenes. A similar situation was also
observed in the 300 mu +0:330 mu region for J,4,5~trimethyl- and’ | ,4~-dimethy|- 5-
efhylnaphfhalene and for 1,3,5-trimethyl- and l,3-dimethyl 5-e+hy|naph+halene upon
examining the ‘ultraviolet specfral data of fhese compounds reported by Evans,
Smith, and Straus8. This indicates that for absorption in the 300 mu to 330 mu
region methyl groups: and ethyl groups can be interchanged without: significantly.
changing the position of the absorption peak; however, the absorptivities are
usual ly altered. Therefore, naphthalene substituted W|Th one methyl group and. one
ethy! group could be expected to show nearly ‘identical ‘absorption.maxima in the
300 mu to 330 my region as the naphthalenes substituted with two methy! groups In
the same positions. The constituents. had absorption bands at 307.8 mu, 314.7 mu,
and ‘322 my which are also exhibited by |,6- and'|,7-dimethyinaphthalens, both of
which had already been accounted for in much lower boiling fractions. [t therefore
appeared |ikely that one or more of the four possible ;6= or |,7-methylethyl- or

- ethyimethylnaphthalenes were’ presenf " The. infrared specfrum of .the material was in

agreement with thls conciusion. According to Werner, Kennard, and Raysong, the two
strong bands shown in the sample spectrum at 783 cm. ol and 8l0 ¢ém,~! could be due .
to 3H and 2H out-of-plane deformation vibrations of |,6-disubstitufed naphthalene,

and the other two sfrong bands at 760 em.” and 835.cm. ! could be due to the same

vibrations of |,7-disubstituted naphthalens. . - . .



J -— = T 43"‘1‘ - -~y - - T —m ~ - S~
: . . . ved ‘ybungsitld ‘ABojouyos) jo egniiysu] ejbeute)y
+SpURGAnoy PoTETeY PUE SUGGIESIpAH 76 So11J16001g JO Senjep pofodios ‘yi toefoud ydJeesey Idv e

o suo| 4ejeutod : ooe eue|eylydeu jAyte-, - |AuLon-3

. jeanyonu}s-|eupoeds 2613 . . o sly
‘peJesju| pue +o.o.>m;+_:‘w oz eus|eyiydeu |Ayte-g-1AUten-2
, 7 oLz ous|eytydeu |Ayteu-L - [AYLI-|
- 410
suo|je|eudod . 12 © ‘euejeyjydeujAyte-/-|AyLen-|

A jednionJis=-|eatoads ) c*ll2 : . - ‘ 65V
3 pededju| pue jejotAaeliin o oLg’ eus|eypydeu |Ayteu-g-|Aut3-1
v . ’ . : . . Jo
J . €13 _ ‘eus|eyiydeu]Ayse-g-1AyLen-|
SEIIPC-STAT . BLS . eue|eylydeu jAysew] g3

13 S L : 02°s
tejojaeatin - . 082 | eus|eytydeu |Aytew] 11-92°|

tel01ARILIN. ciee oge " eusjeysydeuAuteut al-gfct | 0g't

pote.su] v'e98 cgoe sus|eysydeujAyseuig-p’ | oL'e

uo{teo]jluepi ‘ aAUND UO|lR|84loD ‘uw Q9L : v::On:.:oo 022 e

o|doosodtoedg oy4 wouy peujeiqo ‘9, ‘*d*g . o uojtusted
0, ‘'d*g gdnteel| A . _ NBLIEN

muzmn_<_._._.._._n_<z._>v.._< t._w_u 40 zo_,.h.<o_...:.~.zun:
A Favl




\l

——

. / A

e D S

L

ANALYSIS OF INDIVIDUAL AROMATIC HYDROGARBONS BOILING BETWEEN 202° AND 280°

- 8L -

TABLE VI

[N NEUTRAL OIL DISTILLATE FRACTIONS

Compounds identified

Fractions

Mathod of
identification .

Source

spec-
trum

Total

weight,

g.

Wt. %
in
neutral
oil®

I,2,3,4—Te+rame+hylbenzeneb

l,2—Dime1‘hy|-3-n-propylbenzeneb

l,4-—Dime+hy|-2—n-propyl-benzeneb

l—MeThyI-2,4-die+hylbenzeneb

5-Methy! indan®

4-Me1'hy|indanb’d

|,6-Dimethyl indan
4,7-Dimethyl indan

3_—Me+hy|indeneb
3-Ethyl indene
2—thylindene
2,3—Dimethyllndene_

l;2,3,4-Téfrahydronaph+haleneb’

d

6,7,8,9

5,6,7,8,9

5,6,7,8,9

5,6,7,8,9
5,6,7,8,9

7-i4

7-17

5,6,7,8.

Rel. retention-
b.p. correlation,
[.R.

Rei. retention-
b.p. correlation,
[.R.-structural
correlation

Rel. retention-
b.p. correlation,
[.R.=structural
correlation

‘Rel. retention-

b.p. correlation,
[.R.-structural
correlation

Rel. retention=-
b.p. correlation,
[.R.

Re!l. retention—-
b.p. correlation,
[.R. :

Rel. retention—
b.p. correlation,
[.R.

Rel. retention-
b.p. correlation,
[.R.

T.R.

Rel. retention,
[.R.

Rel, reTedTion,
[.R.

Rel. refénfion,v
[.R. ‘

Rel. retention,

"1.R.

[of

1.068!

0.2976

0.5874

-0.,9873

I.7$66
1.7389
2,3746
| .3034

0.7141
1.3126
i.3032

1.7762

0.6170

0.153

0.042

0.084

O.14i

0.251
0.249
0.340
0.186

0.102

0.188

0.186

0.254

0.088



2-Methyl-1,2,3,4-tetrahydro-
- naphthalene

6-Methyl-1,2,3,4-tetrahydro-
naphthalene
‘b,d

Naphthalene
I—Mefhylnaphfhalened
2—Mefhylnaphfha|ened
|-Ethylnaphthalene
2-Ethylnaphthalene
2,7-Dimethylnaphthalene
i, 7-Dimethylnaphthalene
2,6--Dimsfhylnéphfhalened

. : d
I ,6-Dimethy!naphthalene

- 1,3-Dimethylnaphthalene

2,3—Dimefhylnaphfhalened
I,5-Dimefhylnaphfha|eﬁe -
| ,2-Dimethylnaphthalene

l,4-Dime+hyInaphfhaleﬁe

2-Me+hyl—6—efhylﬁaphfhalene

2-Methyl-7-ethylnaphthalene

l-MeThyl-—7-eThy|naphfhaleneg

and/or
1-Methyl-6-ethylnaphthalened

1,3,6-Trimethyinaphthalene

{,3,7-Trimethylnaphthalene

- 82 -
(Table VI, continued)

7-15 [.R.

12,13,14,15 [.R."

“ 6-15 Rel. retention,
[.R.

14-24 ) Rel. retention,
' [.R.

|2-24 Rel, retention,
I[.R.

20-29, 1#f  Rel, retention,
- L.R,

20-29, 1%  Rel..retention,
C [.R.

21-29, i{%¥,2¥ Rel. retention,
[.R.

23-29, |%,2% Rel. retention,

[.R. :
23-29,1%,2% Rei. retention,
: [.R. ,

25-29,|%-5% Re|, retention,
[.R.

25-29, | ¥-5% Rel. retention,
{.R,

27,28,29, ° Rel. retention,
[%-7¢ R,

28,29, 1%¥-7% Rel. retention,
[.R.

. 29, |%¥-7%  Rel. retention,

: [.R. _
3%, 4% Rel. retention-

‘b.p. correlation,’

[.R.

Rel. retention-
b.p. correlation,
4%-g% . U.V. and [.R.
structural
correlations

Ret. retention~-
b.p. correfation,
U.vV. and [.R.
structural
correlations

4%-g%

S5¥-7% Rel, retention-
"b.p. correlation,
u.ve =~

S#-7% Rel, retention,
[.R.

| 0426
0.4958
6.3853

12.0615

16.1630

19777 -

3;r|84
4.8187
4.7515
4.1664
6.4648
6.5617
3.8247
3.686|
3.5632

0.0979

3.9029

3.2925

0.7338

0.452

0.149

- 0.071

0.914

l.728

2.315

0.283

0.456

'0.690

0.686
0.596
0.926
0.940
0.547
0.528
0.510

0.014

0.559

0.471

0.105

0.064
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2,6-Tr imethylnaphthalene
2,7-Trimethylinaphthalene

Biphenyld
4-Methyl biphenyl

3-Methyl bipheny!

Cyclohexylzbenzene
2a,3,4,5—Te+rahydfoacenaphfhenej

. Acenaphthylene

Acenaph+heheq SRR
Dfphenyl3efherli:"'x":
2,3—Dfme+hylbenzofﬁrén. B

DlmefhyLbenzo¥Uraﬁ}[1'

‘Dime+hylfeqzefurenA[ll SR

Dibehzofuranv;

';2¥98%3’yf

. _j‘:’ ] |4-—16

?5*%8*.

- 83‘-

E%-g%

ULV,

18-29,1%

- '28,"29’,_1*.,2* ;

Cpeage,

'!2%|5 ﬂ'::'.

T

A?J7;‘3" :LTS'

:2b+26 o

Rel.
bep.

(Table VI, continued)

retention—.

correlation,

“refention,
: rgfénfién;y
. retention,

*re+ep+i55;y

o retention,

pan R. -sfruc+ural§;~
‘*correlaflon ',-el‘

[ R, —sfrucfuraljf”

"*correlaflon

g-15 ¢

‘ E[ R.
'.;correlaflon o

“LRY

sfrucfurar»

“Rel . refenflon, -

a 'Tofal neutral oil dlsfllling up +o abou+ 360°

+oTaI tar..

-[nsTITuTe of Technology, Plffsburgh Fa.v

d Prevnously ldenfufled by ofhers

e This laborafory.

