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The precipitated acids, obtained by partial stepwise oxidation of Aleksinac (Yugoslavia) shale
kerogen, were studied by thermal analysis. Significant differences were observed in the weight loss
and the shape of TG curves of precipitated acids from various degradation steps, indicating their
structural differences and heterogeneity of the kerogen. The thermal curves of precipitated acids
were found to consist of two distinct parts. From IR data it was found that the low-temperature
part corresponded to thermal changes of aromatic, and the high-temperature part of aliphatic
type structures. These results were in good agreement with chemical analysis (elemental analysis,
atomic H/C ratio, total acidity) of the same acids.

Many investigators have attempted to establish the chemical nature of kerogen.
The main difficulties in such studies result from the macromolecular nature of
kerogen and consequently from its insolubility. Therefore, most of the structural
studies require a degradation of kerogen into identifiable tragments. Stepwise
oxidative degradation of kerogen with alkaline permanganate has often been used
in structural studies of kerogens [1-3]. Neutral and basic products (Fig. 1) are
generally obtained in very low yields. Ether-soluble acids obtained in higher yields
(Fig. 1), were found to be suitable for further GC-MS investigations. Precipitated
acids were usually obtained in highest yields. Being still of relatively high molecular
weight they have retained much of kerogen structural characteristics. However,
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Fig. 1 General experimental scheme

they are not soluble in water and organic solvents which restricts the use of most
instrumental analytical methods for their structural investigations.

It was supposed that TG could be useful in characterizing the precipitated acids
and consequently for structural characterization of the precursor kerogen itself.
Only a few papers have been published on the application of TG and associated
techniques to kerogen. One such paper was a review by Durand-Souron [4]. The
presence of inorganic materials and the heterogeneity of the kerogen were shown to
make the interpretation of the results of TG difficult. By contrast, it seemed to us
that it should be useful to apply TG for the study of precipitated acids which are
more homogeneous and less complex than their precursor kerogen.

Experimental

Oil shale sample. Preparation of kerogen concentrate

The experiments were carried out with a lacustrine Miocene sediment, oil shale
from Aleksinac (Yugoslavia). A kerogen concentrate was prepared from the
powdered shale sample (— 100 mesh, Tyler) by successive treatment with benzene
(72 hr), hydrochloric acid (1:10), benzene (36 hr), potassium hydroxide in
methanol (24 hr),-a hydrochloric-hydrofluoric acid mixture (1: 1), distilled water
and, finally, a benzene-methanol mixture (1:1, 3 X 36 hr). The resulting kerogen
concentrate consisted of 72.40% kerogen (by difference), 26.50% pyrite and 1.10%
non-pyritic mineral matter. The elemental composition of the organic material is
shown in Table 1.

Oxidative degradation. Precipitated acids and methods
for their analysis

A stepwise alkaline permanganate degradation method was used in this study.
The kerogen concentrate was partially oxidized at 75° in 12 steps with 0.50 g
portions of KMnQ, in alkaline solution, according to a procedure described
elsewhere [5, 6]. In the first step 3.3448 g of the kerogen concentrate was dispersed in
100 cm? 1.6% KOH heated to 75° and the first portion of permanganate was added.
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After the reduction of the permanganate, the alkaline solution was separated by
centrifugation and the following degradation products were isolated: neutral and
basic products, ether-soluble acids and precipitated acids [5]. The solid residue was
dispersed again in 100 cm? 1.6% KOH and a new portion of permanganate was
added. The same procedure was repeated until the total of 12 portions of
permanganate had been added. Alkaline solutions from some of degradation steps
were combined (from steps 2 and 3; 4, Sand 6; 7, 8 and 9; 10, 11 and 12) and the
precipitated acids isolated from them were designated PA-2, PA-3, PA—4 and
PA-5, respectively. Precipitated acids from the first degradation step were
designated PA—1. The general procedure is shown in Fig. 2.
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Fig. 2 General degradation scheme: Isolation of precipitated acids (PA) and of partially degraded
kerogen concentrates (KC)

The total acidity of the precipitated acids was determined by usual chemical
method [7]. The calculated values of acid numbers were shown in Table 1.
Thermogravimetric analyses (20-900°) were carried out with a DuPont 951
thermogravimetric analyser (plug-in module for the DuPont 990 Thermal
Analyser). The ambient atmosphere was argon and its flow rate was 15 cm?®/min.
The size of the sample was about 10 mg and the heating rate was 5 deg/min.
IR spectra were obtained on a Perkin—Elmer 457 spectrometer.
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Results and discussion

Chemical analysis

The precipitated acids from various degradation steps differed considerably in
elemental composition, atomic H/C ratio and acid number (Table 1).

