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Abstract. Despite the increasing focus on reducing carbon dioxide emissions,
the production of shale oil continues to be economically favorable and has even
increased in recent years. Producing and handling shale oil requires data on its
properties, and to provide this data the authors have undertaken an extensive
project to experimentally measure the properties of Estonian kukersite shale
oil. In this article we describe the sample preparation methods and present
experimental data on key properties of the shale oil samples. Included is data
on the densities, refractive indexes, average boiling points, and molar masses
of distillation fractions with narrow boiling ranges. A major component of
kukersite shale oil is phenolic compounds, and to investigate their effect on
the properties we used extraction to obtain samples with either fewer or more
phenols than commonly found in the oil. The effect of composition on the
properties is discussed. We also present correlations for calculating one of
these properties if two others are known. This article lays the groundwork for
future articles which will go into further details on specific properties of these
samples.

Keywords: kukersite oil shale, shale oil, fuel, thermophysical properties,
phenols.

1. Introduction

Shale oil is a liquid fossil fuel obtained from pyrolysis of oil shale [1, 2].
Although fossil fuels have negative environmental impacts, which will likely
limit their use long term, in the short term the demand for oil is actually expected
to increase, especially due to increased demand in developing countries [3, 4].
For this reason, shale oil and other fossil fuel resources still play an important
economic role. As evidence of this, in the past decade both Eesti Energia and
VKG have constructed new shale oil plants in Estonia [5-8].
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Oil shale is a solid fossil fuel that consists of organic matter (kerogen)
dispersed in a mineral matrix [1, 2, 9—12]. From time to time oil shale receives
attention due to the large reserves present in deposits around the world [12]. It
has been estimated that 6 trillion barrels of oil could be produced from known
oil shale resources, which is about 4 times larger than conventional petroleum
resources [4]. Due to economic and environmental problems, oil shale has not
seen widespread use [13, 14]. However, oil shale industries do exist in some
parts of the world, including Brazil, China, and Estonia [15]. Other countries,
such as Jordan and Morocco, have also shown interest in developing their oil
shale resources, and in Jordan construction of an oil shale fired power plant is
nearing completion [16, 17].

By heating the oil shale under the appropriate conditions (termed pyrolysis),
an oil, shale oil, is produced [1, 2]. Note that this shale oil should not be
confused with tight oil (also called shale oil), which is simply conventional oil
trapped in a shale formation that is obtained using hydraulic fracturing [18].
The shale oil produced from oil shale is a mixture of many different organic
compounds. The exact composition can vary greatly depending on the type
of oil shale used and the pyrolysis conditions (e.g. reactor type, heating rate,
temperature, residence time, particle size) [12, 19-21].

Information on the properties of shale oil (and chemicals in general) is
essential for designing and operating plants and also for evaluating the
environmental and health hazards posed by the oil. However, there is little
data on the thermophysical properties of kukersite shale oil, and most of that
data was measured decades ago for oil produced in older retorts (mainly tunnel
ovens and generator retorts) [22]. For that reason this project was undertaken.
This study provides thorough new experimental data on the properties of
different shale oil fractions. Specifically, data on the densities, average
boiling points, molar masses, refractive indexes (RI), and compositions of
shale oil fractions is given here. We also used vacuum distillation to recover
heavier fractions of the oil that have not been measured in earlier studies.
Experimental data on other properties, including vapor pressures, viscosities,
surface tensions, sulfur contents, nitrogen contents, pour points, and enthalpies
of combustion, will be given in future articles. The data in this article also
enables the development of modern correlations and models for predicting the
properties of shale oil. Toward that aim we here present simple correlations
for predicting some basic properties of kukersite oil shale fractions if two
other basic properties are known.

2. Kukersite shale oil
To better understand the different samples measured in this study, it is helpful

to have some basic information about the processes used to produce shale oil
and the chemical composition underlying the properties of the oil.
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Estonia has two types of oil shale: kukersite and dictyonema argillite [23].
Dictyonema argillite has a lower organic content, and thus, has not been used
commercially. Kukersite oil shale, however, has a higher organic content of
about 32-38%, and has been used for shale oil production since the mid-1920s
[24-27].

A wide variety of retorting methods (i.e. pyrolysis methods) have been
invented for producing oil from oil shale. They can be broadly classified as in
situ (below ground) and ex situ (above ground) methods. In situ experiments
were conducted in the Kividli mine in Estonia many decades ago, but it was
abandoned due to the high work load required, low oil yield, and environmental
impact [23]. To date all commercial oil shale production has been performed
ex situ in industrial plants. Shale oil has been commercially produced in
Estonia for almost a century, and five main types of industrial retort have been
used: chamber oven, tunnel oven, rotating retort, generator retort and solid
heat carrier retort [23, 25, 28]. A fusion retort was also briefly used [23, 25].
Additionally, we describe a widely used laboratory retorting method called the
Fischer assay. The basic properties of oil from each industrial retort are given
in Table 1.