K- 'American Pefroleum [ns+i+u+e, Research PrOJecf 44

b [denfifued in- prlor work by this: laborafory . i

o T

0.8751

" 18.8235

0,727

| .243]

. 0.2769
AaTs

" 0.6963

bﬂ Méi33§'y
o
" Hlfzé48.n
v~g§:6;5i

- |".47|,8

1 2.696

.0.104

c.l78
0.039

0.167

.0.099

5,528

- 0,025

0,255

16.092:

represenflng l6 92 w+ Z of ‘the

Infrared sheéffal'défa,JCafhegie

Asferlsk (%) deslgnafes fracf!ons shown in, Table [ of Thls reporf, °fhef.fracflons
are shown in Table [ of +he preyious report’. : ‘ o

The posiflons of’ +he efhyl and mefhyl groups mlghf be reversed

E. Hellbronner, U, Frohllcher and P. A, Plaaner Helv. Chlm. Acfa, 32 (1949) 2479,
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: (4) Constituents having a relative retention of 4.15: This material
appeared to consist of a mixture of 2-methyl-6-ethyl--and" 2-mefhyl-7-efhylnaphfha-
lene. The boiling point of the sample found by the trimethyinaphthalene curve was
several degrees higher than the literature value for the two naphthalenes. How-

‘ever, the ultrayiolet absorption maxima in the 300-330 mu range for the constituent
producing the first half of the peak were at 303 mu, 310 mu, 3{7 mu, and 324.8 my,
in close agreement with the much lower boiling 2,6-dimethylnaphthaiene, The maxima
shown by the second constituent were nearly ldentical to those for 2,7-dimethyl-
naphthaiene at 307 my, 3!7 mu, and 321 mu. The presence of 2-methyl-6-ethyl- and
2-methyl-7-ethylnaphthalene was thus indicated. The infrared bands at 800 em.”t to
900 cm.”' substantiated these identifications. . The strong bands shown by the first
constituent at 823 cm.”! and 874 ecm.”! and those shown by the second constituent at
835 cm,”! and 876 cm.” ! could be die, respectively, to 24 and IH out-of-plane =~
deformation vibrations of.2, 6— and 2, 7—dlsubsflfu+ed naphfhalenesg. -

In addition to these alkylnaphfhalenes, fhree dlalkylbenzofurans, of
which one might be the 2,3-dimethyl—~isomer, were tentatively identified by the
characteristic infrared bands of benzofurans, observed by examining the specira of:

benzofuran and all its monomethy! der|vaf|ves'0. A strong band between 1,250 cm.'|
and 1,280 cm.'lband one or two between 1,090 cm.”! and 1,160 ecm.”} could be charac-
teristic of benzofurans. Accordlng To BellamyH compounds confalnlng the structure

=C - 0 — may absorb near 1,250 cm, =l and in unsaturated cycllc compounds, with the
structure = C = 0 = C =, a band may. appear near. | ,$00 cm. -l or somewhat higher
frequencies. Therefore, in the specfra of the benzofuran consflfuenfs, the bands
between 1,250 cm. - and 1,280 cm.”* and between 1,090 em, - and | l6O cm.~! may be
due to fhe furan sfrucfure in-the molecule.

) ‘One benzofuran sample, having a relative retention of 1.28 at 200°,
showed a strong band at I,25! em.~! as in 2-methylbenzofuran and another strong
band at 1,092 cm. -1 as in- 3-methylbenzofuran. This sample also absorbed strongiy
at 742 cm. ‘, similarly to 2-methyl—- and 3-methylbenzofuran, both of which have a
band at 746 em.~! that is probably due to the 4H out-of-plane deformation vibration
in the benzene ring. The boiling point of 2,3-dimethylbenzofuran from the |itera=
" ture!? is approximately 220%, which falls in the boiling range of the distillate
fractions containing this componenf. [t is, therefore, very likely that this con-
stituent is 2,3-dimethylbenzofuran. The other two samples showed the characteristic
infrared bands of benzofurans in both regions. In addition, a few sharp bands also

. appeared between [,000 cm. =l and 1,400 cm.”!. These were considered to be d|me+hyl-,

benzofurans, all of the isomers of whlch boil well wnThln the range 210° to 230°

Quanfltaflve esfnmaflon of aromatic hydrocarbons}

The internal standard method, which was described in the previous paperl,
was employed for quantitative analysis of the samples, |,2,3-triethylbenzene being
selected as the standard. The equation used for the calculations is as follows:

o= AN/ANG L ()

where fg is the calibration fac+or as-defined, Ag and Ac are the areas for the
standard and component in the mixfure, and W, and Wy are the weight-percentages of
the compound and the standard. The f values for a number of aromatic hydrocarbons
" were determined at 200° and 220° and are given in Table [{l. No significant dif-.
ference was found between the values for each compound at these two temperatures.
These values were used to determine the weight-percentages of the constituents in
the fractions. For those compounds present in the tar for which authentic specimens
were not available, the fn values of their isomers or of structurally similar com-
pounds were used. For example, an average fg of .03 for six dimethylnaphthalenes
_was used to calculate the amounts of the 1,2- and |,4~dimethyl isomers, an average
of 1.08 for three trimethylnaphthalenes was used for other trimethyl and :

L
i

LN
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methylethyinaphthalenes, the fgo value of 0.99 for 1,2,3,5-tetramethylbenzene was
used for 1,2,5,4-tetramethylbenzene, the value of | 42 for Indan was used for all
indan derlvaflves, the value of | .52 for tetralin was used for the two methyl-
tetralins, and 1.05, an average of the values for 2—me+hyl— and 3-methylbiphenyl,
was used for 4—me+hylbiphenyl : .

The aromatic hydrocarbons bolling befween 202° and 280° found in the
fow-temperature bituminous tar and their quantities are presented in Table VI. The
values of weight-percentages in neutral oil of the three highest boiling components.
are not entered, since They are also expecfed to be presenf in the next higher
boiling fracfion.

_DISCUSS o i ‘

Correlation between relative réfenfions égg'boillng points of alkylbenzenes_and
alkylnaphthalenes. ’ . : . :

When the logarithms of relative retentions at 220° for alkylbenzenes and
for alkylnaphthalenes, in either instance having an equal number of carbon atoms
In the alkyl groups, were plotted against their boillng points, a straight line
resulted. The relafionshnp Is similar to that esfablnshed for a number of aikyl-
benzenes at 150°, as prevtously reported’,

Figure 2 (A) shows three parailel lines correspondlng to- alkylbenzenes
havnng 4, 5, and .6 carbon atoms in the alkyl groups. -Indans, which have a benzene
nucleus wlfh a |,2-trimethylene-type alkylation, fali close!y on the correlation
curves for alkylbenzenes having the corresponding number of carbon atoms in alkyl
groups. However, tetralin (point [0 in Fig. 2), which has a |,2-tetramethylene—
type alkylation, does not fit so closely to the line for. Clo-alkylbenzenes, and
its 2-methyl- and 6-methyl-derivatives (points I3 and 14) are well off the line
for Cyi-alkylbenzenes. However, a |'ine drawn between poinfs I3 and 14 is essen-
tially paralle! to the line for the Cyy-alkylbenzenes.- No clear-cu+ relationship
can be establ ished befween the indans. and .the fefrallns with fhss limited data for
alkylfefrallns.

Figure 2 (B) shows three parallel straight Iines corresponding to alkyl-
naphthalenes having |, 2, and 3 carbon atoms in the alkyl groups. .A fourth line
representing three monomefhylblphenyls (pOInTs 36, 37, and 38) is not parallel to
the naphfhalene lines.

. ‘A difference in slope can be observed among -the three groups—benzenes,
naphthalenes, and biphenyls. The slope of the benzenes is 0.0113, that of the
naphfhalenes is O 0098, and that of fhe blphenyls is 0.0164.
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FIA ANALYSIS OF COAL TAR

- Philip G. Freeman

U. S. Bureau of Mines
Grand Forks Lignite Research Iaboratory
Grand Forks, North Dakota

Several rapid and simple analytical procedures have been used for coal
tar assay; likewise, many long and tedious methods have been worked out. The rapid,
simple methods are generally criticized for not giving sufficient ‘information while:
the long, tedious methods are unpopular because- they are just that--long and tedious.

-The present system 1s offered as en analytical tool which 1s nelther very tedious

nor greatly time consuming but which gives considerable useful information.

The Fluorescent Indicator Adsorption (FIA) method was originally designed
for use on light petroleum fractions of a fluld nature. Essentially it consists of
displacement adsorption chromatography of hydrocarbon mixtures on a silica gel
column, fluorescent indicators being used to detect the zones containing the various
chemical types, namely, saturates, olefins, and aromatics. :

Adaptation of FIA to.Coal Tar

Two major problems were encountered by the Bureau of Mines in adapting
this analysis for use on coal tar. First, the tar 1s often too viscous to flow in
a chromatographic column, and second, coal tar contains compounds other than hydro-
carbons such as neutral oxygenates, tar aclds, and tar bases. - .

First attempts by the Bureau to chromatograph samples of low-temperature

‘tar were unsuccessful, as the waxes would solidfy during fractionation and prevent

the movement of the sample in the colum. A steam-heated column was constructed,

but the silica gel would not absorb at the elevated temperature, and no separation
was possible. Attempts were made to remove the waxes by precipitating them from a
cold acetone solution of the tar or by extracting them with petroleum ether. Neither
system was satisfactory, as it was difficult to establish with any accuracy just

- how much wax was removed. The problem was finally solved by diluting the tar with

a precisely measured amount Of petroleum ether; this served to dissolve the waxes
and allowed the tar to move freely down the column, end since the amount of petroleum
ether added was known, this could be corrected for in the results.

For solution of the second problem, it was necessary to demonstrate that
the FIA method could be used to separate nonhydrocarbon materiasls as well as hydro-
carbons, because the nonhydrocarbons make up a large part of the tar. A synthetic
mixture, composed of heptane, octene, benzene, aceétophenone, and o-cresol, was made
up for this demonstration. "When this mixture was run using the standard FIA dyed-
gel, the hydrocarbons separated in the usual manner; the acetophenone. section then
took up the pink dye which normally 1ndicates the end of the chromatogranb the cresol
section; a light tan color, followed.

Gross tar, distilled to its cracking temperature, separated on the silica
gel column into the same number of zones, but the dark color of the neutral-oxygen

and tar acid fractions made it impossible to detect Visually the boundary between

these two zones. When samples from these sections were examined by infrared spectra,
however, bands characteristic of ketone and phenolic hydroxy groups were ldentified.

Attempts to determine tar bases by the. FIA method have so far been
unsuccessful. . .
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At thils stage of development, it became apparent that not all of the tar
sample was being eluted. To correct this failure, changes were made in column design,
and stronger displacing agents were employed. Eventually a satisfactory charging
colum was evolved, and pyridine was chosen as the most sultable displacing agent.

It was found that definition of the boundaries between the various groups
was far better when gravity flow was used than when the separation was carried out
under pressure. The charging column, therefore, was designed to facllitate the
flow so that an analysis by this techniqué could be completed in a reasonable time.
By shortening the charging sections and eliminating the usuel caplllary, highly
satisfactory separations were realized 1in 6 to 8 hours.

. " Best results have been obtained from distilled tars. Gross, undistilled
tar contains polymeric material and heavy pitch which often obscure the top level of
the chromatogram. Tar fractions and whole tars distilled to any temperature up to
the cracking point give excellent results. If distillation is impractical or
undesirable, the tar can be separated from most of the piltch by dissolving in” ether
and filtering, or the sample cen be washed through a silica gel column with low-
boiling petroleum ether or heptane until the eluent is clear, then stripped of solvent.

This, then, is the assay system in 1its current stage of development. The
charging tube consists of two sections, each 10 cm. long; the upper section is 12 mm.
CD while the lower is 7 mm. OD. These tubes are joined in a smooth taper, and the
lover end of the lower section is tapered to fit into 1/8-inch Tygon tubing that is
used to attach the measuring tube. The measuring tube is 3 mm. OD and 120 cm. long
and is drawn out to a capillary on the lower énd. Davison 923 silica gel, which
has been activated at 200° C. overnight, is then funneled into the column. Packing
the column is most easily done by attaching a vibrator to a ring stand and clamping
the column to this stand. The vibrator is run throughout the packing operation,
both to aid filling and to insure uniform packing. When the columm has filled to
the middle of the 7-mm. section, a small amount of dyed gel is added, and then plain
silica gel again to bring the level to about the middle of the upper section.

