Oil Shale, 2023, Vol. 40, No. 1, pp. 25-43 ISSN 0208-189X
doi: https://doi.org/10.3176/0il.2023.1.02 © 2023 Estonian Academy Publishers

The composition of kukersite shale oil

Zachariah Steven Baird, Vahur Oja, Oliver Jarvik"

Department of Energy Technology, Tallinn University of Technology, Ehitajate tee 5,
15006 Tallinn, Estonia

Received 16 September 2022, accepted 20 January 2023, available online 10 February 2023

Abstract. Pyrolysis oils are usually considered as substitutes for crude oil;
however, they can also be sources of valuable compounds. One such pyrolysis
oil is shale oil obtained by pyrolysis of kukersite oil shale. Kukersite shale oil
consists mainly of aromatic rings with straight alkyl side chains. For samples
with comparable boiling point distributions, kukersite shale oil has a higher
proportion of aromatic rings than petroleum and many other shale oils. Sulfur,
nitrogen, and oxygen are often incorporated into the ring structures, with much
of the oxygen also present as phenolic hydroxyl groups.

To evaluate the potential for producing some specific compounds from
kukersite shale oil foundational data on the composition is needed. In this
article, new experimental data on the elemental composition and infrared
spectrum of kukersite shale oil is analyzed to investigate its composition. To
get detailed information on how the composition of the oil changes depending
on the average molecular weight of the oil fraction, the shale oil was separated
into narrow boiling fractions using distillation. This gives more detailed data
on different portions of the oil than earlier datasets. Additionally, this data is
for oil produced from newer solid heat carrier retorts. The results show that the
nitrogen content in kukersite shale oil increases with the boiling temperature,
with the heaviest fractions containing about 0.3 wt%. Sulfur content reaches a
maximum of almost 2 wt% for fractions boiling between 150 and 190 °C, and
heavier fractions contain about 0.7 wt%. Similarly, the proportion of hydroxyl
groups in kukersite shale oil peaks in the fraction boiling at about 320 °C, with
heavier fractions containing more aromatic and alkyl functional groups. The
elemental composition of kukersite shale oil is also compared to that of other
shale oils.
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groups.
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1. Introduction

Oil shale is a solid fossil fuel that has at times been seen as a promising energy
source due to the large reserves available. Oil shale can be burned directly,
like coal, or converted into a liquid fuel called shale oil. Like petroleum,
shale oil can also be used for chemical production. It has been estimated that
4.7 trillion barrels of oil could be produced from the known oil shale
reserves [1], which is significantly larger than current petroleum reserves.
However, its use has generally been hampered by economic and environmental
challenges [2], and these environmental issues are especially relevant
given the EU climate policy. And importantly, the link between fossil fuel
usage and climate change means that using oil shale as a fuel is most likely
environmentally unsustainable [3]. In spite of its environmental challenges
though, shale oil is still produced in several countries, including China,
Estonia, and Brazil [1, 4]. In Estonia, several new oil plants have been built in
just the last decade, and one more is currently under construction [5].

Instead of simply burning shale oil as fuel, it could instead be used as a
potential source of more valuable chemical products. This might help reduce
the emissions from shale oil usage and provide shale oil companies with
additional revenue streams. Data on the composition of shale oils could enable
such chemical products to be developed that add value and help transition to
the more sustainable utilization of oil shale.

Oil shales are sedimentary rocks that contain significant amounts of solid
organic matter. The organic matter can make up anywhere from 5 to 70%
of the rock [6], which means that oil shales contain significant amounts of
inorganic matter. Oil shale can be burned directly, or it can be processed to
create a synthetic liquid fuel known as shale oil (not to be confused with tight
oil, which is also called shale oil, but is a conventional petroleum liquid that
is simply trapped in a shale formation). To produce oil an oil shale is heated
and the organic matter fragments into smaller molecules in a process called
pyrolysis [6, 7].

Like most unconventional oils, shale oils often have a composition that is
quite different from that of conventional petroleum liquids. Many shale oils
contain large quantities of olefinic and aromatic compounds. Most shale oils
also contain significant quantities of heteroatomic compounds. Because the
composition also affects the properties of the oil, it is important to understand
and account for the compositional differences of unconventional oils.
Knowledge of the molecular structures in the oil is also needed to be able to
identify potential chemicals that could be produced from the oil.

