Nature of Oil-Shale Kerogen

Oxidations with Potassium Permanganate in Acetone Solution
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The oxidation with alkaline potassium permanganate has
been used in many cases for investigating the chemical structure
of various coals (2-4,71,73,16,18,19,37). Thus, Bone and col-
laborators (3,4) oxidized lignin and coals of different maturity
and found that the coals could be totally oxidized relatively
easily with alkaline potassium permanganate; only in the case
of anthracite, 8%, of carbon was left unoxidized after a reaction
period of 60 hours. Among the oxidation products there was
found 36 to 619, of carbon in the form of carbon dioxide, 7 to
289, in the form of oxalic acid, 2 to 7.59, in the form of acetic
acid, and 10 to 50% in the form of ‘‘benzene carboxylic”
acids. The percentage of the latter compounds increases with
the maturity of the coal. From these results, Bone and col-
laborators came to the conclusion that the coals they investi-
gated were of benzenoid structure and that there existed a
definite continuity in structural change in coals of different
maturity.

In analogy with coals, this oxidative method has often been
applied in the course of the investigation of oil-shale kerogens
(8-170,72,17,20-22,29,30.33).

Down and Himus (9) oxidized different types of oil shales
with an alkaline solution of potassium permanganate and re-
ported that these were more resistant to oxidation than coals,
and that carbon could be found in the oxidation products in the
form of carbon dioxide, oxalic acid, acetic acid, and nonvolatile
nonoxalic acids. In the case of some types of oil shales, one part
of the carbon remained unoxidized. The reaction times varied
between 56 and 145 hours. They did not draw conclusions as to
the chemical constitution of kerogens, but stated that the
structure of some kerogens should broadly resemble that of
coals, because of the high yield, in both cases, of nonvolatile
acids; that in other kerogens, however, there was no evidence
for the benzenoid structure, and that these, therefore, differed
in constitution from coals; and that some kerogens contained
two types of material, one comparatively easily oxidized with
an alkaline solution of potassium permanganate, the other re-
sistant to the action of this reagent.

Robinson, Heady, and Hubbard (30) have used alkaline po-
tassium permanganate in the oxidation of Colorado oil shale
(Green'River formation). By applying the “carbon-balance”
technique, 96 to 999 of the total organic carbon could be oxi-
dized to water-soluble products, which consisted mainly of
carbon dioxide and oxalic acid, and, in much smaller amounts,
of steam-volatile and nonvolatile (nonoxalic) acids. For that
reason, they presume that Colorado oil-shale kerogen is es-
sentially nonbenzenoid in structure and may be similar to the
organic material in Estonian algal limestone and Gdov oil
shale, which on oxidation also afford only small amounts of
nonvolatile acids and no benzenoid acids.

From all these results, obtained by oxidizing various oil
shales with an excess of alkaline potassium permanganate (and
by using the carbon-balance technique), the main and common
feature is the relatively high vield of carbon dioxide and
oxalic acid in the oxidation products. The same products, how-
ever, are also preponderantly formed under these conditions by
potassium permanganate oxidation of many organic com-
pounds, and it is, therefore understandable that on the basis
of only such results no definite conclusion can be drawn about
the structure of oil-shale kerogens. The most which can be con-
cluded from the yields and types of nonvolatile acids obtained
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is the benzenoid or nonbenzenoid character of the examined
kerogens.

Down and Himus (9), and later other authors, found that in
the first stages of the oxidation of some kerogens various acids
were formed which were not resistant to further action of
alkaline potassium permanganate, and were subsequently oxi-
dized to a large extent to carbon dioxide and oxalic acid. To
prevent total oxidation, some authors have recently carried out
a stepwise oxidation by adding permanganate in small portions
at a time and isolating the oxidation products prior to each
new addition of the oxidizing agent. In that way there have
been obtained, in various yields depending upon the conditions
used, various acids as well as intermediate ‘‘regenerated humic
acids.”