The sample is prepared by placing 2 ml. of petroleum ether into a 10-ml.
graduate and adding tar to bring the level of the mixture to the 4L ml. mark. One
to two ml. of pyridine are added and the sample is then well mixed. One ml. of
this sample mixture is placed directly on the silica gel in the columm, and as
‘soon as the sample is completely adsorbed, en additional layer of 2 to 3 cm. of
silica gel is placed on top of the colum and packed down. Eluent is added and
the chromatogram allowed to develop by gravity flow. :

) When the upper boundary of the sample is well into the measuring tube,
the colum 1is placed in a dark room, where it is 1lluminated with ultraviolet
light and the various sections measured with a meter stick. Half of the total length
is due to the added petroleum ether and therefore is subtracted from the length of
the saturate section. What remains in this section represents the saturates from
the tar. The remaining sections are measured, and the length of each section 1s
proportional to the amount of that chemical type present in the tar.

Results from FIA Assay System

Sine this method is not fully developed, it has not been used extensively
on specific assay problems; however, in the course of development, some interesting
facts have been disclosed. Confirmation of comsiderable amounts of oxygen-containing
material in the neutral oil is of interest. The FIA analysis of a typlcal neutral
0i1l fractlon from lignite tar follows:
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FIA ANALYSIS OF A NEUTRAL OIL FRACTION

Boiling 301-304° C

. Saturates, vol. per cent 18.4
.- Olefins. ~: . . o 7.1
¢ Aromatics. A . - 53.3

Oxy-compounds ' _ 21.2

The maximum oxygen content.of this neutral oil is 3 per cent; therefore, it would
seem unreasonsble to find that 21 per cent of the sample is oxygen-containing
compounds. The mean molecular weight, however, is in the order of 200, and if
each such molecule contained a single oxygen atom, the oxygen content would be

8 per cent.  To bring the oxygen content to:-3 per cent, 350-gram atoms of oxygen-
free materlal must be assumed, for a total of 550-gram atoms. Of this, 36-weight
per cent 1s oxygen-contalning material. From this we can see that 21 per cent
oxygen-containing neutral compounds in a sample containing 3 per cent oxygen is not
at all unreasonable.

. Several assays, including cuts from various temperature ranges as well as
those distilled over the full bolling range, have been made on distilled fractions
of gross tar. Further refinements are necessary before tie method can be fully -
evaluated for this purpose, but there 1s little doubt that the FIA ‘analysis can be
used to differentiate bBetween various.tars and .to give a good estimate.of the
chemical types they contailn. As an example, the comparative analyses of tars
obtained from a North Dakota and a Texas 1ignite follow :

FIA ASSAY OF TWO GROSS TARS

(Boiling 80-360°)

North Dakota Tar - Texas Tar
Saturate, vol. per cent 15.1 . - 16.7
Olefins 7.6 : 10.1
Aromatics ' 29.7 3h. 9
Oxy-compounds . ' : - 484 : 38.4

(neutral + acid)
Future Problems

Foremost among the remaining problems is ﬁhat:of distinguishing the
boundary between neutral oxy-compounds and tar acids. The boundary is easily
observed in very light-colored samples but is completely obscured in the dark

color of most tars

Another desirable development would be a more rapid analysis, particularly
for control work. Any speedup would almost certainly result in loss of accuracy,
although this loss could.be minimized to a tolerable level in most cases. At present,
the average run takes about 6 hours.

Eventually, 1if the system is to be completely general, means must be found
to determine tar bases.
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APPLICATION OF HIGH VACUUM MICRO-DISTILLATION TO THE STUDY OF
COAL-TAR AND PETROLEUM PITCHES

L. P. Charette and G. Bishofberger*

Aluminium Leboratories Limited, Arvida, Quebec (Canada)

INTRODUCTION

The binder pitches used in the manufacture of carbon electrodes are of coal-tar or petroleum origin and exhibit
pronounced differences in their properties depending on their source and mode of production. Various means have been
devised to detect these differences, but distillation has very seldom been used. Obviously there are many reasons for this
lack of interést in distillation, but the main one is probably the thermal lability of this type of material or at least of
some of {ts constituents, However, the difficulty associated with the thermal lability can be overcome by making use of
high vacuum technique. - -

There are a number of molecular stills commercially available, but, in general they require the use of fairly large
samples. In the investigation described herein this was a major handicap since the available samples were mostly
experimental and of Umited supply. Furthermore, we were not interested in collecting fractions and studying each fraction
as the amount of work involved would have been prohibitive, especfally in view of the fact that it was intended to test a
fairly large number of samples; past experience in our own laboratory had clearly indicated that work based on only a few
samples cannot be really informative as the conclusions drawn can be greatly influenced by the type of pitch used and the
treatment the pitch has undergone. Our main interest was to find out whether distillation could yield significantly different
data which might be useful in pitch evaluation. The micro-molecular still used by Sims(1) for the analytical distillation
of organic mixtures appeared to offer the desired features; the technique was reasonably rapid and requires only milligram’
quantities of material, With such a still the amount of dist{llate at various temperatures is calculated from the measured
contraction of a calibrated quartz helix.

EXPERIMENTAL

Still. - The apparatus (Figure 1) consists essentially of a pan suspended from a quartz helix in an evacuated Pyrex wuve.
The : sample {s heated by an internal heating coil and the contraction of the quartz helix due to.the loss of weight of the
sample in the course of distillation is measured by a sensitive-reading cathetometer.

The sample pan is made of aluminium. A disk of 5/8 in. diameter is stamped out of a sheet of aluminium foil by
using a steel punch, and formed into a cylindrical pan of 3/8 in. diameter and 1/8 in. high wall in a specially designed
mould. The aluminium pan has an area of 0,75 em? and welghs approximately 10 mg.

The stirrup, which holds the pan, is cut from a sheet of stainless steel of approximately 0. 0065 in. thickness. It isin
the shape of a cross with arms 1 1/2 mm wide; the length of the 3 short arms {s 6 mm, the length of the long arm, 33 mm,
The ends of the arms are bent upwards in such a way that the pan can be placed between them. The end of the long arm
{s shaped into a hook to be inserted into the.loop of the Pyrex filament which {n turn is hung on the quartz helix (Figure 1).
The weight of the stirrup is reduced to approximately 50 mg by immersfon in hydrochloric acid.

The heating cotl, 6 in, long and 1/2 in. in diameter, has a resistance of 14 chms. It is made of 24 gauge Chromel
"A"™ wire and {3 wound on three strip-mica spacers. The voltage is controlled by a variable transformer (Variac), with a
range of 0~135 volts and a maximum output current of 7. 5 amperes. The maximum temperature of 350°C inside the
heating coil is obtained by operating at a Varlac setting of 60 (60 volts).

¢ Now with Aluminfum Industrie A.G. Chippls, Switzerland.
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Since the pan containing the sample is continuously mow}ing upwards during a distillation, due to the loss of weight,
it was important to know the temperature diswribution inside the heating coil. The temperature, after the still had been
evacuated, was raised to 350° C at a rate of approximately 6.6°C per minute by increasing the Variac by one scale
division every minute; the temperature was measured by means of the chromel-alumel thermocouple on the central axis
of the heating coil.. The thermocouple was moved in steps of 1/2 in. and at each position the heatmg cycle was repeated-
and temperatures were recorded. The position of the thermocouple was measured by means of a scale printed on the wall
of the still proper; the zero of the scale.was level with the top of the heating coil. Figure 2 shows the axial temperanire
distribution of the heating coil. ’

The heating rate of approximately 6.6° C/ minute was initially selected because of practical considerations. A higher
heating rate was not desirable since gas evolution duting distillation would be too fast. A slower heating rate (Variac
setting increased by one scale division every second minute, which meant doublé distillation time) was tried, but did not
change the results significantly; the shape of t.he elimination curve stayed the same except that the peak of the curve moved
slightly towards a lower temperature.

By raising the Variac by one scale division every minute, the temperature, however, did not increase at a satisfactorily
uniform rate; the heating rate was slightly higher at the beginning than at the end of distillation. A modified scale was
prepared for the Variac aud It was then possible to obtain a heating rate of 6. 6° C/minute throughout the distillarion.

Vacuum System. - The s)istem was evacuated by a Duo-seal, two-stage vacuum pump. (Canadian Laboratory Supplies
Limited, Catalogue No. A-72-703B). High vacuum was obtained by a Supervac OD-25 Oil Diffision Pump, (Cenual
Scientific Company, Catalogue No. 93330, No. 1), and was measured by a McLeod gauge. Apiezon grease "N" was used
for all glass joints and stopcocks.- ‘

Measuring Device. - The relative position of the pan - and thus the weight loss of the sample during a distillation - was
measured by a Wild cathetometer (H. Wild, Surveying Instruments Supply Company, Ltd., Heerbrugg, Switzerland). The
cathetometer consists of a horizontal telescope with a magnification of 12x, mounted so as to slide upon an upright pillar
with an attached glass staff. The telescope is adjusted in height by rack and pinion action until its corsshairs coincide with
the lowest end of the quartz helix. The position of the telescope upon the vertical, graduated glass staff can then be read

‘by means of a microscope. - Direct reading to 0.1 mm and safe estimation to 0.01 mm can be made with this instrument.

Calibration of Quartz Helix. - Analytical balance weights, covering a range up to 100 mg, were placed in the sample pan
and the extension of the quartz helix caused by each weight increase measured with the cathetometer. For each one
milligram increment in load, the helix was lengthened by-1.1082 mm.

Contraction of the quartz helix in the course of a distillation was due to ™o causes:. (a) reduction in ioad as'a result
of distillation and (b heating of the quanz helix, The thermal contraction of the helix was measured over the entite
temperature range from room temperature to 350° C; it was found to be roughly 0.01 mm per 6. 6° C within the normal
distance traveued-by‘me pan duting a distillatlou. Positive corrections were accardingly made to all cathetometer readings.

"Sample PreEarauon. Prehmmary distillations had shown that-at a temperamure between 80 and 150° C, bubbles due ro gas

evolution started to form on the surface of the pitch. The bubbles gradually increased i size and finally collapsed,

imparting a jerkinig motion to the pan so that it was impossible to take readings on the cathetometer. It was finally found
that with a mixture of 30% pitch and 70% calcined petroleum coke no bubblmg occurred and the readings on the cathetometer
could be made withouit difficulty. A blank dxst.llla.non un with coke alone showed that no trace of volatile was present in
the coke.

Coke, calcined at 1400°C and ground to -35 +48 mesh, was mixed in a mortar with finely ground pitch (-20 mesh) in
the ratio of 2:1, From this mixture, 166.5 mg (55.5 mg pitch) were weighed into the aluminium pan. This particular
sample size was chosen because (a) the cathetometer readings could be multiplied directly by the factor 2 in order to obtain
the percentage distilled, and (b) the pan remained within a zone of reasonably uniform temperamre throughout the complete
distillation cycle, as shown in Figure 2.
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P Distillation Procedure. - After the pressure of the syster has been reduced to 105 mm Hg as read on the McLeod gauge,
the sample was gradually heated up to 350° C, " Th the course of the distillation, the contraction of the helix was recorded

at constant intervals of one minute. To prevent condensation on the still wall facing the cathetometer and thus interference
with the telescope readings, a jet of air was played on the appropriate area of the wall.