The composition of shale oils varies widely and is dependent on the
composition of the parent oil shale and on the retorting method used (a plant
that produces shale oil is called a retort). This study in particular investigated
shale oil produced from kukersite oil shale, which is found in Estonia. Kukersite
shale oil is interesting because it contains roughly 30% phenolic compounds
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[8, 9]. These polar oxygen compounds give kukersite oil a composition that
is somewhere between conventional petroleum and a biomass oil. Using
elemental composition data and infrared spectra for more than 300 narrow
fractions, we analyzed how heteroatoms are distributed in kukersite shale oil
and estimated the average amount of different functional groups.

2. Experimental

2.1. Sample preparation

Shale oil samples were obtained from the Enefit Shale Oil Plant in Narva,
Estonia, which uses the solid heat carrier (Galoter) process [10, 11]. The
crude oil is separated at the plant into three fractions: gasoline, fuel oil (also
referred to as the “middle oil fraction” in some older Galoter process based
publications) and heavy oil. The process was described in detail in an earlier
article by Jarvik et al. [12]. One fuel oil sample was from the newer Enefit 280
technology and the other samples were from the Enefit 140 technology (also
called the UTT 3000 technology in older publications). These samples were
separated into narrow boiling range fractions using distillation. Most of the
fractions spanned distillation temperature intervals of about 5 to 10 °C. Some
extractions were also performed to separate the phenolic compounds from the
fuel oil, and this created dephenolated and phenol-rich oil samples that were
also studied.

2.2. Elemental analysis

A CE-440 Exeter elemental analyzer (Exeter Analytical Inc.) was used to
determine the carbon and hydrogen contents of the samples. The estimated
standard uncertainties of the carbon and hydrogen contents were, respectively,
0.36 wt% and 0.084 wt% (estimated expanded uncertainties of 0.72 wt% and
0.17 wt% at the 95 % level). Sulfur content was measured using a Lab-X
3500 Benchtop XRF Analyser (Oxford Instruments), which uses the ASTM D
4294 method. The estimated standard uncertainty of the sulfur measurements
was 0.0024 wt% (expanded uncertainty of 0.0043 wt% at the 95 % level).
Nitrogen content was measured with a Nitrogen Detector Model ND-100
(Mitsubishi Chemical Analytech), following the ASTM D 5762—-09 standard.
The estimated standard uncertainty for these nitrogen measurements was
0.0014 wt% (expanded uncertainty of 0.0024 wt% at the 95 % level). The
standard uncertainties for these parameters were determined as the average of
the standard deviations for different samples.

The data used for the analysis in this article was part of a larger study to
investigate the properties of kukersite shale oil. The elemental composition
data and additional properties of the samples studied here were given in the
earlier articles by Jarvik et al. [12], Mozzafari et al. [13], and Jarvik and Oja
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[14], the data can also be found from the Open Science Framework repository
(https://osf.io/3q5ur).

2.3. Infrared measurements

Infrared (IR) spectra were obtained using an Interspec 301-X spectrometer
(Interspectrum OU) that was fitted with an attenuated total reflection (ATR)
accessory having a ZnSe crystal. The ATR accessory had a single reflection
internal reflection element. Interspec for Windows software (version 3.40 Pro,
Interspectrum OU) was used to collect the spectra. Spectra were obtained
between 700 and 4000 cm™! at a resolution of 1 cm™. 10 scans were averaged
together to obtain each spectrum. The baseline of each spectrum was then
corrected using a third-order polynomial fit to regions where the shale oil did
not absorb (2000-2200 and 3700-4000 cm™).

The infrared spectra can be obtained from the OSF repository for this
project (https://ost.i0/5379p/).

2.4. Functional group analysis

Because shale oils are complex mixtures of many different molecules, it is
currently not feasible to determine the exact composition of the mixture. We
were, however, able to estimate the amounts of various functional groups in
the shale oil fractions. We did this based on the elemental composition, molar
mass, and infrared spectra of the samples. The main functional groups in
kukersite shale oil are listed in the Table. The topological polar surface areas
were calculated employing the RDKit package [15], which uses the method
by Ertl et al. [16]. The topological polar surface area, hydrogen bond donor,
and hydrogen bond acceptor columns are added to give some additional
information about the polarity of each functional group and its propensity to
form hydrogen bonds.