By applying this partial oxidation to Colorado oil shale,
Robinson, Heady, and Hubbard (30) converted about 809, of
the kerogen to high molecular weight acids, in contrast to the
usual oxidation with an excess of alkaline permanganate which
gave only 19, of nonvolatile acids. The U. S. Bureau of Mines
(33) has reported that, depending on the oxidation conditions,
different products could be obtained. An excess of permanga-
nate oxidizes Colorado oil-shale kerogen in the first stages
quickly and later more slowly, because the intermediate com-
pounds and some parts of the kerogen are progressively oxi-
dized to acids of lower molecular weight. Robinson, Cum-
mins, and Stanfield (29) have oxidized Colorado oil-shale kero-
gen in only two steps and obtained principally dicarboxylic
acids of two types: 599, of oxalic, succinic, glutaric, and adipic
acid, and 419, of dicarboxylic acids with higher molecular
weights up to about 800, which have not been identified.
Fomina and Pobul (70) carried out a partial oxidation of
Kukersite kerogen. The oxidation of 509 of carbon present
results in the formation of steam-volatile monobasic acids, non-
volatile oxalic acid, other dibasic acids up to azelaic acid, and
some viscous acids of unknown composition. By oxidizing this
shale with an excess of alkaline permanganate, mainly carbon
dioxide, acetic, and oxalic acid were obtained (9).

Although the intermediate compounds can be valuable for
further constitutional studies, the ‘‘regenerated humic acids”
are very complex in nature and are difficult to separate, isolate,
and identify. Besides, one should be very careful in drawing
conclusions based on intermediate products, because these con-
sist of various compounds, whose yield and type depend on a
considerable number of factors.

An analysis of the results hitherto obtained in the study of
the structure of kerogen, and particularly of the results of the
alkaline oxidation with potassium permanganate, pointed to
the necessity, for structural determination of kerogens, of using
milder and more specific agents which would oxidize the or-
ganic substances of oil shales only in definite positions, thus en-
abling the isolation of primary degradation products which
would give more useful information about the structure of the
starting material.

Potassium permanganate in alkaline solution was frequently
used in the determination of structures of natural unsaturated
triglycerides and unsaturated fatty acids. However, Armstrong
and Hilditch (7), in 1925, described a novel and superior pro-
cedure for studying the constitution of these compounds, which
consisted of the oxidation, with a neutral acetone solution, of
potassium permanganate. In contrast to the alkaline solution,
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this combination gives fewer oxidation products in better yields.
Thus, for example, from methyl oleate, they obtained as major
products pelargonic acid and the half-ester of azelaic 4cid, and
also found that under similar experimental conditions, esters of
saturated fatty acids remained unchanged. Since then, this oxi-
dizing agent has been applied to many structure determinations
of unsaturated compounds. It is specific for the double bond,
whereas tertiary and quaternary carbon atoms are oxidized to a
lesser degree. Stefanovi¢ and Pejkovié (32) have recently
demonstrated this specificity by oxidizing esters of chaulmoo-
gric and hydnocarpic acids to the corresponding tricarboxylic
acids, in 659 vield; the amounts of dicarboxylic acids were
much smaller and did not exceed 2897,

It was believed that the oxidation with potassium perman-
ganate in acetone solution would be a convenient method for
investigating the constitution of oil-shale kerogens, mainly for
the following reasons:

If kerogen is polymerized and of unsaturated character (as
supposed by many authors), its total or partial oxidation with
an excess of an acetone solution of permanganate would pro-
duce acids, which, taking into account the more specific action
of the oxidizing agent, would allow the drawing of more definite
conclusions about the structure of the native substance.

As the character of the shale oil was proved dependent on the
nature of kerogen, parallel oxidations of shale oil and kerogen
under similar conditions would probably furnish information
on the structure of kerogen itself, naturally based on a knowl-
edge of the mechanism of pyrolysis of kerogen.

By applying this oxidative method it should be possible to
elucidate the nature of “bitumen” (5-7,26,28), an intermediate
product of the thermal decomposition of kerogen, which is con-
sidered by some authors to be of unsaturated character (23-25).
By comparing its structure with that of kerogen and its degrada-
tion products (shale oil), useful information could be obtained.

Finally, by investigating the action of potassium permanga-
nate in acetone solution on other fuels (wood, coals, petroleum)
data would be available for comparing these natural products
with oil shales.