} RESULTS
1 .
yr _ A series of 20 binders ~ 17 coalar pitches and 3 petroleum pitches - was tested, They are identifled in Table 1 which
') also lists their respective melting point, coking value, atomic carbon-hydrogen ratio, and compressive strength of test
%, electrodes prepared from a mixture of petroleum ccke and binder pitch; this last property is considered as the best individual
criterion of binder quality, )
} S .
Distillation runs yielded more than 1000 readings, which it is impractical to reproduce. The data were plotted in wo
y fashions, as elimination curves and as distillation curves. Elimination curves represent the amount of distillate in each
J fraction expressed as weight percentage of the initial sample weight, while distillation curves relate temperatures to
\ cumnulative distillate percentages.
For present purposes, a selection has been made of three pitches - two coal-tar and one petroleum pitches - that
4 illustrate the general behaviour pattern and also the more or less extreme ranges encountered, Figure 3, shows elimination
L curves, Figure 4, cumnulative distillation curves for the same three pitches.
Y : TABLE 1
: ’ . :
{ DESCRIPTION OF PITCH SAMPLES
X Pitch Melting Point(D) Coking value(®) Carbon-Hydrogen = Compressive Strength of
Identification(2) °C b Ratio (Atomic) Test Elecirodes
B (kg/ cm2)
Coal-Tar Pitches
A=1 o137 64.8 1.86 444
y A2 145 _ 69.5 1.88 440
A-3 101 57,9 .79 . _ 354
A4 106 57.8 .75 352
y A-5 67 51.1 1.7 340
) A-8 97 55.6 1.76 3%
! A-T 68 . 45.0 .64 288
A A-8 66 4.5 1.6l 213
. .
K B-1 89 54.4 1.67 381
5 B2 94 - 88,5 184 348
B-3 89 56.6 1,83 341
B-4 - 95 56.9 1.76 339
v B-5 90 51.7 : L6 320
! B-6 89 51.4 - 1.7 305
N B-1 89 83.5 1.59 ) 295
k . B8~ a5 49.5 1,62 252
v T C-1 65 o 32.9 1.49 181
\ .
! Petroleum Pitches
” D1 o . 53,3 0.98 210
E; D-2 111 . 43.1 0.93 169
A E-1 10 X L12 135

(a) A, B, C, D, E indicate different suppliers.
N (b) Cube-{n-air method was used for melting points greater than 80°C; below 80°C, cube-in-water,
(¢) Method described tn llteranu-e reference (2).
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DISCUSSION

From examination of the various curves, the three varfables which appeared tc be of some significance for pitch
characterization were estimated to be (a) the slope of the telatively straight portion of the cumulative distillation curve,
(b) the temperature at which the greatest percentage was distilled (elimination maximum) and (c) the cumulative
percentage corresponding to the elimination maximum.

In general these three variables could have been obtained from the distillation curves, but in some cases the precision
was inadequate. This difficulty was overcome by establishing the mathematical equation of each cumulative distillation
curve and subsequently deriving-the values shown in Table 2. As can be observed in Figure 4, the shape of the cumulative
distillation curves is that of an elongated §; the "Gomperz" equation(3) was found to be satisfactory in defining such curves:

y = a.bc* or
logy = loga+c" log b

Inspection of Table 2 shows that low values of maximum slope (x) and amount distilled at the elimination maximum
(xp) tend to coincide with high values of compressive strength; this indicates some measure of individual relationships., Such
a tendency does not exist for the elimination maximum (x3). Inspection alone, however, is inadequate to give a full
appraisal of relationships and a better picture is supplied by statistical study.

The statistical procedure applied was the Multiple Cormrelation Techmque(4) designed to assess the relationship between
™o or more variates, Complete statistical data are not reported herem, only those useful for the discussion of results are
summarized.in Table 3,

Statistically speaking the comelation coefficlents gfven in Table 3 for maximum slope (R = 0.903) and for % distilled
(R = 0.766) are highly significant but, from a practical viewpoint, the standard devlauons about regression of compressive
strength on either one of the two independent variables (o-= 36.7 and 54.7 kg/cm respectively) are rather high. In other
words, although the maxmm slope alone accounts for 81, 4% (R2) of the variations in compressive suwength, and % distilled
alone, for 58.17%, the proportlon of variations in compressive strength not accounted for is undesirably high. It was thought
then that, taken together, variations in slope and % distilled, or even variatons in all three independent variables might
account for a nuch liigher» proportion of the variations in compressive strength. However, tests 3, 4 and 5 of Table 3 clearly
indicate that this was not the case. In fact the correlatton between compressive strength and slope alone (test 1) is as good
as the correlation between compressive smength and any combinations of two or three independent variables.

From the above discussion, it can be concluded that high vacuum micro-distillation of pitch, as camied out during this
investigation, represents ancther analytical tool which permits a certain differentiation between various pitchss, but this
differentiation {s not considered satisfactory for prediction of pitch quality. However, it is believed that, because of its
good reproducibility, it could be used advantageously as another means of controlling pitch uniformity.
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TABLE 2

MAXIMUM SLOPE, PERCENTAGE DISTILLED AT ELIMINATION MAXIMUM AND

ELIMINATION MAXIMUM OF PITCH SAMPLES
(in order of decreasing compressive strength of test elecmodes)

Pitch Compressive Stzength ~ Maximum Slope (xy) Amount Elimination
Identificaticn kg/ cm? . %°C Distilled (xg)  Maximum (x3)
. % . °C
Coal-Tar Pitches )
A<l 444 .1848 15.2 243
A-2 40 : : .1824 15.4 259
B-1 381 . .1998 19.4 191
A-3 354 ' .1993 119.2 -207
"A-4 352 .2170 20.4 - 235
B-2 348 - : .2192 20,8 " 220
B-3 341 .2348 20.6 217
A-5 340 .2626 21.4 192
B-4 339 ’ .2294 24.8 236
A6 336 .2421 21.2 218
B-5 320 .2035 21.5 216
B-6 305 . .2270 23.2 225
B-7 295 .2486 22.4 217
A-T 289 .2956 22.8 182
A-8 273 . .3135 26.0 198
B-8 252 .2269 . 20.0 200
c-1 181 .3708 25.8 194
Petroleum Pitches
D-1 210 L3116 . 22,3 286
D-2 169 - .3470 - 24.8 289
E-1 135 .3698 23.9 251
TABLE 3

CORRELATION BETWEEN COMPRESSIVE STRENGTH AND DISTILLATION DATA

Test No. - Variables(® Correlation Data(® Standard Deviation®
R r? (kg/cm?
1 X1 0.903 0,814 36.1
2 Xo 0.766  0.587 54,7
3 XL, X3 0.910 0,828 . 36.4
4 X1, X3 0.905 0,818 37,3
.5 X1, X9, Xg 0.916 0,838 36.3
(3) x; = maximum slope; xg = % distilled at elimination maximum; .

(b

(c)

Xg = elimination maximum,
Rg = correlation coefficient

‘R x 100 = % of total variation in compressive strength accounted for by

the variations in.the specified independent variables or combinations
of them.

Standard deviation about regression of compressive strength on the
independent variables ar combinations of them.




¥

e i

- S

e

- 97 -

SOLVENT FRACTIONATION OF ELECTRODE BINDER PITCHES
L. P. Charette and L. Girolami

Aluminium Laboratories Limited, Arvida, Quebec (Canada) .

INTRODUCTION

Solvent fractionation has been used fairly extensively for studying composition and structure of pitches. Among the more
recent papers published on the subject are those of Wood and Phitlips, (1) Mallison, ) Franck, () and Lissner and Schafer. (4)
However, most of the studies dealt with a small number of samples and rather elaborate fractionation techniques. Past
experience in our own laboratory has indicated that there is danger in studying too few samples: the conclusions drawn can be
greatly influenced by the types of pltch used or by the treatment the piich has undergone. For these considerations, and also
because the time involved even for simple fractionation is always fairly long, it was preferred to try a fractionation procedure
which would be relatively simple in operation as well as in number of fractions produced, thus allowing the coverage of a
large number of binders, A two-stage fractionation, which would permit isolation of the much-discussed carbon-I (C-1I), '
appeared appropriate. ' : ’

EXPERIMENTAL

Choice of Solvents

In order to select the most suitable fractionation agents, 14 solvents were examined. The procedure employed consisted
in refluxiong 1 gram"of_ pitch in 100 'm1 of solvent for one hour, and determining the amount of the undissolved material
collected on 4 fritted porcelain filtering crucible. In tests with high boiling.point solvents such as quinoline and nitrobenzene,
the sample was digested only (no refluxing) in the solvent at 80~ 90° C on a steam bath. The results of solubility tests on five
coal-tar pitches ranging in melting point from 92 to 180° C are shown in Table 1.

TABLE 1

- SOLUBILITY OF PITCH IN SOLVENTS

Percent Solubility
- Solvents ~82°C  100°C 108°C 127°C 180°C  Average
- Pitch  Pitch -~ Pitch  Pitch  Pftch
Quinoline k! 93 - 90 82 . 71 81
Nirrobenzene - 86 88 84 67 57 72
Pyridine 61 88 82 - 87 59 71
Chloroform 52 68 68 55 .48 58
Toluene 53 70 68 53 ‘44 58
Benzene 50 87 66 56 40 56
Carbon Tetrachloride 45 58 54 38 21 44
Acetone - 44 56 50 31 28 42
Butyl Alcohol 33 40 39 27 19 32
n-Heptane 25 25 22 15 7 18
Isopropyl Alcohol 20 27 22 11 7 17
n-Hexane 19 17 15 9 6 13
Methyl Alcohol 16 19 15 7 4 12
Petroleum Ether 10 8 8 9 4 8
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Of the solvents examined, quinoline and acetone were selected for various reasons. Quinoline appeared to be the solvent
having the strongest dissolving power and, as such, would isolate the least soluble fraction usually referred to as carbondl.
Acetone was chosen because it appeared to provide a fair distribution of the pitch quinoline-soluble portion into two fractions;
furthermore, acetone, because of its high volatility, can be driven off easily at low temperature.

.

Fractionation Procedure

A sample size of 20 grams was found adequate in most cases to provide fractions in sufficient quantity to permit their
analysis. )

Hard binders were ground to pass a 65 mesh sieve. Soft binders were slightly heated for easier manipulation.

Acetone-Soluble Fraction

Since it was inconvenient to carry out the extraction in one operation on account of the considerable quantity of acetone,
equivalent to the proportion employed in the solubility tests, successive extractions were carried out to complete the
separation of the acetone-soluble fraction. With 20 grams of starting binder material, three extractions, with 500 ml of
acetone each, were generally sufficient. Between extractions, the acetone solution was filtered off, the residue washed with
acetone and dried. During the first, and occasionally also during the second extraction, part of the pitch softened and formed
agglomerates; consequently it was necessary to griud the residue between extractions, Soxhlet extraction was attempted on a
few pitches, but the agglomeration was even worse, The filwration was carried out on a specially made aluminium filter
support with a detachable top light enough to be weighed on an analytical balance. A combination of a double layer of glass-
fiber filter paper and one analytical filter paper disk was used as filtering medium,

To recover the acetone-soluble portion from the filtrates and washings, the bulk of the acetone was removed by careful
distillation. Occasionally, the solution showed tendency to bump, even when "Boileezer” stones were added; it was therefore
preferable to remove the acetone simply by slow evaporation. In either case, the concentrated solution was finally
wransferred to a tared vessel and the remaining acetone removed by evaporation in a vacuum oven.