Table. Major functional groups in kukersite shale oil

Group Structure Topological polar | Hydrogen | Hydrogen bond
surface area bond donor acceptor
Methyl C —-CH, 0 0 0
Methylene C -CH,~- 0 0 0
Aromatic and C=Cor 0 0 0
double bonded C aromatic ring
Carbonyl —-C=0 17.07 0 1
Hydroxyl —-OH 20.23 1 1
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Table (continued)

Group Structure Topological polar | Hydrogen | Hydrogen bond
surface area bond donor acceptor
Furan —O—inaring 13.14 0 1
Sina
Thiophene five-membered 28.24 0 1
ring
o . Nina
Pyrldme (alsq dUINO= | ix-membered 12.89 0 1
lines and acridines) L
aromatic ring
Pyrrole N-Hina
Y] five-membered 15.79 1 0
(also indoles) .
ring

The number of hydroxyl groups could be calculated directly from data on
the mass fraction of hydroxyl groups and the molar mass for each sample. The
mass fraction of hydroxyl groups was calculated based on the infrared spectra
using a machine learning model developed earlier by Baird et al. [9] and by
Baird [17]. Most of the oxygen in kukersite shale oil is present as phenolic
groups, but it is worth noting that our method for calculating hydroxyl groups
also counts any organic acids present in the oil [9, 18].

For samples for which full elemental composition data (C, H, N, S, O) was
available, it was possible to calculate the number of sulfur and nitrogen groups
per molecule directly. For other samples with no experimental data available,
the amount of sulfur and nitrogen was estimated from correlations fit to the
fractions for which data was available. This estimation was done simply to
make the calculation of oxygen content more accurate. In the fractions boiling
below 200 °C this is more important because both sulfur and oxygen contents
are in the range of about 0.5 to 2 wt%. For heavier fractions, though, the
content of sulfur and nitrogen is less than 1 wt%, which is small compared to
the oxygen content of 3 to 9 wt%.

The number of neutral oxygen groups was calculated by taking the oxygen
content of each sample and subtracting the oxygen that was part of hydroxyl
groups. For samples for which experimental sulfur and nitrogen data was not
available, the uncertainty of this calculation is higher because the oxygen
content was calculated based only on estimates of the sulfur and nitrogen
content. We expect that the expanded uncertainty of the number of neutral
oxygen groups is about +/—0.1 group for those samples whose experimental
data on the sulfur and nitrogen content was not available.

The proportion of saturated carbons that were methylene groups was
estimated from each sample’s infrared spectrum. This was done based on the
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height of the peaks at approximately 2920 and 2960 cm™, which correspond,
respectively, to peaks caused by methylene and methyl C—H stretching [19].
Because these peaks overlap, a Cauchy distribution was assumed for both
peaks and the equation for this distribution was used to adjust the raw heights
to take into account the overlap. When converting the peak heights to group
numbers, we assumed that the absorption of a methylene group was only 2/3
of the absorption of a methyl group. This is based on the fact that a methyl
group has three C—H bonds while a methylene group only has two. This is
only an approximation because other factors also influence the absorption, but
we did check this assumption by looking at spectra for a few pure compounds
and the 2/3 ratio was a reasonable approximation for those compounds.

To calculate the number of carbons with aromatic or double bonds, we
essentially calculated the double bond equivalent. This calculation begins
with an estimate of the expected number of hydrogens, which we calculated
as 2n + 2, where n is the number of carbon atoms. To exclude rings and get
a more accurate count of just double and aromatic bonds, we estimated the
number of rings for each fraction using a linear relationship based on data
obtained by Gubergrits et al. [20] (also available in [12]) and trends seen in
infrared spectral data [17]. We also accounted for the effect of carbonyl and
pyrrole groups on the expected number of hydrogens. Then, by subtracting
the actual number of hydrogens (from the elemental composition) from the
expected number, we were able to determine how many carbons had aromatic
or double bonds.

It is important to note that we did not have independent data on the exact
number of functional groups in each of the samples to be able to get a good
estimate of the uncertainty of our calculations. Therefore, the data on the
number of functional groups should be considered qualitative.

The code we used to perform this analysis is also available on OSF (https://
osf.io/rdsjc/).