This work was undertaken in order to investigate qualitatively
the possibility of using potassium permanganate in acetone in
the study of the structural elucidation of oil shales and to
acquire preliminary facts which could be of use for further in-
vestigations in this field.

Parallel oxidations were first carried out with alkaline and
acetone solutions of potassium permanganate (in excess) on a
specimen of oil shale from Aleksinac (Yugoslavia). The results
of these preliminary experiments show that the oxidation in
acetone gave considerably more ether-soluble products than the
alkaline oxidation (39.69, as compared to 8.89, based on kero-
gen and not taking into account the increase of oxygen).

By oxidizing a larger quantity of the same oil shale with an
excess of permanganate in acetone, a series of products was ob-
tained not hitherto found in the oxidation products of oil shales.
The vyield of the acid compounds was considerable (38.59%,
based on kerogen), whereas the vield of neutral products was
very low (2.09).

By applying this method to the shale oil of the same oil
shale, a smaller amount of acids with a lower average molecu-
lar weight was formed, as compared with acids from the oil
shale (18.59, based on kerogen and not taking into account
the increase of oxygen). However, the yield of neutral prod-
ucts was much higher (18.79,, based on kerogen).

The oxidation products obtained in all these experiments
were investigated only in part. The results of the oxidations
are reproducible.

After the orientation experiments, the authors are making a
systematic study of various types of oil shales by the same
method, in order to determine the exact balance of the organic
carbon in the oxidation process and to investigate in greater
detail the nature of degradation products. Qil shales from the
following sources are being studied: Aleksinac (Yugoslavia),
Colorado (Mahogany Ledge, Green River formation), England
(Kimmeridge, Dorset).
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Two samples of Yugoslav coals (from Kolubara and Alek-
sinac) have also been subjected to an oxidation with potassium
permanganate in acetone under similar experimental condi-
tions, and it was found, in contrast to the results reported by
Bone and others (3,4) in their study of alkaline permanganate
oxidation of coals, that the coals examined were only partly
oxidized, mainly to acetic acid, and that most of the coal re-
mained unchanged.

EXPERIMENTAL PROCEDURE AND RESULTS

The oil shale was obtained from Aleksinac (Yugoslavia).
The sample contained 45.4%, of organic material [as deter-
mined by the method of Jovanovi¢ and Vitorovié¢ (75) and
without corrections for the change of pyrite}, and gave 27.8%,
of oil by the Fischer retort method.

The oil shale was finely ground (-100-mesh, Tyler, 0.149
mm.), treated with hydrochloric acid (1 to 1), washed until the
washings were chlorine-free, and dried at 105°C. to constant
weight. The oil-shale concentrate contained 57.1% of organic
material.

The preliminary experiments in alkaline and acetone solu-
tions were carried out by adding an excess of potassium per-
manganate to the corresponding boiling solutions and, after the
addition was complete, refluxing for another 16 hours. In ace-
tone solution, powdered permanganate was added; in alkaline
aqueous solution, part of the agent was first dissolved and then
added, and the rest was added as solid. After the reduction of
excess permanganate and manganese dioxide, the oxidation
products were extracted from the acidified mixture with ether
(carbon dioxide was not determined), and the acidic products
were separated from neutral ones by means of 59, aqueous
potassium hydroxide. The results of these oxidations are shown
in Table I.

Based on these preliminary experiments, oxidations in ace-
tone solution were carried out with larger amounts of the same
oil-shale concentrate as well as with the oil obtained from it,
and the oxidation products have been partly investigated.

Table 1. Results of Oxidations with Excess Potassium
Permanganate in Alkaline and Acetone Solution