Quifioline~Insoluble Fraction

The residue from the acetone extraction was ground 10 a fine powder in a glass mortar and digested with quinoline on a
steam bath while stirring. In the preliminary work, a constant amount of quinoline was used for all pitches. However, it
was observed thar the filtration rate varied, depending on the pitch type, from fast 1o zero; the filtration was especially
difficult with heat-treated or cut-back pitches. This difficulty was overcome, and fast filtration obtained, by using a quantity
of quinoline proportional to the expected percentage of the intermediate fraction (quinoline-soluble, acetone-insoluble); this
percentage was calculated by deducting from the known acetone-insoluble content, the amount of quinoline-insoluble
determined by an analytical standard procedure on a small sample.

For filration, the same type of filtering set-up as specified for the acetone-soluble fraction was used. The quinoline-
insoluble residue was washed with quinoline and acetone, dried and weighed. .

 Quinoline-Soluble, Acetone-Insoluble Fracrion.

The recovery of this intermediate fraction from the filtered quinoline solution presented some difficulty. It was found
impossible to get rid completely of the quinoline by distillation at atmospheric pressure or even under vacuum without
excessive heating of the residue. A procedure was finally worked out whereby the bulk of the quinoline was first removed by
gentle distillation at atmospheric pressure, followed by evaporation in an open dish on a steam bath until a suitable
concentration was attained. The concentrated solution was then poured slowly while stirring into acetone; the extent to which
the quinoline solution was concentrated prior to precipitation, and the volume of acetone used were proportional to the amount
of solute. A dense, almost crystalline precipitate formed which was easily filtered. After filtration, itwas ground to a fine
powder, re-extracted with acetone, re-filtered and dried. After this reatment, there was no trace of quinoline odour and it
was assumed that the solvent was completely removed. Because of practical difficulties, no attempt was made to recover the
very small amount of solute which remained in the filtrate.

A flow diagram illustrating the complete fractionation technique is given in Figure 1.

RN
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RESULTS

The samples of binder pitch selected for t.his investigation represented different types of pitch, different producers and
different levels of quality. They are listed in Table 2 which also contains some of their properties.

In'all, 26 samples were fractionated: 14 swraight-distilled pitches; three heat-treated pitches; s'ix cut-back pitches, i.e,
pitches which had been produced by blending heat-treated pitches with some light materfals such as oil or tar; one chemically-
treated pitch prepared from straight-distilled pitch by digesting with 2% sulphur; and finally two petroleum pitches. Twelve
additional regular production petroleum pitches, all from the same source, ware also fractionated, but only one is reparted
since identical observations were made on all. Consequently, it should be borne in mind that conclusions drawn and
observations made on regular production petroleum pitches are based effectively on a fairly large number of samples and not
only on sample J-1.

Fractionation results and some characteristics of pitch fractions are presented in Tabhle 3.

" DISCUSSION

Acetone-Soluble Fraction

The acetone-soluble fraction is a dark brown, almost black materfal which at room temperature has a conslstem:y ranging
from that of tar or very heavy grease to that of solid pitch. Thus, there is a noticeable difference in viscosity for fractions
obtained from different pitches, as shown by the equiviscous temperatures given in Table 3.- The coking value of the fractdon
is low, but also covers a fairly wide range; in general, it is lower for cut-back binders than for straight-distilled pitches of
equivalent softening point. It is also of some interest to note that the caking value of the acetone-soluble fraction for regular
production petroleum pitches, exemplified by - <amp1e -5 s higher th.a.n for anty of the coal-tar pitches, although the carbon-~
hydrogeu ratio is significantly lower.

Only the acetone-soluble fraction was found suitable for viscosity determma.d.on. As shown In Figure 2, there s a definite

trerid for the remperature coefficient of whole pitches to decrease with larger differences between the equiviscous temperature

at 15 poises of the whole pitch and that pf the acetone-soluble. The only real exception is the experimental petroleum’
sample J-2; difficulty experienced with this pitch in preparing mix for test electrodes might be explained at least in part by
this deviation, which is the result of the very low equiviscous temperature of the acetone-soluble as compared to the high
equiviscous temperature of the whole pitch., On the basis of present knowledge, it can be hypothesized that this petroleum
pitch was produced by severe cracking of a petroleum crude and dilition of the residuum with light material to obtain the
desired melting point.

The relationship between coking value of the acetone-soluble fraction and its equiviscous temperature, shown in Figure 3,
illustrates some interesting facts. The acetone-soluble fractions of four of the six cut-back pitches are characterized by low
coking value - approximately 15% - and low equiviscous temperature - approximately 52°C. Considering the melting point
level of these pitches, it can be reasonably assumed from this’relationship that they were produced by diluting high softening
point bindérs presumably with very light materials such as “oils"; this is a process by which binders of low quality can be
expected to result. Straight-distilled pitch C-2 also contains an acetone-solublé fraction exhibiting low coking value and low
equiviscous temperature, and yet is not a cut-back pitch; in this instance, it should be remembered that the softening point of
C-2 is very low compared to those of cut-back pitches mentioned above and consequently, there is no discontinuity between
the acetone-soluble characteristics and those of the whole pitch. Samples A-4 and C-7 are also cut-back pitches, but the
material used for diluting was tar, which explains the higher figure for coking value and equiviscous temperature of their
acetone~soluble.

Quinoline-Soluble, Acetone-Insoluble Fraction

The quinoline-soluble, acetone-insoluble fraction consists of a black-brown brittle substance which can be pulverized
easily. Upon heating, it does not melt although {t shows some tendency to fuse. Its carbon-hydrogen ratio is somewhat higher
than that of the whole binder, and does not show much variation; there is, however, a noticeable difference between the
fractions from binders of coal-tar and petroleum origin, the latter having a lower carbon-hydrogen ratio. The same applies

to the coking value; it is lower for petroleum pitches, wuh the exception of the experimental one, than for binders of coal-
tar origin.
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TABLE 2

DESCRIPTION OF PITCH SAMPLES

Sample Compressive Strength Melting Coking C-I Atomic  Density Viscosity pata(P)
Identification'® of Test Elecrrodes Point Value (Quinoline-  Carbon- ' Temperature
' kg/ cm? °C % Insoluble) Hydrogen gfcc EVT;5 EVT 4, Coefficient
%o Ratio . poises/°C
COAL-TAR STRAIGHT - DISTILLED PITCHES
A-1 430 111 6l.6 14.0 1.97 1.35 162 123 25.6
B-1 382 109 59.8 15.17 1.91 1.36° 165 124 24.4
c-1- 35 95  51.1 16.7 1.93 1.35 149 108 24.4
D-1 361 108 59. 4 23.1 1.84 1.36 170 126 22,17
E-1 360 107 59. 4 13.7 1.85 1.34 158 118 25.0
F-1 -354 108 58.2 9.9 1.72 1.33 166 127 25.6
c-2 354 50 4.5 13.4 1.76 1.28 86 54 31.2
c-3 - 351 112 56.2 6.5 1. 80 .32 1712 131 24.4
A-2 347 95  55.5 3.4 1.74 1.32 149 114 28.6
G-1 320 100 53.1 1.4 1.68 1.30 150 110 . 25.0
G-2 320 88  53.5 10.0 1.82 1.32 141 102 25.6
H-1 296 : 69 4.1 .8 1.66 1.24 111 78 30.3
c-4 274 93 5l.4 5.8 1.173 1.33. 147 110 27.0
1-1 257 93 49,7 4.9 1.62 1.31 147 111 27.8
COAL-TAR HEAT-TREATED PITCHES ,
C-5 444 ’ 138 - 65.6 14.2 1.8 1,33 207 158 20, 4
A-3- 410 © 129 67.3 21.3 1.92 1.35 204 152 19.2
c-6 339 102 56.8 11.5 1,78 1.32 162" 119 23,2
COAL-TAR CUT-BACK PITCHES ,
A-4 376 . 102 56.0 -14.2 1.67 1,82 162 121 24.4
c-7 354 105  5T.2 9.8 .79 1.32 166 - 125 24.4
1.2 313 104  55.7 14.2 168 L3 170 123 21.3
"1-3 309 104  53.9 18.9 1.69 - 1.33 158 115 23.2:
1-4 275 ©102 56.5 17.9 1.70 1.32 166 115 19.¢°
‘A-5 165 . 107 60.9 28,9 1. 80 134 - 175 T 117 17.2
) COAL-T AR CHEMICALLY-TREATED PITCH
A-6 246 100 49.6 4.1 1,59 1.30 153 © 115 26.3
PETROLEUM PITCHES
J-1 : .
regular 300 109 55.6 - 19.0 1.46 1.28 166 127 25. 6
production ) ’
3.2 .
experimental - 132 56.7 14.6 1.49 1.30 - 209 155 18.5

(2) Letters indicate different suppliers.

(b) EVT refers to equiviscous temperature i. e. the temperature at which a pitch has a specified viscosity.

EVTy5 and EVT 15 correspond to viscosities of 15 and 1015 poises respectively.

Temperanué coefficient of viscosity is obtained fiom the following expression: 1000/ (EVT1g - EVT1g15)-

Note: Analytical data were obtained by Aluminfum Laboratories Limited internal methods.
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TABLE 3

FRACTIONATION FRESUL‘I‘S AND CHARACTERISTICS OF FRACTIONS .

Atomic C/H

Sample 9% Fraction % Coking Value . Density, g/cc EVTys °C
Identification I I a1 I I I I 1T I I II I I
COAL-TAR STRAIGHT-DISTILLED PITCHES
A-1 44.1 42.8 13.1 926.8 88.4 98.8 1.60 2.03 4.26 1.24 1.37 1,62 . T2
B-1 46.0 39.1 14.9 20.5 90.4 98,9 1.54 2.04 4.55 1.20 1.43 1.63 66
Cc-1 47,1 37.3 15.6 20.4 88.8 97.9 1.58 2.01 4.03 1.23 1.37 1.60 63
D-1 48.4 29,5 22.1 22,8 89.2 97.9 1.41 1,91 4.26 - 1.34 1.62 9
E-1 47.4 39.2 13.4 22.2 89.4 99.1 '1.56 1,96 4.48 1.23 1.39 _1. 63 © 14
F-1 51.9 38.4 9.7 24.8 87.5 97.0 1.49 1,94 4.52 1.23 1,39 1.65 19
Cc-2 61.0 25.7 13.3 1l6.4 ) 87.3 97.6 1.50 2.01 4.27 1.21 1.38 1.63 40
Cc-3 49.9 4.1 6.0 22,2 91,2 966 1.50 2.06 4.18 1,22 1.39 1.63 66
A-2 56.2 40.5 3.3 21,7 910 97.7 1.54 2,04 4,20 1.22 - - 2
G-1 57.4 35.6 7.0 23.5 9.1 97.0 1..45 1,95 3,77 1.23 1.37 1,59 80
G-2 54.2 ~36.8 9.0 19.7 -90.7 .98.6 1.80 2,00 4.05 1.23 - - 62
H-1 67.2 26.8 6.0 19.0 88.8 99.1 1.44 1,90 3.73 121 - - 58
Cc-4 57.7 37.1 5.2 20.3 90.5 97.3 1.51 2,03 3.77 123 1.40 1.61 69
1-1" 60.9 34.0 5.1 20,0 90.9 97.1 1.42 1.98 3.40 1,21 1.38 1.55 63
COAL-TAR HEAT-TREATED PITCHES .
C-5 42,9 44.8 12.3 26.6 91.7 9.0 1.56 2.05 2.96 -1.26 133 1. 51 93
A-3 37.1 43,5 19,4 19.1 92.8 96.4 1.58 2.15 3.19 1,23 1.39 1.52 ki
Cc-6 515 38.2 10,3 20,3 93.2 98.7 1.50 2,07 2.95 1.21 1,33 1.50 67
. .
. COAL-TAR CUT-BACK PITCHES
A-4 52.8 34.6 12.6 21.9 91.3 96.9 1.43 1.97 2.52 1..21 1.37 144 63 -
c-1 51.6 40.0 8.4 19.3 92.0 96.4 1.54 2.13 3.30 1,22 1,29 1.55 68
-2 49.9 36.5 13.6 14.9 93.1 97.4 1.40 1.95 2.62 1.20 1.26 _1.»46 51
-3 52.6 29.9 17.5 16.1 93.4 98.0 1.45 1,93 2.48 1,19 1.26 L 44 53
I-4 50,3 33.5 16.2 16.3 92.0 98.3 1,42 2.00 2.55 1l.20 1.22 1,28 54
A-5 4.5 27.7 27.8 14.4. 94.3 91.9 1.49 2,12 2.54 1.22 1,37 1,45 53
COAL-TAR CHEMICALLY-TREATED PITCH
A-6 59.4 36.8 3.8 19.9 88.0 94.5 1,47 1.88 3.25 120 - - 69
PETROLEUM PITCHES
J-1 53.9 25'1 18.4 27.4 83.4 95.1 1.20 1.58 3,01 - 1.35 1.51 72
J-2 47.3 39,0 13.7 18.1 92.0 97.0 1.16 1.78 2.46 1,14 1.31 1.51 45
I = Acetone-Soluble.
II = Quinoline-Soluble, Acetone-Insoluble.
m = Quinoline-[nsoluble.‘ ’

