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Abstract: A 29-step alkaline permanganate degradation of type III kerogen
from Tyrolean (Hahntennjoch, Austria) oil shale was performed. A high yield
of oxidation products was obtained (93.7 % relative to the original kerogen):
0.5 % neutrals and bases, 19.5 % ether-soluble acids and 58.9 % of precipitated
(PA). A substantial amount of kerogen carbon (14.8 %) was oxidized into car-
bon dioxide. The organic residue remaining after the final oxidation step was
6.9 %. The PA components were further oxidized and the total yields relative
to original PA were 1.0 % neutrals and bases and 59.0 % ether-soluble acids,
the non-degraded residue being 29.3 %. Detailed quantitative and qualitative
analysis of all oxidation products suggested the Tyrolean shale kerogen to be a
heterogeneous macromolecular substance consisting of three types of structures
differing in composition and susceptibility towards alkaline permanganate: the
first, resistant, presumably composed of aromatic structures linked by resor-
cinol ethereal bonds; the second, combined in nature, the aliphatic part compri-
sing methyl-substituents and short cross-links, both easily oxidized into CO,,
water and low molecular weight acids and aromatic structures yielding aroma-
tic di- and tri-carboxylic acids as oxidation products; finally the third, compo-
sed of aliphatic cross-links and substituents, alicyclic (and/or heterocyclic) and
some aromatic structures, bound into units moderately resistant towards oxida-
tion. The overall yields of kerogen and PA oxidation products lead towards a
balance between aromatic, alkane mono- and dicarboxylic and alkanepolycar-
boxylic acids, suggesting a shift of the structure of Tyrolean shale kerogen
from typical aromatic reference type III towards a heterogeneous aromatic-ali-
phatic-alicyclic type structure.
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INTRODUCTION

Structural elucidation of kerogen, the most abundant form of organic matter
in the crust of the Earth, is of continuing organic geochemical interest.! A graph
of atomic H/C vs. O/C ratios, named van Krevelen diagram, for long served for
the classification of kerogens into three principal reference types (I, I and III)
based on their similar structural evolution paths.? Yet, it was shown that control-
led oxidative degradation offered a more precise structural differentiation and
structural interpretation of the kerogens. Namely, very high yields of identifiable
kerogen oxidation products with retained precursor structural characteristics, ob-
tained by an optimized multi-step oxidative degradation method, clearly demon-
strated remarkable differences between kerogens which, according to their ato-
mic H/C and O/C ratios, appeared to be similar.3~7 Thus, the position in the van
Krevelen diagram, determined by the overall nature of the elemental analysis,
was shown to be insufficient to fully characterize a kerogen.

Consequently, the proportions of various kinds of acidic oxidation products
observed in several oxidation studies were used as a basis for an advantageous
characterization and classification of kerogens, materialized in the form of an ali-
phatic/aromatic/alkane-polycarboxylic + cycloalkanoic acids triangular diagram,
these types of acids being the main oxidation products of kerogen aliphatic, aro-
matic and alicyclic/heterocyclic structures, respectively.

Parallel studies of twelve samples of type I (4), type 1I (4), intermediate type
I-11 (3), and type III (1) kerogens from shales of various geographic origin, using
a similar or identical standard optimized alkaline permanganate method, have so
far been carried out. These oxidative degradation studies neglected type I1I kero-
gens. Namely, as shown, only one sample of type III kerogen, i.e., kerogen origi-
nating from the Mannville shale, Canada,8 was examined until now, and that was
even before the method was completely optimized. In order to supplement data on
structural characteristics of type III kerogens and thus provide a basis for com-
parison of their structures, a type III kerogen from a Tyrolean (Austria) "Haupt-
dolomit" Triassic sediment was studied using the optimized alkaline permanga-
nate degradation method and the results reported in this paper.

EXPERIMENTAL
Sample preparation

The investigated oil shale sample (No. H124C) originated from a Tyrolean (Austria)
"Hauptdolomit" Triassic sediment. It was taken at 48.4 m from an outcrop located by the road
to Hahntennjoch, ca. 3 km west of Imst. The vitrinite reflectance of this sample was found to
be 1.38 % Ro.