Alkaline Solution Acetone Solution

Oil-shale concentrate,
grams 60 60
Potassium permanga-
nate, grams
Neutral products, based
on organic material, 0.6 3.2
Acidic products, based
on organic material,
not taking into ac-
count increase of oxy-

gen, % 8.2 36.4

600 300

The same experimental conditions were applied in all cases.
To a boiling mixture of material in acetone, powdered perman-
ganate in excess was added in portions, after which refluxing
was continued for 16 hours. In the first experiments, acetone
was removed at once after the oxidation and the residue was
then diluted with water. At that stage, violent explosions prob-
ably caused by peroxides occurred in several instances, so that
in subsequent experiments acetone was not evaporated. The
cooled mixture was directly treated with ice water, the excess
reagent and manganese dioxide were reduced with sulfur di-
oxide, and the acidified mixture (hydrochloric acid) was ex-
tracted with ether. The acids were separated from the neutral
products by shaking the ethereal layer with 59, aqueous potas-
sium hydroxide, acidifying the alkaline solution with hydro-
chloric acid, and extracting with ether. The neutral products
have not yet been investigated, whereas the acids were sepa-
rated in three fractions: A most soluble in water, B steam-
volatile, and C nonvolatile.
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Oxidation of Oil Shale. After several preliminary experiments
which were carried out to find the optimal conditions and best
isolation procedure, 600 grams of oil-shale concentrate in 5000
ml. of purified acetone were oxidized with 3000 grams of potas-
sium permanganate, and added to the boiling mixture in the
course of 5 hours.

The yield, based on organic material and not taking into
account the increase of oxygen, amounted to 29, for the neutral
products, and to 38.59, for the acidic products. The neutral
part was solid, brown in color, with a pleasant odor (composi-
tion: carbon, 76.539%,; hydrogen, 11.989); it was not further
investigated.

Twice, in the course of separating the acid fractions, a yel-
lowish precipitate (acidic) appeared which was sparingly solu-
ble in ether. Both precipitates were collected and investigated
separately. The yields of the acid fractions are shown in Table
11, and the properties of the precipitates in Table I11.

Table V. Distillation of Esters of Water-Soluble Acids
Which Did Not Distill at Atmospheric Pressure

Boiling Range,  Sapenification Yield,

Fraction t°C./p Mm. Value Grams Remarks
1 112.5-125/14 589.7 0.91 Liquid
2 131.5-138/14 556.7 0.47 Liquid
3 149 -173/14 492.4 0.65 Liquid

Residue N 319.1 1.85 Solid

Table VI. Distillation of Steam-Volatile Acids from
Oxidation of Oil Shale

Fraction Boiling Range Yield, Grams Remarks
1 105-114.5°C. 6.58 M.P. of anilide 113.8° C.
(p = 762 mm.)
Residue RN 4.03 Equivalent 132.1

Table Il. Yields of Acidic Products from
Oxidation of Qil Shale
% Based on Organic

Material and Not Taking

Yield, % Total into Account Increase

Type of Acids Grams Acids of Oxygen
Water-soluble 18.93 14.4 5.5
Volatile 9.48 7.2 2.8
Nonvolatile 72.87 55.3 21.3
Sparingly soluble I* 19.80 15.0 5.8
Sparingly soluble I1* 10.70 8.1 3.1
Total amount 131.78 100.0 38.5
“In ether.

Table Ill. Some Properties of Acids Sparingly Soluble
in Ether which Precipitated in Course of Separation
of Acidic Fractions

Melting Point, °C.  Acidic Value Equivalent
Sparingly soluble I 84-7 218.2 2571
Sparingly soluble II 84-4.5 258.2 217.3

A. Water-soluble acids were extracted from the ethereal so-
lution (4000 ml.) which contained all the acids, with 750 ml.
of water (10 X 75 ml.). The aqueous layer was neutralized and
evaporated to dryness; the residue was acidified with hydro-
chloric acid (1 to 1) and extracted with ether. The acids thus
obtained were distilled at atmospheric pressure (Table IV).

The solid residue was esterified with an excess of absolute
alcohol in the presence of dry hydrochloric acid and the esters
were submitted to fractional distillation under reduced pressure
(Table V).

B. The steam-volatile fraction consisted of a mixture of
liquid yellowish acids. They were fractionated at atmospheric
pressure (Table VI).

C. The nonvolatile fraction contained 559, of all the acids
isolated. They were esterified with an excess of absolute alcohol
in the presence of dry hydrochloric acid and the resulting esters
were submitted to fractional distillation under reduced pressure
(Widmer fractionating column, active part 10 cm. high). The
results of the distillation, saponification values, and percentage
compositions of the fractions are shown in Table VII.