m———
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Quinoline-Insoluble Fraction

The quinoline-insoluble fraction is a black, very fine powder. Upon heating it does not show any sign of melting or
fusing; it remains practically unchanged in appearance even when heated to 500°C. Its coking value is.very high (over 95%)
and shows no significant variation for the different pitches. These characteristics would suggest an almost inert material if
it were not for its carbon-hydrogen ratio which varies considerably; this constitutes an interesting property which permits
significant comparisons between the various pitches. For instance, the carbon-hydrogen ratio of the quinoline-insoluble of
all straight-distilled pitches except one are above, or close to, 4.0; the low carbon-hydrogen of the exception (1-1) might
well reflect a significant variation in the production and possibly processing of the tar; at the time this sample was produced,
pitches from the same source were not considered satisfactory for carbon electrode manufacture in actual plant operation.
On the other hand, for straight-distilled pitches which have been subjected to some thermal treatment such as samples C-5,
A-3, and C-6, the carbon-hydrogen of the quinoline-insoluble shows a large decrease. This is probably the result of
transformation of part of the quinoline-soluble, acetone-insoluble fraction into a type of quinoline-insoluble having a lower
carbon-hydrogen ratio than the normal quinoline-insoluble of stralght -distilled pitches. The same applies to cut-back binders
prepared from heatetreated, high-melt ng pitches; thus the variation in carbon-hydrogen of the quinoline-insoluble can be

>

very useful in differentiating types of pitches. It can also be observed from Table 3 that density of quinoline-insoluble fraction,

is higher for straight-distilled pitches than for treated or cut-back pitches, and follows well carbon-hydrogen ratio with one
exception, No. I-4; no explanation can be offered for this apparently abnormal result. This relationship between density and
carbon-hydrogen ratio is much better defined for the quinoline~ msoluble fraction than for the other two fractions or the whole
binder. :

Evidence of the presence of different types of quinoline-insoluble particles was found frommicroscopic examination of
quinoline-insoluble fractions from different types of pitches. It was observed that the quinoline-insoluble of straight-distilled
pitches consists of very fine particles, of the order of one micron, while in heat-treated and cut-back pitches the insoluble is
a mixture of very fine particles and of particles of ten microns and larger; the shape of the particles is also different. '

Relationship to Pitch Quality

Although it is logical to assume that fraction characteristics must have some bearing on pitch quality, no significant
relationship could be establisied between any single characteristic and compressive strength of test electrodes which was taken
as quality criterion in the investigation described herein. The only fraction which showed some promise was the quinoline-
insoluble.

Examination of compressive strength and per cent quinoline-insoluble for straight-distilled pitches (see Tables 2 and 3)
indicates a definite trend for higher compressive strengths to be associated with higher quinoline-insoluble contents. However,
this does pot hold if we examine the different types of pitch together. For instance, cut-back pitch A-5 has the highest
quinoline-insoluble of all pitches and yet its corresponding compressive strength is by far the lowest. This is not altogether
unexpected, since it can be easily visualized that there must be a limirt to the amount of quinoline-insoluble which can be
tolerated in a binder. However, this limit seems to vary for different types of pitches; for instance, swraight-distilled pirch
D-1 contains only a few per cent less quinoline-insoluble than cut-back pitch A-5 and yet its compressive strength is much
higher. This might be explained by the large difference in carbon- ~hydrogen ratio of their respective quinoline-insoluble
fraction, 4.3 as compared to2. 5.

It can also be visualized that there exists an optimum percentage for the quinoline-insotuble fracﬁo_n. Qut of mere
curiosity compressive strength versus per cent quinoline-insoluble was plotted for approximately 175 pitch samples of different
types and from different sources. The curve showed a maximum for compressive strength at approximately 14% quinoline-
insoluble; this is roughly the quinoline-insoluble content of most of the best straight-distilled pitches shown in Table 3.

From all these observaﬂons made on the quinoline-insoluble fraction, it can be said with a reasonable degree of confidence

that this fraction is of some {mportance in the performance of a pitch as binder. As mentioned earlier, its concentration alone
is of lintle use if pitches of different types are considered. However, by a suitable combination of the amount of the quinoline-
insoluble fraction and its carbon-hydrogen ratio and by assumning an optimum percentage - let us say 14% - it might be
possible to arrive at a factor which, along with other characteristics of pitch or pitch fractions such as viscosity and coking
value. might prove valuable for pitch characterization.

o g TN

s

N

~ P

N e



o I e ot e = T

i ——

TR

\

LT

eSS

- 10kA -

ACKNOWLEDGEMENTS

The authors wish to acknowledge the contribution of Messrs. L. Tremblay and R. Beaulieu for carrying out a considerable
number of tests in the course of the investigation. They also express their appreciation to the various pitch producers who
supplied the experimental samples, and make grateful acknowledgement to Aluminium Laboratories Limited for permission
to publish.

LITERATURE REFERENCES

(1) Wood, L.J., and Phillips, G.. J. Appl. Chem. 5 326 (1955).

(2) Mallison, H.. Bitumen, Asphalte, Teere, Peche, 7, 265 (1956).
(3) Franck, M.G., Brennstoffchemie, 36, 12 (1955).

(4) Lissner, A., and Schafer, H.G., J. Prakt. Chemie, 1, 230 (1955).



i« ot AR =

e

[P
P

TN T

L

~
7

- 105 -

THE REIATIONSHIP BETWEEN THE CONSISTENCY OF THE GREEN ELECTRODE MIX
AND THE PROPERTIES OF TEST ELECTRODES

F. A. Smith and A. J. Lombardo

U. S. Steel Corperation
Applied Research Laboratory
Monroeville, Pennsylvania

Introduction

In the panel discussion that followed the symposium on Tars Pitches and
Asphalts" at the 1959 spring meeting of the American Chemical Society im Boston,
members of the panel emphasized that more attention should be given to the measurement
and study of the rheological properties of green electrode mixes.

Because of widespread interest in this subject, a preliminary research
program was initiated at the Applied Research Laboratory of the United States Steel
Corporation to investigate the relationship between the consistency of the green mix
and the crushing strength and volume electrical resistivity of specimen electrodes.
Consisgency has been defined as that property of a body that tends to resist deforma-
tion.1 In this paper, consistency is defined more specifically as the torgue
requlred to shear the green mix at a constant rate and temperature

A careful search of the Chemical Abstract indexes covering ‘a 53-year period
from 1907 to 1960 revealed that no information has been published onkthe relationship
between the c0351stency of the green mix and the properties of test electrodes. Only
one reference?) was found that described an instrument for quantitatively measuring
the consistency of green electrode mixes. This instrument, Russian-built, is simply
a cone penetrometer that has been modified to measure the pressure (limitlng shear
stress) required to drive a standard cone, under constant force, into the test
mixture to a full stop. Although this instrument has many desirable features, such
as simplicity of design and operation, it was not precise or sensitive enough for
-use in the present investigation. Subsequently, a technical brochure3) indicated
that another instrument, the Brabender Plastograph, had the desirable characteristics,
and was used in the ensuing investigation.

This paper describes the evaluation of rheclogical properties of green mixes
prepared from two coal-tar pitch binders and the properties of the test electrodes
made from them. Tt is hoped that this information will provide a better understanding
of the relationship between the rheology of the green mix and electrode performance.

.Experimental

For this preliminary study two electrode binders and a calcined petroleum
coke were used. The more common properties of the binders are shown in Table I. BRoth
binders were produced in full-scale equipment from the same feed stock.  Binder A, a
pitch of demonstrated utility, was produced by continuous vacuum-flash distillation
Pinder B was specially processed to have essentially the same softening point as
Binder A, but a viscosity and a ﬁ;-resin content significantly higher.

With the exception of the viscosity; standard test methods common to the
aluminum and carbon industries were used to measure the properties of the binders. |,
The absolute viscosity of the binders was determined by a Brookfield Synchro-Lectric
Viscometer equipped with a 12-inch spindle extension. A special device for heating

* See References.
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the air in contact with the pitch and the spindle was used with this instrument. A
schematic drawing of the assembled apparatus is shown in Figure 1. The air heater
was used to reduce the unwanted drag or torque exerted on the rotating spindle by
the "skin" of pitch that has a tendency to form on the surface of the test sample
when it is exposed to air at room temperature. Co .

Selected properties of the petroleum coke, used by the Laboratory as a
standard, are shown in Table II. The coke was calcined at 1300 C by the supplier and
then graded at the Laboratory into the six fractions shown in the table. Because the
fractions were sized relative to the dimensions of our laboratory-scale electrode-
baking apparatus, they are smaller than the fractions used commercially.

Since the experimental procedures are somewhat involved, the major steps
are briefly outlined below. A more detailed fd.iscussio_n of the various procedures
will follow. )

1. A serles of green mixes c_ontainin'g from 31 per cent to 38 pef cent
binder was prepared in a Brabender Plastograph..

2. The consistency of each mix was measured in the ‘Pla.stograph as the mix
was being prepared.

3. Each batch of green mix was then baked in accordance with a standard
- Laboratory procedure to yleld small test electrodes. .

k. The electrodes were tésted for crushing strength and volume electrical
resistivity. o -

The Brabender Plastograph, used to prepare the green mixes and measure their
consistencies, is shown in Figure 2. The instrument was purchased from C. W. Brabender
Instruments Inc., South Hackehsack, New Jersey. The sigms blades in the mixing head
(1) are driven by.a dynsmometer (2), which 1s suspended between Floating bearings (3).
The torque produced by the blades as they turn in the material at a constant rate of
shear 1s transmitted to the dynamometer. The dynamometer translates the torque
through a series of balance levers (L) to a direct-reading balance (5), which is
calibrated to indicate the torque in meter-gram units. A strip chart (6) provides
a continuous record of the consistency in terms of meter-gram units. Excessive
movement of the lever system is dampened by an oil dash pot (7).