The powdered sample contained 0.2 % moisture, 1.0 % bitumen, and 3.7 % kerogen. The
kerogen concentrate was prepared by the method described by Vitorovié et al.® Most of the
sample (85.8 %) was soluble in dilute (1:4) hydrochloric acid. The resulting HCI concentrate
was treated with a mixture of hydrochloric and hydrofluoric acids. The yield of HCI/HF con-
centrate was 4.3 % relative to original, dry sample. Its bitumen was eliminated by extraction
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with a mixture of benzene and methanol. The final HCI/HF kerogen concentrate contained
84.6 % kerogen, composed of 80.78 % C, 5.11 % H, 0.80 % N and 13.31 % O + S, (by
difference). The atomic H/C and O/C ratios, calculated on the basis of the elemental analysis,
were 0.76 and 0.125, respectively, corresponding to the reference type 111 kerogen.!©

Oxidative degradation

The HCIVHF kerogen concentrate (2.95 g, containing 2.5 g kerogen) was oxidized in 29
steps at 75 °C with 0.5 g KMnO, in 10 cm? water and 100 cm? 1.0 % KOH per step, accor-
ding to standard degradation scheme described by Vitorovi¢ et al.> The same ratio of oxidant
vs. substrate was used in all previous kerogen structural studies by the authors. The end of
reaction in each step was established by the disappearance of the violet and green colors. The
alkaline solution containing the oxidation products was removed by centrifugation and thorough
washing of the remaining solids.

Following every five steps, the accumulated MnO, was removed by treatment with an
excess of 5.0 % oxalic acid solution (50 cm? plus 10 cm? 2M H,S0O,) and thorough rinsing
with distilled water. The final oxidation mixture was treated in a similar way. The solid resi-
due was dried at 80 °C and analyzed for organic matter.

The reduction periods gradually increased during the oxidation procedure as shown in
Fig. 1. The occasional shorter reduction periods (6, 11, 16, and 215t steps) followed the
removal of MnO,. Hence, the shorter reduction periods were probably a result of the increased
reactivity of the "purified" kerogen concentrate.
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The last, 29" portion of permanganate was not fully reduced after 23 h. The 29 step
was, therefore, taken as the final degradation step.

The products from each five steps, as well as the products of the last four steps, were
combined (6 fractions in total) and worked up separately according to the procedure described
by Amblés ef al.!’ A 100 cm? aliquot was separated from each fraction, aimed at determining
the amount of carbon dioxide produced by oxidation of the kerogen. A modified Partridge and
Schroeder method was used for this purpose.!2:13

Three types of products were isolated from the six fractions: neutrals and bases, ether-so-
luble acids and precipitated acids. The remaining aqueous solutions were made alkaline, eva-
porated to a small volume, acidified with HCI and finally diluted to standard 100 cm?. The
soluble acids were then extracted with ether.!4 Consequently, five types of products were ob-
tained from each fraction: neutrals and bases (not examined), ether-soluble acids [marked Ty 1(1)
to Ty 6(1)], precipitated (ether-insoluble) acids, acids from aqueous solutions [Ty 1(2) to Ty 6(2)],
and kerogen carbon oxidized to carbon dioxide.
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Further degradation of precipitated acids

The precipitated acids from all six fractions were combined (1.48 g) and homogenized
by redissolving in 1.0 % KOH and co-precipitation with 1:1 HCI. An aliquot of 0.88 g was
further oxidized in 8 steps with small amounts of KMnO, (0.45 g per step in 8 cm3 water and
88 cm? 1.0 % KOH). Prior to the addition of each new portion of permanganate, the acids
were dissolved in KOH solution and heated to the standard reaction temperature of 75 °C.
After the reduction of each portion of reagent, the reaction mixture was treated in the same
way as the kerogen degradation products. The thus obtained precipitated acids were each time
further oxidized in the next step with a new portion of permanganate. The produced MnO,
was reduced after the fifth step. The products from the 15-5™ and 68t step were combined
into two fractions. The portion of permanganate in the last, the 8th, step was not fully reduced
after more than 30 h. The precipitated acids obtained in the 8t step were washed with distilled
water and dried at 100 °C. For further investigation, the ether-soluble acids were combined
into two fractions [marked Ty P1 (1) and Ty P2 (1)]. Acids from the corresponding aqueous
solutions were also isolated [marked Ty P1 (2) and Ty P2 (2)].

Investigation of soluble acids

All the soluble acids were methylated with ethereal diazomethane. The esters were ana-
lyzed by GC and identified by GC-MS. The GC separations were carried out in a Packard
Model 427 gas chromatograph, using a 25 m fused silica WCOT CP Sil 5 (0.16 um) capillary
column, coupled to an integrator-calculator Spectra Physics System 1. The temperature of the
column was programmed from 70 °C (10 min isothermally) to 300 °C, at 2 °C min™!. Nitrogen
was used as the carrier gas.

The GC-MS analyses were performed with a system consisting of a gas chromatograph
Perkin-Elmer Sigma 3 coupled to a mass spectrometer Kratos MS 25. The column tempera-
ture was also programmed from 70 to 300 °C at 2 °C min'!. The mass spectra were recorded
for all the significant separated peaks.

Identification of the individual components was accomplished by comparison with the mass
spectra of available authentic compounds, literature data and the available spectral data bank.

Efficient capillary GC separations, combined with the integrator-calculator service, enab-
led the quantitative evaluation of the proportions of the various kinds of ether-soluble acids
obtained from: (a) oxidation of the kerogen concentrate, (b) oxidation of the precipitated acids
and (c) aqueous solutions produced in both of these oxidations.