Table 1 Chemical «characteristics of the initial kerogen concentrate (KC—O) and the precipitated acids

Elemental analysis

Sample Acid Atomic
number H/C ratio o o o ° % O
% C % H % N % S (by &iff))
KC—0O — 1.19 68.79 6.89 2.46 — —
PA-1 2334 0.76 60.46 3.83 298 2.64 30.09
PA-2 210.3 1.00 62.25 5.22 3.69 2.54 26.35
PA-3 192.9 1.15 64.96 6.30 413 2.57 22.04
PA-4 178.4 1.26 67.17 7.12 3.65 1.88 20.18
PA-5 137.8 1.38 " 66.48 7.71 3.68 1.82 20.31

A gradual increase in the atomic H/C ratio for the precipitated acids towards the
later steps indicated an increase in the share of aliphatic-type material. This
corroborated our earlier findings [3, 5] that the Aleksinac (Yugoslavia) shale
kerogen was composed of two major types of organic material differing in chemical
nature and origin: an aliphatic-type material, more resistant towards alkaline
permanganate, and a more susceptible aromatic (coaly)-type material. Moreover,
in several degradation studies it was demonstrated that the precipitated acids from
the tirst degradation steps mostly originate from the degradation of aromatic-type
material, while those from the later steps stem from aliphatic-type material. IR
spectra supported such structural interpretation. Absorption bands of aliphatic
groups (=CH 3000-2800; —=CH, and —CH; 1475-1430 cm ') were more
pronounced for PA-5 than for PA-2 (Fig. 3). The ratio of the aromatic
(1640 cm ™ 1) and carbonyl (1730 cm ™ ') peaks was considerably higher for PA-2
than for PA-5.

This clearly indicated that in the later steps progressively larger shares of kerogen
aliphatic structures were degraded.

Thermogravimetric analysis of kerogen
and precipitated acids

The results of DTG analyses of the initial kerogen concentrate (KC—O) and the
precipitated acids are shown in Fig. 4. Considerable differences between the thermal
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Fig. 3 IR spectra of the precipitated acids: A) PA-2; B) PA-5
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Fig. 4 DTG of the kerogen and corresponding partially oxidized samples. A) Kerogen; B) PA-1;
C) PA-2; D) PA-3; E) PA—4; F) PA-5S
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curves of the kerogen and those of the precipitated acids were observed. They were
reflected in the thermal stability and in the shapes of the peaks. The thermal curves
of the precipitated acids consisted of clearly-defined low-temperature (250 .50°)
and high-temperature (450-700°) parts. These two parts could hardly be recognized
in the DTG curve of the kerogen. In addition, for the precipitated acids the high-
temperature part was shifted towards higher temperatures. Thus, the decom-
position of the precipitated acids was finished at 650-700°, while the decomposition
of the kerogen ended at only 550°.

The effects of progressive oxidation could be recognized in the curves of the
precipitated acids. The intensity of the low-temperature part constantly increased
compared with the high-temperature part for the series PA—1 to PA-5. The ratio of
the corresponding areas increased from 0.6 (PA-1) to 1.0 (PA-5). Besides these
changes, the high-temperature and low-temperature parts were better resolved for
PA—4 and PA-5, as a result of complete disappearance of the middle fraction
(400-500°) observed earlier in the samples PA-1, PA-2 and PA-3, probably as a
result of oxidation of some structural fragments of precipitated acids.

According to the DTG curves obtained, a temperature of 450460° could be
taken as a border line between the low-temperature and high-temperature regions.
In order to investigate the structural changes which correspond to the low-
temperature peaks, samples of PA-2 and PA-5 were heated in the DuPont 990
Thermal Analyzer from 20 to 460° and kept for one hour at 460°, The IR specira of
the residues obtained are shown in Fig. 5. Only aromatic (1620 cm ™ ') and carbonyl
(1720 ecm ™ ') peaks were observed. These results confirmed that the low-
temperature part corresponded to aliphatic, and the high-temperature part to
aromatic structures. The results of TG corroborated the inhomogeneity of the
kerogen from Aleksinac shale. In spite of the similar general shapes of the peaks in
the aromatic part, a pair of completely identical thermal curves could not be found.
How much this is a result of real inhomogeneity or of the limited and thus
progressive diffusion during oxidation is not clear.
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Fig. 5 IR spectra of the samples PA-2 and PA-5 after heating 1 hour at 460°. A) PA-2; B) PA-5
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The increased resolution of the peaks of the precipitated acids from the later steps
indicated the possible presence of a component (400-500°) readily susceptible to
oxidation. This component might have been oxidized first and therefore did not
appear in the curve when the sample was completely porous. The absence of this
component is apparent in the curve of sample PA-5. Thus, sample PA—4 can be
regarded as really porous, and the differences between the thermal curves of PA—4
and PA-5 originated only from the inhomogeneity of the starting kerogen.