The mixing head has a working capacity of 650 milliliters. It is heated
by recirculating hot oil from a constant-temperature bath (8) through a jacket that
surrounds the mixing head. A special insulated 1lid (9), not supplied by the manu-
facturer of -the instrument, minimizes the loss of heat from the head and was indis-
pensable as an atd in maintaining the mix at a uniform temperature. Through a small
opening in the 1id, 5/8 inch in dismeter, coke additions can be made without removing
the 1id. )

As mentioned above, green mixes containing from 31 per cent to 38 per cent
binder were prepared and their consistencies measured. The composition of a typical
batch of green mix is shown in Table III. In this batch, 462 grams of the various
coke fractions were blended, as described below, with 238.0 grams (34 weight per cent)
of Binder A to yield 700 grams of mix. In all the mixes, the total amount of the two
components was held constant at 700 grams.

In the preparation of a typical mix, the calculated amount of molten binder,
at a temperature of about 155 C, is added to the preheated mixing head. After the
binder has mixed for exactly 7 minutes, the preheated (to 155 C) 10- to 30-mesh coke

e -
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fraction is added through the opening in the insulated 1id. The remaining fractions

are then added in the order of decreasing size at 5-minute intervals. The addition

of these fractions is 1llustrated in Figure 3. Mixing is continued at 155 C for

30 minutes after the addition of the last (minus 325-mesh) coke fraction. The torque
reading, in meter—grams, at the end of this mixing period is recorded as the consistency
of the mix o

The change in consistency that occurs as the various coke fractions are
added to the binder is 1llustratéd by.the typical consistency curves that are reproduced
in Figure k4. Reading from Tight to left, the steps in the curve represent the licrease
in consistency that occurs as the six coke fractlons are added to the tinder at 5-
minute intervals.’ The position of the. left extremity of the ‘curve defines the
consistency of the mix,. The sensitivity of the instrument to the change in con-
sistency broughtabout by the addition of the various coke fractions is clearly
indicated. The second curve in this figure was included to  demonstrate the excellent
repeatability of the instrument over the- entire consistency range. .

After measuring the consistency, the green mixes were packed into perforated
graphite molds, Figure 5, and baeked to.a temperature of 1000 C in 24 hours. The baked
electrodes were then tested . .for crushing ‘stréength and electrical resistivity. The
proc ure for preparing, baking, and testing specimen electrodes was described in a
paper presented at the Spring 1959 meeting of this Division.

Results and Discussion

To make clear the relationship between the cons1stency cf the varilous green
mixes and -thé. properties of . the- test electrodes, the experimental data were plotted -
in bar-chart form. The relationship between the: consistency and crushing strength for
both binders is. illustrated in Figure46‘4 The black bars represent the consistency of
the mix at verious levels of: binder concentration, and ‘the white bars show the crushing
strength of. specimen electrodes prepared from green ‘mixes containing various percentages
of binder. The: number at.’the top of each bar represents the percentage of binder in
the mix. -From this chart it is évident: that an excellent correlation exists between
the consistency of the green mix and the crushing strength of the test electrodes. It
is extremely interesting to observe’ that; as the percentage of binder increases within
the limits shown, the consistency and crushing-strength values .for edch binder pass
through a maximum: simultaneously. - This relationship suggests that the consistency
of a green mix can be measured to determine the optimum percentage of binder to use
in the preparation of en-electrode with maximum crushing strength.- For Binder A, for
~example, a maximum consistency value was obtained at a binder concentration of 24 per
cent. This mix in turn produced an electrode with the highest strength Therefore,
the optimum percentage of binder is 3& per cent

This chart also shows that Binder B, which.had been processed to have a
higher viscosity: than A, yielded mixea ‘with consistencies significantly higher than
those of Binder A. In & like manner, Binder B’ produced electrodes with crushing
strengths ‘somewhat higher. than those of Binder A. It is also interesting to rote
that the percentage ‘'of binder required to obtain electrodes with maximum strength was
gbout the same for éeach binder. The fact that a stronger electrode can be obtained
with the specimlly treated binder. (Binder B). seems to indicate that the special
treatment vas indeed very beneficial S :

Figure T shows the- relationship between the consistency of the mix and the
electrical resistivity of the electrodes. It is evident that a good correlation also
exists between these parameters. For each binder, as the consistency valués pass
through a maximum.the resistivity values pass through a minimum This relationship
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suggests that the consistency of the mix can also be employed to determine the
optimum percentage of binder to use in preparing an electrode with minimum .
electrical resistivity. Binder B produced electrodes with resistivities somewhat
lower than those of Binder A. Once again, the beneficial effect of the speci&l.
treatment was demonstrated. ’ .

Summary

The Applied Research Lsboratory has studied the relationship between the
consistency of the green electrode mix and selected propertles of test electrodes.
The results of this preliminary lnvestigation suggest that (1) the consistency of
the green mix can be used to determine the optimum concentration of binder required
to produce electrodes of the highest quality, (2) the Brabender Plastograph, with
slight but important modifications, 1s a suitable instrument for measuring the
consistency of green mixes, and (3) for the same concentration of binder in the.
green mix, an appropriately treated binder will yelld better electrodes than an
untreated binder. This investigation is being continued to further verify and
extend these findings. It is anticipated that the results of this more extensive
study will be presented at a future meeting of this Division.
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Table I

PROPERTIES OF BINDERS

SOFTENTING POINT, CUBE-IN-AIR,

BETA RESINS (BI-QI), wt %

SPECIFIC GRAVITY (60 F/60 F)

_VISCOSITY, CENTIPOISES

at 140 ¢
" at 150 C
.at_ l6¢ c
IRON, wt % )
ATOMIC . CARBON/ HYDROGEN RATIO
BENZENE INSOLUBLES, wt %

SUINOLINE INSOLUBLES, wt %

COKE VALUE, CONRADSON, wt %

DISTILLATION, wt %
to 270 C
270 to0:300 C
300 to 360 C
360 to Loo C

SULFUR, wt %

BINDER A
c 102.3
11.9

1.32

4500
1630
810
0.020
1.78

21.9

10.0..

55.2

0.0
0.2
1.7
10.1

0.62

BINDER B

105.5
19.2

1.32

610
3200
13ko
0.018
1.77
28.6
9.4
55.4

0.0
0.2
2.6
" 10.1

0.59
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Table II

PROPERTIES OF CALCINED

APPARENT DENSITY, Gm/cm3

CARBON, wt%

F;YDROGEN, wt%

ASH, wt %

SULFUR , wt%

SIEVE ANALYSIS, wt %
.10 +30 MESH
-30 +SO MESH
-50 +100 MESH
-100 +200 MESH
-200 +325 MESH

-325 ON PAN

COMPOSITION

BINDER A .
COKE FRACTIONS
-10 +30 MESH
-30 +50 MESH
-50 +100 MESH
-100 +200 MESH
-200 +325 MESH

-325 ON PAN

TOTAL

Table III

OF A TYPICAL BATCH OF GREEN MIX

WEIGHT IN GRAMS

PETROLEUM COKE

0.898

97.61

0.24

WEIGHT PER CENT OF MIX

238.0 34.0
92.4 13.2
73.9 10.6
a7.8 12.5
60.1 8.6
46.2 6.6
101.6 14.5
700.0 100.0

Note: Coke fractions are added to the binder

in the order of decreasing particle size.
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APPARATUS FOR VISCOSITY DETERMINATIUNS

VISCOMETER

AIR HEATER NICHROME RIBBON .

THERMOCOUPLE
-THERMOCOUPLE
POWERSTAT
PITCH LEVEL
POWERSTAT .
SPINDLE

/ HEATING MANTLE

600 ML STAINLESS STEEL BEAKER

Figure 1. APPARATUS FOR VISCOSITY DETERMINATIONS

Figure 2. BRABENDER PLASTOGRAPH



Figure 4. TYPICAL CONSISTENCY CURVES
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Figure 5. PACKING THE GREEN MIX -

RELATIONSHIP BETWEEN CONSISTENCY AND CRUSHING STRENGTH

CRUSHING STRENGTH, KG/CM * CONSISTENCY AT 155C, METER GRAMS
i . —~ 600
850 = as ) C
34
nd
35.5
800 = < i - - — 500
35
Xl 2
as :
7 . 37 . — - 400
50 = - e 32
3
o~
700 b= . X -t 300
650 b= ' -~ 200
BINDER A BINDER B

PLUS STANDARD FILLER PLUS STANDARD FILLER

Figure 6. RELATIONSHIP BETWEEN CONSISTENCY AND CRUSHING STRENGTH
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RELATIONSHIP BETWEEN CONSISTENCY AND RESISTIVITYv

VOLUME RESISTIVITY, OHM CMx10™* CONSISTENCY AT 155C, METER GRAMS
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Figure 7. RELATIONSHIP BETWEEN CONSISTENCY AND RESISTIVITY
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THE RELATIONSHIP OF PITCH PROPERTIES TO ANODE PROPERTIES

.J. Alston Branscomb, Dr. V. L. Bullough, and H. A. Morrissey

Reynolds Metals Company, Reduction Research laboratory, Listerhill, Alabama
Introduction

The aim of this report is to provide help in appraising a pitch for suitability
as binder in the anodes of ‘the alumina reduction plants., The information was gained
from testing over 148 pitches from 21 producers. Commercially available and experi-
mental petroleum oil, gas, asphalt regular and low~temperature coal tar pltches were
included, .

An indication of the suitability of a pitch as binder is obtained by using as
an index the properties of baked electrodes made in the laboratory with the test pitch.
The electrodes are prepared using controlled conditions designed to maintain all
variables as constant as possible other than the pitch being appraised. The laboratory
technlques used produce electrode specimens that have the same level of values for
the properties of apparent den51ty, electrical resistivity,total por031ty and crushing
strength as those produced in the plant from the same materials.

This report (1) is. based on the appl1cat10n of this technique to laboratory
specimens of Soderberg comp051t10n. It furnishes some comparlsons of the resulting
properties to those of the anodes in the plants. (2) It gives the correlation found
between the properties of the laboratory specimens and the. analysis of the binder
pitch. (3) ‘It furnishes the percentage influence found for the measured pitch
properties on variations ih the properties of the laboratory-prepared carbon. (4) It
prov1des equations which can be.used to predict these properties of the laboratory
specimens from the analysis of the binder pitch. nly the common determinations of
softening point, coking value, components.ihsoluble in benzene and quinoline, specific
gravity and distillate fractions are required.. The difference between the predicted
and the measured physical properties are generally within the precision of the methods
for measuring the properties.’ These equations can be used as guides by laberatories
without facilities for preparing carbon’ anode specimens, by people with limited
experience in evaluating pitches, and by pitch manufacturers in developing binder pitches.

Experimental Results

Comparison of Propertles of Laboratory Spec1mens ;
with Those of Plant Anodes

Table I provides a comparison of the properties of baked carbon of Soderberg
composition made of the same materials in the laboratory and in the reduction plant.
This one comparison given as an example has been confirmed many times. This agreement
between these properties of laboratory specimens and baked plant anodes greatly
shortens the time required for a pitch appraisal in terms of these properties~e~ from
soon after the arrival of the pitch sample in the laboratory, contrasted with six
weeks or more after using the trial pitch in the Soderberg plant,

Correlation Between Pitch Propertles and’ Propertles of
Laboratory Specimens.