RESULTS
Oxidative degradation of kerogen concentrate

Twenty-nine steps were necessary for the degradation of the kerogen and a
total amount of 14.5 g KMnOg4 was consumed (5.8 g KMnOy4 per g of kerogen).
Approximately 66 h were required for the 29 steps. As already indicated, in the
29th step, which lasted 23 h, the KMnOy4 had not been fully reduced.

The yields of products in the six oxidation stages are shown in Fig. 2. The
yields of neutrals and bases, total ether-soluble acids (0.27 g of ether soluble
acids and 0.21 g of acids isolated from aqueous solutions), and precipitated acids
(1.48 g) were 0.5, 19.5 and 58.9 %, respectively, relative to the original kerogen,
the total yield being 78.9 %. Hence, the participation of neutrals and bases, total
ether-soluble acids, and precipitated acids, in the total degradation product was
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0.69, 26.76 and 74.64 %, respectively. The ratio of insoluble vs. soluble acids
was 3.02.
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Fig. 2. Yield of products obtained by oxidative degradation of kerogen concentrate (a), precipitated
acids (b) and total yield obtained by oxidative degradation of
kerogen concentrate and precipitated acids (c).

Analysis of the aliquots of the six fractions of the aqueous solutions con-
taining soluble kerogen oxidation products by a modified Partridge—Schroeder
method!3 showed a substantial amount of kerogen carbon, 0.37 g, had been oxi-
dized into carbon dioxide (14.8 % relative to the original kerogen).

The solid residue in the final step (0.20 g) contained 0.17 g organic matter
(6.9 % relative to the original kerogen).

Ether-soluble acids

One of the gas chromatograms of the ether-soluble acids in the form of their
methyl esters is given as an example in Fig. 3.

The GC-MS analysis of the various fractions revealed the presence of dif-
ferent aromatic mono-, di-, tri- and tetra-carboxylic acids, minor amounts of
saturated normal monocarboxylic and &, @-dicarboxylic acids, as well as aromatic
acids, anhydrides and several unidentified compounds. Similar types of products
were isolated from the corresponding aqueous solutions, i.e., different aromatic
mono-, di-, tri- and tetracarboxylic acids as major constituents, with minor
amounts of aliphatic mono- and dicarboxylic acids, aromatic acids, anhydrides,
saturated hydrocarbons and several unidentified compounds. All the identified
ether-soluble oxidation products are listed in Table I.
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Further oxidation of the precipitated acids

Eight steps were carried out in the degradation of an aliquot of 0.88 g of
precipitated acids. A total amount of 3.6 g of KMnO,4 was consumed (4.1 g per g
of acids).

The yields of products obtained in the degradation of precipitated acids are
shown in Fig. 2. The total yields of neutrals and bases and ether-soluble acids
(including the acids isolated from aqueous solutions) i.e., 0.48 of ether-soluble
acids and 0.04 g of acids from aqueous solutions were 1.0 % and 59.0 %, res-
pectively, relative to original precipitated acids. A gas chromatogram of one of
the fractions of these ether-soluble acids is shown as an example in Fig. 4. The
yield of precipitated acids in the eight steps (non-degraded precipitated acids)
was 0.26 g (29.3 %).
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Fig. 3. Gas chromatogram of the ether-soluble acids Ty 4 (1), in the form of methyl esters.
See Appendix.

The GC-MS analysis of the two fractions of ether-soluble acids (including
the acids isolated from the corresponding aqueous solutions) revealed the pre-
sence of different saturated normal and branched mono- and dicarboxylic and al-
kane tri- and tetracarboxylic acids as the major constituents, different aromatic
mono-, di-, tri- and tetracarboxylic acids, as well as minor amounts of saturated
hydrocarbons and DHA. The acids identified as oxidation products of the preci-
pitated acids are listed in Table II.
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TABLE I. Ether-soluble acids and related compounds obtained by oxidation of kerogen (in-
cluding acids isolated from the corresponding aqueous solutions)

Compund From kerogen? From aqueous solutions?
Ty 1-6 (1) Ty 1-6 (2)
Aromatic mono- CsHo-; CioHy7-; C10H7-b§ C11H9-b; C1Hs-; CpoHy7-; CooHsom C11H9-b;
acids® C12H11'b; C13H13'b; C16H19'b; Cz4H35'b C21H29'b; C23H33'b; Cz4H35'b
di- CeHy=; C;He=; CsHg=; CoH,4=; CeHy=; C;Hs=;CsHg=; CoH =
CioHyo=; C 1 Hyg=; CloHszb; C11H8:b; CiHys=; C11H8:b;
C12H10:b; C14H14b; C16H18:b Clelo:b; C23H32:b
tri- Ce¢Hs=; C;Hs=; CgHy=; CoHo=; CeHs=; C/Hs=; CgHy=; CooHy =,
CioHyi=; € Hys=; CigHos=; CloHSEb; CiHas=; CloHSEb; C11H7Eb;
C11H7Eb; C14H135b; C16H17Eb§C17H19Eb C12H95b; C16H17Eb
tetra- =C¢H,=; =C,oH,¢=; =C,sHy= =C¢H,=; =C;Hs=;
=CoH,¢=; Ci¢Hp=
Aliphatic mono- nC; nCis nCie; nCis; nCyy; C7br
acids di- — nCs; nC;; nCy; Csbr; Cgbr
Anhydrides Cy; Co Cy; Co
Saturated — C21-C32
hydrocarbons