3. Results and discussion

3.1. Infrared spectra

From the infrared spectra measured in this project, we can view how the
types of functional groups in the oil change as fractions with successively
higher boiling points are observed (Fig. 1). This figure includes both shale
gasoline and fuel oil fractions. To help interpreting the spectra, look at
Figure 11 in the Appendix. The peaks associated with phenolic compounds
start to appear at about 200 °C, which is where the gasoline fraction ends
and the fuel oil fraction begins. These aromatic and hydroxyl group peaks
continue to increase in height up to about 320 °C, at which point a shift starts
to take place. Peaks related to saturated C—H bonds continue to increase, but
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Fig. 1. Changes in the infrared spectra of shale oil fractions with progressively higher
boiling points. Figure taken from [17].

the size of the aromatic and hydroxyl peaks decreases somewhat. In the higher
boiling fractions the spectrum remains essentially the same, indicating that the
relative proportion of the different functional groups continues to be basically
the same.

In summary, the fuel oil contains some smaller aromatic compounds,
including phenols and resorcinols, that do not have long aliphatic chains.
These smaller compounds are distilled first, and the concentration of polar
hydroxyl groups is highest in these mid-range fractions. The heavier fractions
appear later in the distillation, and these fractions contain the aromatic and
phenolic compounds with long straight hydrocarbon chains [9].

By combining these infrared spectra with elemental composition data, we
were able to go further and calculate the number and type of various functional
groups in an average shale oil molecule with a specific boiling point.

3.2. Hydrocarbon groups

As with many other oils, the hydrogen-carbon ratio of kukersite shale oil
fractions decreases as the boiling point and density increase. However, the
decrease is larger for kukersite oil than for many other oils, and generally,
kukersite oil has a lower H/C ratio. This is likely due to the different structure
of the kerogen in kukersite oil shale. Figure 2 compares the data for kukersite
shale oil [12] with data for Green River shale oil (USA) [21-25], Fushun shale
oil (China) [26], Sévérac-le-Chateau shale oil (France) [27], New Albany shale
oil (USA) [22], coal liquids [28] and some common petroleum crudes [29].
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Fig. 2. Hydrogen-carbon ratios for kukersite oil fractions and several other liquid
fuels. For all samples besides the kukersite shale oil samples, the average boiling
point was taken to be the average of the distillation temperature range of the fraction.
Literature data is from [12, 21-29].

The literature data we have compiled is also available on OSF (https://osf.io/
uxk5s/).

Based on the elemental composition data and infrared spectra, it was
possible to calculate approximately the relative proportion of different types
of carbon structures in the oil. This is shown in Figure 3, displaying that the
majority of the shale oil is made up of aromatic structures. Since the H/C
ratio is related to the amount of aromatic compounds in an oil, Figure 2
confirms this and also suggests that kukersite shale oil is more aromatic than
conventional petroleum. In fact, kukersite oil seems to more closely follow
the trend given by coal liquids, which is logical because both contain large
amounts of aromatic hydrocarbons. Indeed, coal liquids have often been used
for producing aromatic chemicals such as benzene, toluene, and xylenes. In
particular, kukersite shale oil contains large amounts of phenolic compounds
[9], and the largest drop in H/C ratio is caused by these compounds. Fractions
boiling below about 200 °C contain relatively few phenols. Then the content
of phenols increases quickly in fractions taken between 200 and 350 °C. As
seen from Figure 2, this is just the temperature range where the H/C ratio
decreases most rapidly. However, many of these phenolic compounds also
have long straight aliphatic side chains, which is likely the reason that
kukersite fractions still have higher H/C ratios than the respective coal liquid
fractions. Additionally, the lower H/C ratios for light kukersite fractions are
likely due to the alkenes in these fractions [12, 20]. In the heaviest fractions,
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Fig. 3. Number of total carbon atoms and aromatic or double bonded carbon atoms in
average kukersite shale oil molecules.

Figure 3 shows that the average molecule has more than 10 aromatic or double
bonded carbon atoms, which indicates that multiring structures are common.

It is worth noting that Green River, Fushun and Sévérac-le-Chateau shale
oils do fall within the petroleum region. This shows that the composition of
shale oils can vary greatly depending on the source oil shale.

Using the infrared spectra, it was also possible to estimate which portion
of the saturated carbon atoms were methyl groups and which were methylene
groups. Figure 4 shows how kukersite shale oil contains more methylene
groups, which is likely related to the straight alkyl chains attached to many of
the aromatic molecules. The number of methyl groups is relatively independent
of the average size of the molecule. For fractions with a molar mass of around
200 g/mol (which corresponds to a boiling point of about 300 °C [12]) there
is a drop in the number of methylene groups. This portion of the oil contains
many phenolic compounds with short alkyl side chains, which would explain
the drop [9]. Indeed, the dephenolated fractions (marked with x in Figure 4)
do not exhibit this same drop. The fractions with low molecular weights
generally contain more alkanes [12, 20] and those with the highest molecular
weights have longer alkyl side chains [9].
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Fig. 4. Average number of methyl and methylene groups in shale oil molecules from
various fractions.