2.1. Fischer assay

The Fischer assay is used to estimate the oil yield of a given oil shale. It was
originally intended for use in the coal industry, but has also been adopted for
use with oil shale. The yields for industrial retorts are often compared to the
Fischer assay results.

Fischer assay is meant to be a standard method, and several standards exist
for it. An oil shale sample is crushed to a prescribed mesh size, and then a
specific mass of the sample is heated in a small lab-scale retort. The heating
rate and heating times are prescribed by the standards. It has been shown that
variations in the assay procedure can give different results and a different oil
[29].

Much of the data about shale oils is for oil produced in a Fischer assay
because this process can be done in a lab without the investment needed for a
commercial retort.

2.2. Chamber oven

In a chamber oven the oil shale was heated in a chamber made of fireproof
bricks. The main goal was to produce gas with a high heating value, and to
achieve this the oil shale was heated quickly to 900 °C. The retort used oil shale
pieces that were 25-100 mm in size. The oil obtained from this type of retort
was a byproduct and had a high content of condensed aromatic compounds.
Chamber ovens were operated in Kohtla-Jarve, Estonia from 1948 to 1987
[23].



268 Oliver Jarvik et al.

2.3. Tunnel oven

In a tunnel oven the oil shale was moved through a long tunnel that has drying,
retorting and extinguishing zones. The oil shale was placed in wagons that
were then moved through the tunnel. The tunnel oven was heated on the
outside using heavy oil, gas or flue gas obtained from burning finely ground
oil shale. The feed for the retort itself was oil shale pieces with a size of
25-125 mm. The retorting temperature in a tunnel oven reached 500 °C. The
retort was designed with oil production as the main objective, but a gas with a
high heating value was also obtained (33-38 MJ/Nm?).

The tunnel oven retort was one of the earliest commercial retorts used in
Estonia, with the first retort being built in 1925. However, tunnel ovens cannot
support the same production volumes that solid heat carrier and generator
retorts can achieve, and have been out of use since 1975 [23].

2.4. Rotating retort

Rotating retorts consisted of a rotating metal cylinder housed in a brick chamber
[30]. They were also known as Davidson retorts. The cylinder was heated
externally using flue gas, and the retorting temperature was 500 °C. Heat for
the retort was obtained by burning semicoke, which is the solid residue left
after pyrolysis. The residence time of oil shale in the reactor was 8 hours, and
a shale grain size < 25 mm could be used. One downside of the rotating retort
was its low production rate (about 25 metric tons per day). Davidson rotating
retorts were operated in Kohtla-Nomme, Estonia from 1931 to 1961 [23].

2.5. Fusion retort

A fusion retort was a horizontal retort. It was heated externally, and the
retorting temperature reached 540 °C. It was capable of retorting small oil
shale pieces [24]. It has also been described as a rotating retort [25]. A fusion
retort was operated in Vanamoisa, Estonia from 1923 to 1931 [23].

2.6. Generator

In a generator retort the oil shale is heated in a vertical shaft [27, 28, 31].
It is also called a vertical retort, gas generator retort, or gas combustion
retort, and is known as the Kiviter process. The earliest retort was called a
Pintsch retort. Oil shale is fed into the top of the shaft and then descends
through the retorting zone. The heat carrier is heated gases that are circulated
through the system. The spent shale is collected at the bottom of the shaft. The
retorting temperature reaches 700-860 °C, and oil shale with a particle size
of 25-125 mm is used. Generators were designed for oil production, and low
calorific gas is a byproduct. The oil produced contains very few low boiling
compounds, and the distillation curve shows that the oil is heavier than that of
other retorting technologies.
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Additionally, these retorts produce phenolic water as a byproduct. The
phenols in this water have generally been extracted and sold as fine chemicals,
which continues to be a product line for VKG [32].

Generator retorts have been used since the very beginning of commercial
shale oil production in Estonia, with the first retort being built in 1921 [23].
Generators are still currently used.

2.7. Solid heat carrier

The solid heat carrier method uses oil shale ash as the heat carrier. The solid
residue from pyrolysis (semicoke) is burned, which yields the hot ash that
is used as the heat carrier. Using the semicoke as the heat source gives the
process a high efficiency. The retort uses finely ground oil shale (< 25 mm),
and the retorting temperature peaks at 500 °C [33]. This type of retort is used
in the Galoter process. The Enefit140, Enefit280, and Petroter technologies
also utilize solid heat carrier retorts [5—8].

The solid heat carrier retort was developed later than other retorts. The
technology was first used commercially in 1963 [33], and now most shale oil
is produced in Estonia in a solid heat carrier retort.