8The individual isomers of the various oxidation products were not identified. Hence, the proposed R groups are
tentative. They may represent any other possible combination of R groups. Free valences indicate carboxylic

groups; bnaphthalene—carboxylic acids
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Fig. 4. Gas chromatogram of the ether-soluble acids Ty P 1 (1), in the form of methy] esters.
See Appendix.
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DISCUSSION

A detailed structural study of a type III kerogen originating from a Tyrolean
(Austria) "Hauptdolomit" Triassic sediment was carried out, aimed at obtaining
evidence on the relationship between a type III kerogen and the yields and che-
mical nature of the degradation products produced using an optimized alkaline
permanganate oxidation method. The results served as a basis for the reconstruc-
tion of the kerogen structure. They are also expected to be a basis for comparison
with the structure of other type III kerogens, in particular with the structure of the
type III Mannville shale kerogen, the single type III kerogen hitherto studied
under similar experimental conditions.8

TABLE II. Ether-soluble acids and related compundsobtained by oxidation of precipitated
acids (including acids isolated from the corresponding aqueous solutions)

From precipitated acids®

Compond Ty P 1-2 (142)

Aromatic acids  mono- CeHs-; C;Hy-; C1Ho-?; C14H,5-°
di- CeHy=; C7Hg=; CioH o= C10H6:b; C11H8:b; C12H10:b
tri- Ce¢Hi=; C;Hs=; CoHo=; C11H7Eb

tetra- =CeH,=

Aliphatic acids ~ mono- nCo-Cyy; nC 4-Cig; nC1-Cyy; nCoq; Cy7br; Cobr
di- nCy-Cy9; C5-Crbr

Alkane-poly- tri- C5-Cip; Ciy-Cyo

carboxylic acids  tetra- Cs-Css

Saturated hydrocarbons C1-Cay; Co-Coo

Diterpenoids DHA

3The individual isomers of the various oxidation products were not identified. Hence, the proposed R groups are
tentative. They may represent any other possible combination of R groups. Free valences indicate carboxylic
groups; bnaphthalene—carboxylic acids

The twenty-nine step alkaline permanganate degradation of Tyrolean shale
kerogen resulted in a very high total yield of oxidation products, 93.7 % based on
the original kerogen, comprising neutrals and bases (0.5 %), ether-soluble acids
(11.0 %), acids isolated from the corresponding aqueous solutions (8.5 %), preci-
pitated acids (58.9 %), and 14.8 % of kerogen carbon in the form of carbon di-
oxide, an oxidation product quantified by a modified method of Partridge and
Schroeder.12:13 The amount of residual organic matter remaining after the last
oxidation step was 6.9 %, making the total material balance 100.6 %, which in-
cluded the permanganate oxygen incorporated into the oxidation products.

The observed high yields of the recovered oxidation products suggested that
the material losses during the complex experimental procedure were rather low.
However, material losses cannot be completely excluded.

The solubility of the oxidation products in diethyl ether was found to be rela-
tively low, the ratio of precipitated (ether-insoluble) vs. ether-soluble acids (PA/ESA)
being quite high, 3.02.
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The qualitative and quantitative compositions of the oxidation products ob-
tained by degradation of Tyrolean shale kerogen are shown in Tables I and III.

The composition of the ether-soluble acids was surprising: 0.8 % Cj¢ and
Cig alkane-monocarboxylic acids, no alkane-dicarboxylic acids, and practically
99 % aromatic acids (Tables I and II), with almost 60 % of the dominating aro-
matic dicarboxylic acids. The acids isolated from the concentrated aqueous solu-
tions had a somewhat different composition: ca. 1.2 % of alkane-mono- and dicar-
boxylic acids of narrow range and simple distribution, the rest representing aro-
matic acids, the composition of which differed from the corresponding compo-
sition of the ether-soluble aromatic acids, due to the higher solubility of poly-
carboxylic aromatic acids (Tables I and II).