The color of the fractions varied from pale yellow to yellow-

Table IV. Distillation of Water-Soluble Acids
Obtained by Oxidation of Oil Shale

Boiling Range, Yield, M.P. of Anilide,
Fraction °C. Grams °C. Remarks
1 110-114 14.40 114.5 M.P. of
(p = 762 mm.) acetanilide
114° C.
Residue L 5.70 . Solid
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Table VII. Distillation of Ethyl Esters of Nonvolatile Acids
from Oxidation of Oil Shale

Soponi- Yield of Composition
Frac- Boiling Range, fication Yield, Acids, —
tion t°C./p Mm. Valve Grams Grams C, % H, % Remarks

I 85- 87/14 5233 0.54 040 ... ... Liquid

11 110-121/14 502.2 2.30 1.72 60.58 9.12 Liquid

111 122-129/14 481.8 1.75 1.34 62.23 9.50 Liquid

v 91-103,0.34 461.7 1.51 1.16 63.35 9.55 Liquid

A% 104-113/0.34 4385 275 2.15 65.03 9.77 Liquid

VI 118-127/0.83 3926 3.23 2.60 66.16 10.07 Liquid

VII 137-149/0.83 361.2 297 243 67.05 9.97 Liquid

VIII 150-159/0.83 357.6 3.15 2.59 68.01 10.04 Viscous
X 171-185/0.34 3351 3.70 3.08 69.15 10.46 Semisolid
Resi-

due R 2478 61.70 54.05 ... ... Solid

brown; the residue was dark brown. Under the conditions used,
the major part of the esters of the nonvolatile acids did not
distill. As the saponification value of the residue is still com-
paratively high, it is believed that under better conditions, a
further amount of esters from the residue could distill over.

If results of the percentage analyses of esters (Table VII) are
plotted in a diagram of carbon-hydrogen compositions of
neutral ethyl esters of mono-, di-, tri-, and tetracarboxylic ali-
phatic acids, a curve is obtained, as illustrated in Figure 1,
which lies in the region of curves of all these esters. These data,
therefore, do not give any definite information about the com-
position and structures of the acids obtained, although it can
be presumed that the nonvolatile fraction is composed of a mix-
ture of di- or polycarboxylic acids.

To investigate that part of the organic material which re-
mained unchanged or undissolved during the oxidation, the
filtered residue, after the extraction of oxidation products with
ether, was washed with water until the washings were chlorine-
free and dried at 105°C.;yield, 360.1 grams. Sixty grams of
the residue were then reoxidized with 300 grams of potassium
permanganate in 500 ml. of acetone to afford 2.6 grams of
neutral and 6.3 grams of acidic material (4.6 and 11%,, respec-
tively, based on oil-shale kerogen and not taking into account
the increase of oxygen). From that experiment it follows that
the kerogen residue can be further oxidized, which means that
either the quantity of permanganate or the reaction period in
the first oxidation was not sufficient, or that a change in physi-
cal structure of the original oil shale took place during the
first treatment with permanganate, thus allowing the residue to
be more easily oxidized on subsequent treatment with the same
reagent.

In both steps, therefore, a total of about 509, of oil shale or-
ganic material underwent change during oxidation.

Oxidation of Shale Oii. The shale oil was obtained by distil-
lation of oil shale from an aluminum retort (Fischer), capacity
300 grams; rate of distillation: first 30 minutes up to 400°C.;
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Figure 1. Compositions of ethyl esters of nonvolatile acids
(fractions 1l to I1X, Table VII) from oxidation of oil shale

second 30 minutes 400° to 520° C.; final 30 minutes from 520° to
550°C. The oil was purified by dissolving it in gasoline and
treating the solution with 329, of aqueous sodium hydroxide.
The losses during purification amounted to 32.69%, including
water. The purified oil had an average iodine value [deter-
mined by Hanus method (27)] of 42.56.

After preliminary experiments, 500 grams of purified shale
oil in 5000 ml. of acetone were oxidized with 6500 grams of
potassium permanganate, added during a period of 5 hours.
Heating under reflux was continued for 16 hours and the mix-
ture was then treated as described.