Having established a technique for duplicating plant anode properties in the
laboratory, it was used to determine the cotrelation between these properties and the
properties of the pitch. During the period of 1941~1954, a plant laboratory found
the following relationships, With few exceptions, as the softening point, coking
value, benzene insoluble, quinoline insoluble, and specific gravity of the pitch
increased, the values for anode properties of apparent demsity and crushing strength
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also increased., This was accompanied by a decrease in electrical resistivity and
total porosity. - These findings differed in two respects from the experience reported
by some laboratories during this period. The difference between the amount of
benzene and quinoline insoluble components, commonly designated as Ybeta resins", was
not found to have a pronounced correlation with these anode properties, Of special
interest was the finding that the half of the specimens which had the highest
apparent density and crushing strength and the lowest electrical resistivity and total
porosity were made with pitches which had more than 10% of components insoluble in
quinoline. At that time some had recommended that purchase specifications should
restrict the quinoline insoluble content to a maximm of 10%.

.Findings of the plant laboratory for a series of 28 coal tar, petroleum, and
experimental pitches, submitted by nine pitch producers, are given in Figure 1. The
properties of the anode specimens are arranged in order of increasing apparent density.
The properties of the pitch from which each anode was made are listed directly under-
neath, Instead of drawing the best straight line through the plotted data points, they
were connected to adjacent points to show that most of the properties of pitches which
were measured are inherently interrelated and strongly affect the properties of the
anodes, ‘ ‘ : .

This approach to the evaluation of pitches was continued by the Research Labora-
tory when it began operating in 1955. During a period of four years, 114 additional
pitches were tested, This series also included commercial and experimental petroleum
oil, gas, asphalt, regular and loww~temperature coal tar pitches from domestic and
foreign producers. The relationships between properties of pitches and anode specimens
made with them found by the plant lahoratory were confirmed, There was no indication
that changes in pitch manufacturing operations nor in sources of supply changed the
general relationskip of the properties of pitches to laboratory specimens during the
19~year period. To determine to what extent the peaks.and depressions in the plotted.
relationship of pitches and anodes were due to plotting different pitch types, sources
of tars, and processes, separate graphs were made for pitches of orne type. Figure 2
makes the comparison for nine coal tar pitches from a ‘single vendor during a twomyear
period. Figure 3 shows the relationship for 12 pitches of e troleum origin. In general,
the interrelation of pitth properties and their effect on the laboratory specimens
was found to apply to all types of these pitches,

Another Comparison of Laboratory and Plant Experience.

Figure 2 shows a pronounced relationship of the softening point of high-temperature
coal tar pitches to anode properties. Additional confirmation that laboratory
experiences are translatable into plant experience is furnished in Figure 4. It
contains data for plant paste made with three pitches having different softening points.
Figure 4 indicates the reproducibility of sample testing and constant quality of plant
paste over a three~month period, and the sensitivity of the test method to detect
changes in paste induced by changes in the binder. Material used in this series was
obtained from routine sampling of plant paste for quality control, It shows how
changing from a binder with a softening point of 90°C to one with 110°C resulted in
improvement in these properties, to the extent of shifting the range for apparent
density from 1.51~1,59 to 1.55~1.65 gms./cu.cm., electrical resistivity from 58-65 to
5261 ohms/m./sq.mm, and crushing strength from 6,200-7,500 to 6,800~9,000 1bs./sq.in.

Percentage Influence of Measured Pitch Properties on Variations in
Properties of Baked Laboratory Specimens.,

A multiple correlation was made to determine quantitatively the effect of each
of these properties of the binder on those of the baked carbon. Data was processed
from 455 specimens representing 51 pitches of all types tested over a two=year period.
This series of pitches produced laboratory specimens with a range in properties of
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1.34 to 1.60 gms./cu.cm. apparent density, 53.3 to 80.9 ohms/m./sq.mm., electrical
resistivity, and 2,450 to 7,100 lbs./sq.in. crushing strength. The percentage
influence of the measured pitch propertiés on variations in properties of baked
carbon with the constant aggregate, mixing and baking conditions is given in Table II.
The multiple correlation coefficients revealed that 83.,7% of the variation in
apparent density,.64.8% of the variation in electrical resistivity, and 79.6% of the
variation in compression strength of baked carbon under these testing conditions

are accounted for by variations in the six properties measured.

The correlation of the atomic carbon to hydrogen ratio of the whole pitch to
these properties of the laboratory specimens was also made. It was found that its
correlation did not significantly improve the predictability of the properties over
that obtained with the multiple correlation equations for the six more common
determinations,

TABIE I.

COMPARTSON OF PﬁDPERTIES OF BAKED ANODES OF SODERBERG COMPOSITION MADE
OF THE SAME MATERTALS BY THE LABORATORY AND BY A REDUCTION PLANT

Anode B Apparent Electrical Compression
Preparation Density Resistivity, Strength,
: ' " Gms./cu.cm. . Ohms /m./s q.rm. Lbs,./sq.in,
Samples Cored from 1.56 58.8 6,400
Anodes in a Reduction 1.52 - 54,7 5,900
Plant 1.55 107.0% e
: 1.55 54,2 L
1.52 54,5 6,800
1.54 53.0 ,7,100
Average 1,54 55.0 6,550
Paste Made in Plant, 1.55 54.4 6,400
Baked in Laboratory 1.52 53.0 - 7,100
: 1.55 54,8 6,200
Average 1.54 54,1 - 6,600
Paste Made and Baked 1.54 54,6 6,900
in Laboratory 1.54 _ 54,6 6,900
Average 1.54 54,6 6,900

% This high resistivity value indicates that the area sampled in the continuous.
anode had not completed baking, It was not included in the average.,

#* These samples were used for other tests and could not be crushed.

Equations for Predicting Properties of Resulting Anode Specimens from the Analysis
of the Pitch. _ - :

Equations were established by Research personnel which permit the prediction
of carbon properties made with the standard mixing and baking conditions. These
equations and the methods used for the determination of the six properties of pitch
are given in Table III. ' .

The experimentally determined values for apparent density, electrical resistivity

and crushing strength for the specimens used to obtain the equations are compared
with the values predicted with the equations in Figures 5. 6 and 7, respectively,
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The standard deviations for these measurements of apparent density, electrical
resistivity and crushing strength of the specimens made with the standard conditions
and commercial and experimental petroleum, oil, gas, asphalt, and regular and low=
temperature coal tar pitches were 0,0199 gms./cu.cm., 3.4 ohms./m./sq.mm. and 480.8
1bs./sq.in., respectively. Correlation coefficients of 0.915, 0.805, and 0.892 were
found between the predicted and experimental values for apparent demsity, electrical
resistivity, and crushing strength, respectively. These correlation coefficients
would have been 1.0 if these equations had been able to account for all the variations
in the quality of the carbon.

‘'These equations were applied to 51 additional pitches of all types. These
predicted values are plotted against the experimentally determined properties on the
same Figures 5, 6 and 7 to test the validity of the equations. In general, the
predictions for all types of pitches were within the precision of the test methods
for measuring the carbon at the 95% confidence level, The 95% confidence bands
drawn on these figures were calculated only for the original 51 pitches used to
develop the equations, : - :

These equations are claimed to apply only to the type of coke, aggregate formula
tion, mixing and baking conditions used in this study. However, there are reasons to
believe that they may be adjusted for other cokes and conditions by changing the last
constant term of the equations to balance the influence of these factors on carbon
properties.

TABLE II.
THE PERCENTAGE INFLUENCE .OF MEASURED PITCH PROPERTIES ON VARi'ATIONS N

PROPERTIES OF BAKED CARBON WITH A CONSTANT AGGREGATE, MIXING AND
BAKING CONDITIONS ' :

: . Apparent . Electrical - Compression
Pitch Property . Density - Resistivity Strength
Softening Point, °C _ 21,43 , : 2,98 8.28
Benzene Insoluble, % 0.59 : 0.39 0.16
Quinoline Insoluble, % . 1.17 4,73 0.72
Coking Value, % 5.44 - 1.56 ‘ .11
_ Conradson _ . '
Specific Gravity, 22,93 19,89 68,62
gms./cu.cm.
Distillation, % by wgt.
270°C Te45 9,78 0.56
271~300°C 5.44 4.41 0.08
301~360°C 6.44 7.06 0.0
361-400°C 6.36 6.80 0.0
Total 6.36 T.19 0,0
Total Percent of Variation
Accounted For 83.7 64.8 T9.6

Conclusions

Teghniques for testing binder pitches provide very good comparisons between the
properties of laboratory anode specimens and plant anodes,

Generally the apparent density' and crushing strength of anodes increase,
and the electrical resistivity decreases, as the softening point, coking

. \LA (GRS SRS SEESIE WEEELT S S OV NV SR



-

- 123 ~

value, benzene and qu.moline insoluble components, and specific gravify of the pitch
binder increase.

Based on the multiple correlation coeff:.clents, it was found that 83.7% of the
variations in apparent de.ns:d.y, 64.8% of the variations in electrical resistivity, and
79.6% of the variations in compressive strength of laboratory prepared and baked carbon
are accounted for in the properties of softening point, coking value, benzene and
quinoline insoluble components, specific gravity and distillation through 400°C,

In genmeral, the equations presented permit predicting the appareant density,
electrical resistivity, and crushing streagth of laboratory anode specimens from
analyses of 'all typepitches within the preclsion of the test methods for measuring
the properties of the carbon.

These equations may serve as guides for laboratories without facilities for making
and testing carbon anodes. They can be used by people with limited expenence in ’
appraising pitches.

‘TABIE III.

EQATIONS FOR PREDICTING RESULTING PROPERTIES OF SPEC]]ENS OF
S)DEREERG COMPOSITION FROM THE CHEMICAL ANALYSIS OF THE

PITCH

' APPARENT = 0.00127a + 0.00048b + 0.00121c = 0.00167d + 0,60303e =~ 0,16131f
DENSITY : : T
(gms./cu.cm.) . = 0.15269g = 0,16023h = 0.16144i + 0.15997j + 0.6684

ELECTRICAL = = 0,0538a = 0.0607b + 0.3906c = 0,1309d = 77.3591e + 11,1588f
RESISTIVITY C -

(obms/m./sqemm.)  + 6.8737g + 9.2822h + 9,1307i = 5,27607 + 173.277

CROSHING = 8,692 = 3,93b + 14,05c = 10.75d + 17,404e = 229,06f + 85,46g
STRENGTH ‘
(1bs./sqein.) = 4.61h + 36,471 ~ 9.47j = 16,956.95

a = softening point, °C, cubewin-air, Barrett!s method D-7.
b = benzene insoluble, %, Barrettts method B-T7.

- ¢ » quinoline insoluble, % Barrettts method B-21. .

d = coking value, %, Conradson, 3 g, sample, A.S.T.M. D~189=46,
e = specific grayity, g./cu.cm., 25°C, Barrett®s method D-4.

‘£ = distillation fraction 0-270°C, Barrett's method C=9,

g = distillation fraction 271-300°C.
h = distillation fraction 301-360°C,.
i = distillation fraction 361-400°C.
j = Total distillate, 0-~400°C., ' -
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