TABLE III. Composition of oxidation products obtained by degradation of Tyrolean oil shale
kerogen

Content relative to identified acids, %

Oxidation of kerogen Oxidation of precipitated acids
Acids Ether soluble Acids from Ether soluble Acids from Total
. aqueous  Total T . aqueous Total II I+1I
acids . acids .
solutions solutions

Alkane carboxylic acids 40.7

n-Mono-acids 0.83 0.41 0.66 4.28 9.24 4.69 32

n-Br-mono- - - - - 1.63 0.13 0.1
n-Di- - 0.63 0.22 52.14 37.76 5095 328

br-Di-acids - 0.17 0.06 7.68 1.75 7.19 4.6
Alkane polycarboxylic acids 16.3

Tricarboxylic - - - 16.32 15.06 16.22 10.4

Tetracarboxylic — — — 9.20 9.79 9.25 5.9
Aromatic acids 43.0

Monocarboxylic 2.53 6.24 3.77 3.15 3.16 3.15 33
Dicarboxylic 59.19 24.05 47.82 4.61 11.73 5.20 20.0
Tricarboxylic 32.31 42.16 35.04 2.32 8.60 2.84 14.0

Tetracarboxylic 5.15 26.34 12.43 0.30 1.27 0.38 4.6

Anhydride of al- - 1.1

kyl phthalic acid

Histograms illustrating the ranges and distributions of the total alkane-mono-
and dicarboxylic acids observed after kerogen degradation are shown in Figs. 5a
and 6a.

Alkane-mono-carboxylic acids were isolated in very low yields. They were
composed exclusively of Cjg and C1g members. Hence, they were most probably
linked to the kerogen matrix by ester-type bonds.

The major aromatic components in the ether-soluble acids, including those
isolated from the corresponding aqueous solutions, were different substituted
benzene- and naphthalene-mono-, di- and tricarboxylic acids, as well as benzene-
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-tetracarboxylic acids (Table I). Low amounts of phthalic acid anhydride and sa-
turated hydrocarbons (contamination) were also identified. The most abundant
were benzene-dicarboxylic acids (from CgHy= up to H;1Cs-CgH3=), naphthale-
ne-dicarboxylic acids (from CjoHg= up to Hy7C;3-CioHs=), benzene-tricarbo-
xylic acids (from CgHz= up to H1C1¢C¢Hy=) and naphthalene-tricarboxylic
acids (from CygHs= up to H{5C7-CoHg=).

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
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Carbon number bution (C)
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Reconstruction of the original macromolecular structure of the Tyrolean shale
kerogen based exclusively on the composition of its ether-soluble acidic oxi-
dation products obtained in a moderate yield, i.e., 19.5 % relative to kerogen, can
only be tentative. Nevertheless, taking into consideration, in addition to the com-
position of ether-soluble acids, the amount of kerogen carbon oxidized into CO;
(14.8 %), the degradation products of at least one part of the kerogen suggest
cross-linking and substitution in its structure by very short alkyl chains as well as
slight aryl-substitution, resulting in a low yield of aromatic monocarboxylic acids.
The proportion of aromatic tetracarboxylic acids indicates a limited amount of
condensed aromatic structural elements in this part of the kerogen. On the other
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hand, the high proportions of aromatic tricarboxylic and particularly dicarboxylic
acids indicate precursor aromatic structures cross-linked by short - or eventually
branched aliphatic or alicyclic hetero-functional chains, and characterized by me-
thyl-substitution.

03 a
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0 — s
4 5 6 7 8 9

10 11 12 13 14 15 16 17

Relative abundance
W
=3

4 5 6 7 8 9 10 11 12 13 14 15 16 17

60 ¢

50

40

30 Fig. 6. Relative abundance and dis-

20 tribution of a,w-dicarboxylic acids

10 obtained by oxidative degradation of

0 ‘ kerogen (a) and precipitated acids (b),
4 5 6 7 &8 9 10 11 12 13 14 15 16 17 and their total abundance and distri-

Carbon number bution (C)

Heterocyclic structures probably are not constituents of this part of kerogen,
since alkane-polycarboxylic acids were not observed in the oxidation products.
On the other hand, the degradation residue, being relatively high, 6.9 %, suggests
that Tyrolean shale kerogen contains structures resistant towards alkaline per-
manganate.

The degradation of kerogen and the observed PA/ESA ratio indicates struc-
tural non-homogeneity of the kerogen matrix, i.e., the existence of at least two
structural entities, one abundant in cross-links sensitive to oxidative cleavage and
the other consisting of bulky units with cross-links less sensitive towards oxida-
tive degradation.

However, as mentioned, the final structural interpretation of the kerogen de-
pended on the investigation of the degradation products of the precipitated, ether-in-
soluble acids, which were the main kerogen degradation product.
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Qualitative and quantitative data observed in the further degradation of the
precipitated acids gave a completely different image of the kerogen structure (Ta-
bles II and III). Ether-soluble acids were obtained in ca. 59.0 % yield relative to
the precipitated acids. On the other hand, 29.3 % of the total precipitated acids
(17.3 % relative to kerogen) remained after the eighth oxidation step in the form
of a non-degraded residue, i.e., they were resistant towards the oxidant.