3.3. Oxygen groups

Figure 5 shows that a maximum in oxygen content occurs with fractions boiling
at about 320 °C. This corresponds to the distribution of hydroxyl groups in
kukersite fractions as reported earlier by Baird et al. [9], which is expected
because phenolic compounds make a significant contribution to the oxygen
content of the fractions. Kukersite also contains some carboxyl groups, and on
the infrared spectra a C=0 stretch peak at approximately 1720 cm™! was seen
for all of the fractions [12]. Derenne et al. [30] also observed the presence of
ketones in kukersite pyrolysis products.

When comparing kukersite shale oil to that from other oil shales, it can
be seen that kukersite shale oil has an exceptionally high oxygen content.
Again, this emphasizes how the composition can vary dramatically for shale
oils created from different oil shales. Also, this explains why properties and
models for other shale oils or petroleum often do not adequately describe the
properties of kukersite shale oil.

We were able to estimate how many of the oxygen functional groups were
phenols and organic acids and how many were neutral oxygen groups (e.g.
aldehydes, ketones, ethers). This was done using a machine learning model
developed by Baird et al. [9] and by Baird [17]. From the results in Figure 6,
we see that generally about 2/3 of the oxygen groups are phenolic (or acidic).
There were some samples that had about an equal number of phenolic and
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neutral groups, and these samples were all prepared from fuel oil from the
newer Enefit 280 plant.
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And, consistent with the trends seen with hydrocarbon groups, at a boiling
point of around 300 °C (molar mass of 200 g/mol) the amount of oxygen
compounds in the oil increases significantly. For the heaviest fractions, though,
the mass fraction of oxygen decreases again, but the number of phenolic
groups per molecule remains roughly the same. This shows that the largest
molecules in the oil are still mostly phenols, but the hydroxyl group makes up
a smaller portion of the molecule [9, 17].

3.4. Sulfur compounds

Crude kukersite shale oil usually has a sulfur content between 0.4 and 1.2 wt%.
As seen from the distribution given in Figure 7, the sulfur concentration is
highest in the fractions boiling between about 150 and 190 °C. In higher
boiling fractions the sulfur content is lower and relatively constant.

Past studies have determined that the sulfur compounds in kukersite oil
are mostly alkylthiophenes and thioesters, although some mercaptans and
disulfides are also present [13, 30, 32].

This type of sulfur distribution is different from that normally seen with
conventional petroleum. For conventional fuels, the sulfur content generally
continues to increase with the average boiling point of the fraction [33]. Coal
liquid fractions also show a continual increase in the sulfur content [28].
Other shale oils, however, seem to have a distribution which resembles that
of kukersite shale oil, as Figure 7 shows. Even Jordanian El Lajjun shale oil,
which is known for its high sulfur content, shows a decrease in sulfur content
in the heavier fractions [26]. A more detailed analysis of the sulfur compounds
in kukersite shale oil is given by Mozzafari et al. [13].
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Fig. 7. Sulfur distribution of various shale oils. Note that the scale for El Lajjun shale
oil has been placed on the second axis. Literature data is from [21-27, 31, 34].
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3.5. Nitrogen compounds

The nitrogen content of crude kukersite shale oil is generally about 0.2 to
0.3 wt%. Figure 8 shows the distribution of nitrogen content among kukersite
fractions, and as can be observed, there is a steady increase in the nitrogen
content as the average boiling point of the fraction increases.
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Fig. 8. Nitrogen distribution of various shale oils. Literature data is from [21-28, 31,
35].

This trend is similar to what is observed with other oils. Generally, heavier
petroleum fractions contain more nitrogen [29]. Coal liquids also show an
increase in nitrogen content as the boiling temperature increases [28]. This
kind of distribution is also seen with some other shale oils, including Green
River [21, 22, 24, 25, 31, 35], Sévérac-le-Chateau [27], Fushun [26] and some
Paraiba Valley shale oils (Brazil) [31]. From Figure 8 it may be seen that
Fushun shale oil undergoes a decrease in heavier fractions, but the residue
that was left at 450 °C contained the most nitrogen of any fraction (1.67 wt%).