Yield of Oxidation Products

9, Based on Kerogen,
Not Taking into Account

% Based on Purified Oil Increase of Oxygen

Neutral products 42.4 18.7
Acids 41.9 18.5

The neutral part was solid, yellow in color (composition:
carbon, 84.129,; hydrogen, 13.609%,). It was not further investi-
gated. The yields of the acid fractions are shown in Table VIIL.

(A.) Water-soluble acids were extracted from the ethereal
solution (4000 ml.), which contained all the acids, with 1500
ml. of water (20 X 75 ml.). A larger quantity of water was used
than in fraction A of oxidation products of oil shale, in order to
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extract acetic acid as completely as possible. The aqueous solu-
tion was neutralized, concentrated to a small volume, and
acidified with hydrochloric acid; the residue was extracted with
ether. The acids obtained by removal of the organic solvent
were fractionated at atmospheric pressure (Table IX).

The solid, brown residue was esterified with an excess of
absolute methanol in the presence of dry hydrochloric acid, and
the esters were fractionated under reduced pressure. Because
this residue was expected to consist mainly of oxalic acid,
methanol was used. The identification of methyloxalate, a solid,
is simpler. One fraction amounting to 1.29 grams was obtained,
which boiled at 85° to 110°C., under 13.5 mm. of mercury;
saponification value 540.2. The solid residue was recrystallized
from 969, ethanol; saponification value 487.0.

(B.) The acids from the steam-volatile fraction were con-
verted to their ethyl esters using an excess of absolute alcohol
in the presence of dry hvdrochloric acid. These were frac-
tionated (Widmer column, active part 10 cm.) under reduced
pressure. The results of the distillation and some properties of
the fractions obtained are shown in Table X.

The first eight fractions were analyzed and the results are
plotted in the diagram of carbon-hydrogen composition of
neutral ethyl esters of aliphatic mono-, di-, tri- and tetra-
carboxylic acids (Figure 2). As shown, the analyses of the lower
fractions correspond to the composition of esters of mono-
carboxylic acids, whereas for the higher fractions, the curve is
shifted to the region of esters of dicarboxvlic acids. From these
results it appears that the fraction containing volatile acids ob-

tained by oxidation of shale oil, consists mainly of monocar-
boxylic acids. The boiling points at atmospheric pressure [de-
termined by the method of Emich (74)] and the saponification
values indicate the presence of essentially monocarboxylic
acids.

(C.) The fraction which consisted of nonvolatile acids, as in
the case of oxidation of oil shale, was the largest and con-
tained 429 of the oxidation products. The acids were esterified
with an excess of absolute alcohol in the presence of dry hydro-
chloric acid, and the esters were fractionated under reduced
pressure (see Table XI).

The saponification values of these esters are comparatively

Table VIII. Yield of Acidic Products from
Oxidation of Shale Qil

% Based on

Type of Acids Yield, Grams % of Total Acids Kerogen

Water-soluble 97.64 46.6 8.6
Volatile 24.44 11.6 2.2
Nonvolatile 87.61 41.8 7.7
Total amount 209.69 100.0 18.5

Table IX. Distillation of Water-Soluble Acids
from Oxidation of Shale Oil

Boiling Range, °C., Yield, Melting Point

Fraction p = 748.7 Mm. Grams of Anilide, °C. Titration
1 101-110 23.28 114.8-115 77.89 of acetic acid
2 110-115 69.05 114.5-115 93.99 of acetic acid
Residue L 14.67 s R

Table X. Distillation of Ethyl Esters of Volatile Acids
from Oxidation of Shale Oil

Boiling Saponi-  Composition  Yield of Yield of
Frac- Boiling Range, Pointat fication —__ Esters, Acids,
tion t°/p Mm. 1 Atm.  Value C, % H,% Grams Grams

1 upto41/14 125-130 435.0 63.82 1055 4.13 3.23
45- 56/13 148-152 3932 66.06 11.05 255 201
58- 70/13 175-178 369.7 67.05 11.14 3.86 3.15
75- 87/13 192-194 3442 6909 11.20 3.80 3.15
89-102/13 210-212 3258 70.41 11.17 4.57 3.83
104-107/13 225-228 3034 70.56 11.36 288 2.44
112-120/13 241-244 290.2 71.24 11,55 271 2.32
8 151-158/19 above 255 264.0 72.06 11.68 225 195
Residue 1.22