The ratio of aliphatic vs. aromatic acids differed substantially from the cor-
responding ratio observed in the degradation of the kerogen (Table III). Surpri-
singly, aliphatic n-mono- and particularly #- and branched a,a-dicarboxylic, as
well as alkane-tri- and tetracarboxylic acids were the major oxidation products of
the precipitated acids (63.0 %). Aromatic mono- to tetracarboxylic acids repre-
sented minor oxidation products, 11.6 %. Long-chain acids dominated among the
aliphatic acids, 50.9 % of these being C4—C,; n-alkane-dicarboxylic acids, with a
maximum at Cg (a histogram is shown in Fig. 6b) and 7.2 % were branched alka-
ne-dicarboxylic acids. Monocarboxylic acids were obtained in lower yield. Their
range (C9—C»g) and distribution is illustrated by the histogram shown in Fig. 5b.
The alkane-di-/alkane-monocarboxylic acids ratio was high, 10.9. The observed
data give a different picture of the proportion and type of alkyl-substituents and the
proportion, structure and length of the aliphatic cross-links in the precipitated
acids from Tyrolean shale kerogen. The degradation loss was 10.6 % relative to
the initial precipitated acids.

The ranges of the aromatic di- and tricarboxylic acids were simpler com-
pared to the aromatic acids identified in the ether-soluble oxidation products of
the kerogen (Tables II and III).

Hence, the data obtained from the further degradation of the precipitated acids
corroborated the presumption concerning the heterogeneity of the Tyrolean shale
kerogen.

Finally, the amount of residual precipitated acids resistant towards further
stepwise oxidative degradation, as mentioned, was rather high, 17.3 % relative to
kerogen. Consequently, in total, approximately 24 % of the kerogen (6.9 % in ke-
rogen degradation plus 17.3 % in degradation of the precipitated acids) was
found to be resistant towards alkaline permanganate. On the other hand, the ma-
terial loss (CO3 plus low molecular weight acids remaining in the aqueous solu-
tions) during the further degradation of the precipitated acids was 6.3 %. To-
gether with the 14.8 % loss (quantified as CO;) observed in the degradation of
kerogen, the total loss was 21 %, originating mainly from C1—Cj alkyl substi-
tuents and/or short aliphatic chain cross-links.

Since the yields of aliphatic, alkane-polycarboxylic and aromatic acids, as
the main oxidation products of the aliphatic, alicyclic and/or heterocyclic and aro-
matic components of the kerogen matrix, were proposed as a basis for the classi-
fication of kerogens,” the corresponding values observed in the degradation of
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the Tyrolean shale kerogen (Table III) were introduced into a triangular diagram
shown in Fig. 7. The diagram includes corresponding positions of several other
kerogens hitherto examined by the same degradation method.

o Typel
. o Type I-1I
NS
é?\ § - : ;l:;lg: %III 1 — Pumpherston
F § 75 2 — Colorado
§\ @? 3 — Aleksinac
é’"Q \Q:? 7. 4 —TIrati
LS %, 5 — Timahdit
T 50 % 6 — Pyongan
v 9}}0', 7 — Toarcian, Paris basin
¢ 8 — Whitby
75 55 9 — Messel
10 — Xin Jang

11 — Mannville
12 — Tyrolean

/ 7 7 7 7 0

0 25 50 75 100

Aromatic acids

Fig. 7. Composition of the oxidation products obtained by degradation of Tyrolean shale
kerogen and of several other kerogens.

Combining the yields of the oxidation products of Tyrolean shale kerogen
and precipitated acids, both calculated relative to the original kerogen, one comes
to a balance between the aromatic, alkane mono- and dicarboxylic and alkane-poly-
carboxylic acidic oxidation products which suggests a shift of the structure of Ty-
rolean shale kerogen from the expected typical aromatic type III kerogen towards
a heterogeneous aromatic-aliphatic-alicyclic type structure, i.e., towards some
kind of intermediate type I11-11 kerogen.

The estimated structure of the Tyrolean shale kerogen based on oxidative de-
gradation products shown in the triangular diagram (Fig. 7) obviously differs subs-
tantially from the estimated structure of type III Mannville shale kerogen, based
also on multistage alkaline permanganate degradation. This difference, however,
may be explained by the fact that methods used for the oxidative degradation of
these two type III kerogens were different. Namely, the Mannville shale kerogen
was studied® before the alkaline permanganate degradation method had been op-
timized by the addition of the isolation and identification of acids from aqueous
solutions and the determination of the amount of kerogen carbon oxidized into
carbon dioxide.!3 Thus, in the degradation procedure of Mannville shale kerogen
at that time, a part of its structure, yielding acids highly soluble in water, and me-
thyl or short aliphatic chain substituents and cross-links, yielding CO; on oxida-
tion with alkaline permanganate, were neglected. Therefore, the estimation of the
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structure of Mannville shale kerogen based on alkaline permanganate oxidative
degradation must be reappraised before comparison of its structure with the esti-
mated structure of Tyrolean shale kerogen.