Shapes of the thermal curves

The DTG curve of kerogen from Aleksinac shale has a complex structure (Fig. 6)
and does not belong to any of the types in the classification of Durand-Souron [4].
Computer analysis of the DTG curve (resolution to Gaussian curves) indicated the
presence of at least five groups with different thermal properties (Fig. 6).

KC-0

I ! 1 [ ] | I ! 1 ] 1
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Fig. 6 Computer analysis of a shape of the DTG curve of kerogen sample

Consequently, the Aleksinac shale kerogen analyzed could be a combination of
type I and type I (Durgand-Souron classification), or, more probably, is a new type
with complex properties.

The thermal curves of the precipitated acids were complex in a similar way (Fig.
7). The aliphatic part was composed of two, and the aromatic part of three
components. The same numbers of components present in the initial kerogen and in
the precipitated acids indicated their structural relationship. For an analysis of the
mathematical shape of the curves, partial thermogravimetric analysis (PDTG) is
necessary, while for a study of the chemical nature of the present compounds, some
of the combined physical-chemical methods (IR-HPLC) could be used.
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Fig. 7 Computer analysis of a shape of partially oxidized precipitated acids. A) PA-2: B) PA-5
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Zusemmenfassung — Durch partielle schrittweise Oxydierung von Schieferkerogen (Aleksinac,
Jugoslavien) erhaltene préizipitierte Sduren werden thermoanalytisch untersucht. Signifikante
Unterschiede wurden im Gewichtsverlust und der TG-Kurvengestalt von nach d:n einzelnen
Abbauschritten erhaltenen prizipitierten Sduren beobachtet, was auf deren strukturelle Verschiedenheit
und auf die Heterogenitit des Kerogens hinweist. Die thermische Kurven der prézipitierten Sduren
weisen zwei sich unterscheidende Abschnitte auf. Aus IR-Daten ergab sich, daB im Tieftemperaturab-
schnitt thermische Verdnderungen von aromatischen, im Hochtemperaturabschnitt dagegen von
aliphatischen Strukturen verlaufen. Diese Ergebnisse stimmen mit chemischen Analysendaten
(Elementaranalyse, H/C-Atomverhiltnis, Gesamtsidure) gut Giberein.
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Pe3iome — C AOMOIILIO TEPMHIECKOrO aHANN3A H3YHEHBl OCAXKAEHHBIE KHCAOTHIL. [OJIyYEHHBIE My TEM
YACTHYHOFO CTYNEHYATOIO OKHMC/EHNs CJIAHUEBOTO KeporeHa MecTopoxaenus Asexcunan (FOroc-
niaBus). 3HAUMTENbHBIE pa3ninuMs, Habitogaemble B oTepe Beca M Gopme kpuBoix TTT ocaXkaeHHBIX
KMCJIOT, TOJYYEHHBIX HA PA3JHMHYHBIX CTAAUSX DA3JIOXKeHHs KeporeHa, CBHAETEJLCTBYIOT O €ro
reTeEpOI eHHOCTH M CTPYKTYPHOM pasnuuud. Habronaiu, 4ro TEpMHUYECKHE KPHBbLIC OCAXICHHBIX
KMCIIOT COCTOAT M3 ABYX pasnuusbix yactell. Ha ochobe MK criekTpoB yCTAHOBIEHO, YTO HU3KOTEMIIC-
pATYpHas Y4ACTb COOTBETCTBYET TEPMUUYECKHM H3IMEHEHHAM aPOMATHYECKUX KOMAOHEHT, TOT/4 KakK
BLICOKOTEMIEpATYpHAs uacTh — anvdatuyeckux xomnoHeHt. [TosydenHble pe3yibTaTht XOPOWO
COIJIACYIOTCH C OAHHBIMHM XMMHYECKOTO aHanM3a (JIMMEHTHbIA aHAM3, ATOMHOE COOTHOWIEHHE
BOAOPOA-Yrepo, obIas KUCIOTHOCTh) TEX JKE CAMBIX KMCIIOT.
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