~1 Oy Ul oW B
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high; it is believed that the nonvolatile acids from shale oil are
in major part composed of di- or polycarboxylic acids. The re-
sults of analyses of most of the fractions, plotted in the dia-
gram shown in Figure 2, also point to the presence of a mixture
of esters of di- or polycarboxylic acids. However, some of the
ester fractions (5,6 and 9,10) show an unusual increase in
saponification value with increasing boiling point (Table XI).
From the percentage composition of these same fractions it fol-
lows that they contain less hydrogen than the other fractions,
which would point either to partial unsaturation of some esters
(less probable) or to the presence of benzenoid (aromatic)
structures.

DISCUSSION AND CONCLUSIONS

From the literature it can be seen that oxidations of oil shales
with an excess of alkaline potassium permanganate afford es-
sentially, and in high yields, carbon dioxide, oxalic and acetic
acids, besides various quantities of nonvolatile acids, some of
which have been isolated and identified. Thus, by subjecting oil
shale to “‘bulk” oxidation (8,9), benzoic acid, o- and p-phthalic
acids, benzenetetracarboxylic acid, benzenepentacarboxylic
acid, and mellitic acid were obtained. Some authors have sug-
gested (72) that the nature of these nonvolatile acids can be
of help in comparing the chemical structures of coals and oil-
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Figure 2. Compositions of ethyl esters of volatile (fractions
1 to 8, Table X) and nonvolatile (fractions | to XIl,
Table X!) acids from oxidation of shale oil
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shale kerogens. In a few cases the presence of succinic acid has
been reported in the oxidation products.

However, by performing the oxidation of oil shale in several
steps, higher yields of intermediate acids were obtained: “re-
generated humic acids” (30), a mixture of dicarboxylic acids
ranging from oxalic to adipic acid, besides complex acids of
higher molecular weight which were not identified (29) and
volatile monocarboxylic acids, dicarboxylic acids ranging from
oxalic to azelaic acid and some viscous acids of unknown
composition (70).

In contrast to the results obtained by alkaline permanganate
oxidation, the oxidation of Aleksinac oil shale with an excess of
an acetone solution of potassium permanganate yielded acids

Table XI. Distillation of Ethyl Esters of Nonvolatile
Acids from Oxidation of Shale Oil

Saponi-  Composition  Yield of Yield of

Boiling Range, fication ________ Esters, Acids,

Fraction t°C./p Mm, Valve C,% H,% Grams Grams
I 91-101/13.5 3891 6543 983 318 256
IT 103-115/13.5 3678 6599 1005 270 220
I11 116-128/13.5 346.1  67.70 10.68 489 4.04
v 69— 88/0.09 3291 68.65 10.71 6.74  5.63
\Y% 88-103/0.09 351.0 6930 999 925  7.63
VI 104-115/0.09 3503 69.19 995 9.07 748

VII 118-132/0.09 298.4  70.56 10.62 6.54 5.56
VIII 133-139/0.09 2946 72.09 10.95 549 4.8

IX 139-146/0.16 325.7  70.65 10.60 5.45 4.56
X 148-163/0.16 3351 70.62 9.96 593 494
XI 165-178/0.27 283.7 7215 10.45 5.95 5.11
XII 179-193/0.27 267.6 7211 11.04 588 5.09
Residue .. 259.2 ... ... 2543 2213

which were not hitherto found in the oxidation products of oil
shales. From these results and from the facts that permanganate
in acetone solution is a more specific oxidizing agent and the
oxidations are carried out with a large excess of reagent, more
definite and reliable conclusions can be drawn about the struc-
ture of kerogen (or part of the kerogen). It is believed that this
method could be successfully applied especially to those oil
shales which are easily and completely oxidized by alkaline per-
manganate giving predominantly carbon dioxide and oxalic
acid.