3.6. Potential molecular structures

Based on the analysis above, we can give a small glimpse into what some of
the molecules in kukersite shale oil might look like (see Fig. 9). It is important
to remember that oils are very complex mixtures and Figure 9 in no way
captures the full breadth of the variety of molecules present. The molecules
shown with boiling points below 200 °C, except for 2-methylthiophene, have
been experimentally identified in kukersite shale oil by Gubergrits et al. [20]
(data also available in [12]). 2-methylthiophene has been identified earlier in
our own laboratory using GC-FPD-MS measurements. For molecules with
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Fig. 9. Representative molecules showing some of the main structures found in
different fractions of kukersite shale oil. These molecules are only for illustrative
purposes and do not capture the full complexity of the oil.

boiling points above 200 °C, to our knowledge only 5-methylresorcinol has
been verified to be present [36]. The other molecules are representative of
the molecular structures our analysis identified in these heavier fractions, but
it should be noted that the presence of these exact compounds has not been
experimentally verified.

The molecules in Figure 9 help to show the trends we noticed in our
analysis. The gasoline fraction (boiling range up to 200 °C) is more aliphatic
and contains fewer heteroatoms. The largest quantities of sulfur compounds
are distilled towards the end of that range. However, the gasoline fraction
only accounts for probably around 20% of the crude shale oil and most of
kukersite shale oil consists of higher boiling aromatic compounds [12, 14]. In
progressively heavier fractions of the oil, these aromatic compounds increase
in size both by having multiple rings and by having longer alkyl side chains.
The majority of these alkyl side chains are straight, not branched. These
straight aliphatic chains can also be seen in the structure of raw kukersite
kerogen proposed by Lille et al. [37]. Most of these aromatic compounds also
contain oxygen atoms, most often hydroxyl groups.

The aromatic compounds are generally substituted at the 1, 3, and 5
positions, as has been shown by Derenne et al. [30]. This type of structure can
also be seen in the kerogen structure proposed by Lille et al. [37].

However, one noticeable difference is that the oil fractions we measured
have more aromatic carbon atoms than were found in the kerogen structure by
Lille et al. [37]. Based on the NMR spectra they measured, only 21.7% of the
organic carbon in raw kukersite oil shale is aromatic. We observed many more
aromatic carbon atoms in the oil, which implies that condensation reactions
occurring during the pyrolysis process make the oil more aromatic.
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3.7. Effect on properties

Composition is, naturally, related to the properties of the oil. For instance, the
average boiling point of oil fractions increases as the molar mass (or carbon
number) increases. This was seen in our analysis as well. For some properties,
the number of hydroxyl groups also has a high impact. One example of this
is density. Figure 10 shows how the density of the oil fractions studied varied
depending on the composition of the sample. The amount of some functional
groups did not appear to have any effect on the density, but the number of
hydroxyl groups has a significant impact. For fractions with the same molar
mass, having more hydroxyl groups increased the density.
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Fig. 10. Relationship between density and the amount of various functional groups.
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4. Conclusions

Kukersite shale oil generally has more heteroatoms than conventional
petroleum and a larger proportion of aromatic compounds. The nitrogen
content in kukersite oil increases continually with the boiling point of the
fraction, which is a trend similar to that seen with other oils. For sulfur and
oxygen compounds, however, the highest concentration occurs in the middle
distillates. Sulfur content reaches a maximum for fractions boiling between
about 150 and 190 °C and then is lower for higher boiling fractions. The
maximum amount of oxygen occurs for fractions with boiling points around
320 °C. The elemental composition for crude kukersite shale oil usually varies
within the limits of 81.0-85.0 C, 9.5-11.0 H, 0.4-1.2 S, 0.1-0.6 N, 5.5-7.0 O,
all in wt%.

Analyzing infrared spectra of the oil samples also showed that most of
the saturated carbon atoms are methylene groups and on average a shale oil
molecule has a single straight alkyl side chain. Kukersite oil fractions also
have a higher oxygen content and a lower H/C ratio than many other shale
oils, which highlights how the composition of shale oil can vary significantly
depending on the type of oil shale it is produced from.
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Fig. 11. Infrared spectrum of a kukersite fuel oil fraction showing the functional
groups associated with various peaks. Group assignments are based on the information
provided by Coates [19].