Likewise, neither the so-called kerogen nor the precipitated acid residues re-
sistant to degradation should be neglected, particularly when their proportion is
shown to be as high as in the degradation of Tyrolean shale kerogen. Namely, the
H/C ratio of the latter (0.76) indicated an overall aromaticity which, however,
was not confirmed through the yield of aromatic acids obtained as its oxidation
products. Consequently, the Tyrolean shale kerogen and precipitated acids resi-
dues, observed in a total yield of 24 % relative to kerogen, are suggested to be in
the form of resorcinol units linked by ether bonds. Such a presumption is based
on chemical and geochemical evidence. On the one hand, resorcinol structures are
known to be resistant towards alkaline permanganate. On the other hand, conti-
nental (terrestrial) flora residues consisting of lignin (generally resorcinol) struc-
tures, diagenetically resistant dominant biostructures, are often type III precursors.

CONCLUSIONS

Experimental data observed by stepwise oxidative degradation of Tyrolean
oil shale type III kerogen, and further degradation of the resulting insoluble (pre-
cipitated) acids, as well as the results of detailed qualitative and quantitative ana-
lyses of the obtained acidic oxidation products suggest the following conclusions.

Tyrolean oil shale kerogen is a heterogeneous macromolecular substance
consisting of three types of structures, differing in composition and susceptibility
towards alkaline permanganate as an oxidant.

One type is composed of quite resistant structures, presumably consisting of
aromatic units cross-linked by resorcinol ethereal bonds, its estimated proportion
in the kerogen matrix being ca. 24 %.

The second type of structure is, on the one hand, aliphatic in nature, com-
prising abundant methyl-substituents and shorter chain cross-links, both easily
oxidized into "non-isolated" products such as CO;, water, and low molecular
weight acids. Their proportion in the kerogen matrix is estimated to be ca. 21 %.
These cross-links consolidate the aromatic components which, upon oxidation,
are converted into high yields of aromatic di- and tricarboxylic acids.

The third type, moderately resistant towards oxidation, is composed of ali-
phatic-alicyclic (and/or heterocyclic) structures, mutually bound into units con-
taining low proportion of aromatic structures.

Although classified as type III kerogen and characterized by a significantly
high vitrinite reflectance (Ro = 1.38), its oxidative degradation produced a high
total yield of alkane-mono- and dicarboxylic acids. They were of unusually simple
ranges, particularly the identified r-alkane-monocarboxylic acids, and simple
distributions, which were also uncommon, indicating the existence of precursor
aliphatic structural elements of relatively homogenous composition and structure.
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The rather high proportion of acidic oxidation products (4.6 %) consisting
for the most part of branched alkane-dicarboxylic acids, with just a small propor-
tion of branched alkane-monocarboxylic acids, obviously originated from the
corresponding branched structural elements in the kerogen matrix. Such a high
proportion of these structures in kerogen oxidation products seems to be a speci-
ficity of type III kerogens inherited from a terrestrial precursor biomass.

A high yield of alkane-polycarboxylic (tri- and tetracarboxylic) acids (16.3 %)
originates from a similar high proportion of precursor alicyclic/heterocyclic struc-
tures in the kerogen matrix, which probably also may be considered as unexpec-
ted for a type III kerogen.

APPENDIX
Appendix to Fig. 3
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NU3BOJ

KAPAKTEPU3ALINJA KEPOI'EHA THUIIA III TUPOJICKOI" IIKPUJBIIA (HAHNTENNJOCH,
AYCTPUJA) 3BACHOBAHA HA BbEI'OBUM OKCUAALIMOHUM ITPOU3BOANMA

C. BAJI', O. IBETKOBHUR!, A. AMBLES? i /. BUTOPOBHR!

! Ienitiap 3a xemujy, UXTM, Bezowesa 12, 11000 Beozpad u °Department of Chemistry, Faculty of Science,
University of Poitiers, 40, Av. du Recteur Pineau, 86022 Poitiers, France