The oxidation products of the Aleksinac oil-shale kerogen
have not yet been fully elucidated and neither is the exact
balance of the organic carbon known. A complete analysis and
identification of all the oxidation products call for a separate
study and is now the subject of further investigation. For that
reason, conclusions about a definite structure of the kerogen can
not be advanced at present, but the following suggestions about
the oxidized part of the Aleksinac oil-shale kerogen can be
presented:

It consists of comparatively long aliphatic chains which are
partly unsaturated (permanganate in acetone solution attacks
the unsaturated bonds) and are probably interconnected by
cross linkages (permanganate in acetone oxidizes, in part, ter-
tiary and quaternary carbon atoms); the oxidation products
are ether-soluble acids.

From the high yield of acids of higher molecular weight it
can be concluded that the unsaturated bonds are mainly pres-
ent as isolated double bonds.

The presence of polycarboxylic acids in the oxidation prod-
ucts can also be explained either by the fact that the aliphatic
chains contain partially unsaturated hydroaromatic rings
which would be oxidized at the double bonds to give two car-
boxyl groups or by the presence of shorter unsaturated side
chains.

From what is known so far about the nature of the oxidation
products of oil shale, it can be deduced that the acids obtained
do not contain aromatic rings. This would point to the absence
of benzenoid structures in that part of the kerogen which under-
goes oxidation.
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The hypothetic aliphatic chains in the oil-shale kerogen are
cracked during the distillation of oil shale to give products of
lower molecular weight. This would explain the fact that in the
oxidation of shale oil, acids of similar nature are obtained, but
with a lower average molecular weight.

If it is proved that the nonvolatile acids obtained by oxida-
tion of shale oil contain aromatic rings, it can be presumed that
these are formed during the distillation of oil shale or else that
they are present in that part of the kerogen which is not oxi-
dized, under the authors’ experimental conditions, when the
oil-shale concentrate is subjected to the action of potassium
permanganate.
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Nitrogen in Petroleum Asphalt

JOHN S. BALL, D. R. LATHAM, and R. V. HELM
Petroleum and Oil-Shale Experiment Station,

Bureau of Mines, U. S. Department of the Interior, Laramie, Wyo.

Nitrogen content is a property of asphalts that has not re-
ceived the attention that its importance merits. Asphalt chem-
istry often is considered an extension of hydrocarbon chem-
istry, and the characteristics that are associated with the low-
boiling fractions of petroleum are assumed to be slightly
modified for asphalt. Asphalt, however, is composed essentially
of nonhydrocarbon compounds containing sulfur, oxygen, and
nitrogen.

This paper shows the importance of the nitrogen content
through development of three concepts:

1. Most of the nitrogen in petroleum is found in the asphaltic
fractions. Some asphaltenes contain as much as an average of
two atoms of nitrogen per molecule.

2. Nitrogen not only forms an integral part of the high
molecular weight compounds, but is so firmly combined that,
upon pyrolysis, most of the nitrogen remains in the coke.

3. Nitrogen, and consequently asphalt, has significance geo-
c}flemically as an indication of the degree of maturation or age
of an oil.

These concepts have been developed from the results of the
work of American Petroleum Institute Research Project 52b on
the Nitrogen Constituents of Petroleum, as well as other Bureau
of Mines projects. Project 52 is concerned chiefly with the
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distillable portions of the oil (2, 4); however, some information
that applies to the asphaltic portions of the oil has been ob-
tained. The project is studying intensively an oil from the
Wilmington, Calif., field. A description of this oil has been
published (4).

NITROGEN CONTAINED IN ASPHALT

A high percentage of the nitrogen content of a crude oil is
normally found in its asphaltic fractions. For the purposes of
this article, it is convenient to consider the residuum pro-
duced from the Bureau of Mines routine crude-oil analysis (&)
as asphalt. This residuum (which is left after distillation to
300° C. at a pressure of 40 mm. of mercury) often is close to
100 penetration asphalt. Some comparisons taken from the data
of Stanfield (70) are shown in Table I and indicate how well
this relationship may be expected to hold. The nitrogen in a
crude-oil residuum amounts to more than 859, of that in the
crude oil, according to a study of 15 crude oils (3). For the
Wilmington crude oil, the residuum amounts to 46.4 weight 9
and contains 1.20 weight 9 of nitrogen. Based on the crude oil
nitrogen value of 0.659, 85.79 of the nitrogen in the crude oil
is found in the residuum.

A more detailed examination of the Wilmington residuum
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