CTynmBeBUTOM JIerpajaldjoM KeporeHa THUPOJICKOT MIKPUJbLa MOMohy alIkajHOT NepMaH-
raHata JJOOMjeHH Cy BHCOKHM IPUHOCH OKCHIALMOHUX Npou3Boza. J[oOujeHe HepacTBOpHE Kuce-
JIMHE HAaKHAJHO Cy JerpanoBaHe y 8 crymmesa. JletassHa GC-MS aHanu3a KuceianHa pacTBOPHUX
y eTpy, NOOMjeHHX NerpajalijoM KeporeHa, IIOTOM HHTEpPMEIHjapHUX HEepacTBOPHUX KHCEJIHHa,
IoKasajia je Jja je KeporeH THPOJICKOT IIKPUJbLIa XeTepOreHa MaKpoOMOJIeKyJIapHa CyIICTaHIa U 1a
Ce CacTOoj! U3 TPH THIIA CTPYKTYPE, PA3IHIUTOT CacTaBa U Pa3IMIUTEe OCETJEUBOCTH Ha MIPUMEHEHO
OKCHJAILMOHO cpencTBO. [IpBM THII je apoMaTHyYHE NPUPOJE ca PE3OPLMHOIHUM €TapCKUM yMpe-
KEHbEM, OTIIOPaH IpeMa aIKaJIHOM IepMaHraHaty. [Ipyru ce Bpio JIako OKCHIYje, a CacToju ce O
ApPOMAaTHUYHHX CTPYKTypa YMpPEXEHHX KpaTKUM anudaTHiHUM HHM30BHMa M ca BehHMM yneloMm
MeTmI-cyncTutyeHara. OBaj THII CTPYKType je IpH OKcHIauuju nao Bucok mnpuHoc CO,, amuda-
THYHE KHCEINHE MaJIMX MOJIEKYJICKHX Maca ¥ apOMaTHYHE JU- U TPUKApOOKCHUIIHE KUCEIHHE Y BU-
COKOM TpuHOCY. Tpehu THI cTpyKType je cpelmbe OCETIbUBOCTH Ha TMIEPMaHraHat, a CacTOjH ce OJl
ATMIMKINYHUX W/WIM XETEPOLMKIMYHUX M apOMAaTHYHMX je3rapa IOBe3aHHX alnu(aTHYHUM HHU30-
BHMa CpelbUX AykuHA. KBaHTUTATHBAH OHOC anM(paTHYHUX, APOMATHYHUX U aIKaH-TI0JINKapOo-
KCHJIHMX KHCEJIMHA Y OKCHIALMOHMM IIPOU3BOAMMA [I0KA3a0 je J1a CTPYKTypa KeporeHa THPOJICKOT
IIKPHUJBIA OACTYIA OJ TUIICKUX, JOMHHAHTHO apoOMaTHYHUX cTpykTypa Trna III, xojuma npumana
o ceoM H/C—O/C aromckoM 0HOCY, U [1a je IOMEepeHa Ka XeTepOoreHHM, apOMaTHIHO-aTH(aTHIHO-
-IMIUKIMYHUM cTpyKTypama tuna II.

(ITpumsbeno 15. oktob6pa, peBuaupano 19. HoBemGpa 2007)

REFERENCES

1. M. Vandenbroucke, C. Largeau, Org. Geochem. 38 (2007) 719
2. B.P.Tissot, D. H. Welte, Petroleum Formation and Occurrence, Springer Verlag, Berlin, 1978
D. Vitorovi¢, A. Ambles, S. Bajc, O. Cvetkovi¢, M. Djordjevi¢, J. Serb. Chem. Soc. 53
(1988) 175
D. Vitorovi¢, A. Ambles, S. Bajc, O. Cvetkovi¢, P. Poli¢, J. Serb. Chem. Soc. 59 (1994) 75
D. Vitorovi¢, A. Ambles, S. Bajc, O. Cvetkovi¢, P. Poli¢, J. Serb. Chem. Soc. 61 (1996) 137
D. Vitorovi¢, A. Amblés, S. Bajc, O. Cvetkovi¢, P. Poli¢, J. Serb. Chem. Soc. 63 (1998) 419
S. Bajc, A. Amblés, C. Largeau, S. Derenne, D. Vitorovi¢, Org. Geochem. 32 (2001) 773,
and references therein
A. Ambles, M. Djordjevi¢, D. Vitorovi¢, Chem. Geol. 48 (1985) 305

9. D. Vitorovié, A. Amblés, M. Djordjevi¢, Org. Geochem. 6 (1984) 333
10. B. Durand, J. C. Monin, in Kerogen, Insoluble Organic Matter from Sedimentary Rocks,

B. Durand, Ed., Editions Technip, Paris, 1980, pp. 113-142

11. A. Ambles, M. V. Djurici¢, D. Vitorovi¢, Bull. Soc. Chim. Beograd 46 (1981) 275
12. E. P. Partridge, W. C. Schroeder, Ind. Eng. Chem. Anal. Ed. 4 (1932) 271
13. S. Bajc, A. Ambles, D. Vitorovi¢, J. Serb. Chem. Soc. 60 (1995) 553
14. D. Vitorovi¢, A. Ambles, M. Djordjevi¢, Org. Geochem. 10 (1986) 1119.

w

Nk

*




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