2.8. Composition of kukersite shale oil

During pyrolysis the organic matter in oil shale is converted into gas, oil, and a
solid residue called semicoke. Currently, the oil is often further separated into
three wide fractions in industry: shale gasoline, fuel oil, and heavy oil [33].

The lightest fraction, shale gasoline, is generally the portion of the shale
oil that is distilled below 200 °C. The composition of shale gasoline from
different retorts has been reported in several different sources [34, 36, 40, 45,
47, 48] (summarized in the Appendix). From this data we can see that shale
gasoline contains significant amounts of olefins. Due to the large amount of
unsaturated hydrocarbons shale gasoline is unstable and over time undergoes
polymerization reactions to form a resin like product that precipitates.
Aromatic compounds, including phenolic compounds, are also present, but
they are not as prevalent in the shale gasoline as they are in the fuel oil and
heavy oil.

The higher boiling portion of kukersite shale oil consists largely of aromatic
compounds, which are mostly phenolic compounds. However, these aromatic
rings often have long aliphatic side chains attached to them as well [49]. These
types of structures appear to be prevalent in kukersite kerogen, as can be seen
in the proposed structure given by Lille et al. [9]. As part of this project, we
used infrared spectroscopy to investigate the composition of the oil, including
its heavier portions [50]. Based on the infrared spectra, the fuel oil contains
some smaller aromatic compounds, including phenols and resorcinols, which
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
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fractions (distilling at about 300-350 °C). The heavier fractions appearing
later in the distillation contain aromatic and phenolic compounds with long
straight hydrocarbon chains [49].

3. Methods

3.1. Sample preparation

The shale oil samples used for this research were obtained from Eesti Energia’s
Narva Oil Plant (Auvere, Estonia). Most of the samples were taken from the
Enefit140 plants in 2013 and 2015. The Enefit140 plants have also been called
TSK-3000 or UTT-3000 in the past. One fuel oil sample was also taken from
the newer Enefit280 plant [33]. The properties of these industrial samples are
presented in Table 2.

The gasoline and fuel oil samples were then separated into fractions with
narrow boiling ranges using distillation. Four different types of distillation
were performed:

* Batch distillation (also called Engler distillation, ASTM D86 [51]).
Some of these batch distillations used more than 100 mL of oil, so they
did not strictly follow the ASTM D86 standard.

*  Vacuum batch distillation, where the distillation began at atmospheric
pressure like a normal batch distillation, and then was transitioned to
vacuum pressures (usually in the range of 0.3 to 30 mbar) to allow
distillation of the heavier fractions without decomposition.

*  Column distillation based on the ASTM D2892 standard [52]. For the
shale gasoline a Vigreux column was used that had 4.2 theoretical plates,
and the reflux ratio used was 6:1. For the fuel oil a packed column was
used (24 theoretical plates, reflux ratio of 6:1). The column diameter
was 3.5 cm and it was packed to a height of 0.86 m. The packing for the
column was wire spirals that were 3 mm long and 2.5 mm in diameter,
and the wire had a diameter of 0.24 mm [53].

*  Double batch distillation, which involved performing an initial batch
distillation to recover the lightest portion of the fuel oil (or actually four
separate batch distillations to get enough material), and then performing
a second batch distillation on that lighter oil. This was done to more
thoroughly study the lightest portion of the fuel oil.

A summary of the distillations performed is given in Table 3. When not
being analyzed, the samples were stored in closed containers in a refrigerator
at +5 °C.
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Table 3. Distillations performed

Identifier Date Type Initial sample used
GR240513 24 May 2013 Column distillation WGO0513
GR060613 6 Jun 2013 Column distillation WG0613
GDO071013 7 Oct 2013 Batch distillation WG280813
GD020215 2 Feb 2015 Batch distillation WG280115
FD040214 4 Feb 2014 Batch distillation WEF231013
FD070214 7 Feb 2014 Batch distillation WEF231013
FDO070514 7 May 2014 Batch distillation WF230414
FDI11113 11 Nov 2013 Batch distillation WEF231013
FD151013 15 Oct 2013 Batch distillation WF0913
FD190115 19 Jan 2015 Batch distillation WF160914
FD260214 26 Feb 2014 Batch distillation WF190214
FD260314 26 Mar 2014 Batch distillation WF190314
FN110214 11 Feb 2014 Double batch distillation WEF231013
FRO614 June 2014 Column distillation WF230414
FR210115 21 Jan 2015 Column distillation WF160914
FV030414 3 Apr2014 Vacuum batch distillation WF190314
Fv070415 7 Apr 2015 Vacuum batch distillation WEF280115
FVO081113 8 Nov 2013 Vacuum batch distillation WF231013
FV130315 13 Mar 2015 Vacuum batch distillation WEF280115
FV271114 27 Nov 2014 Vacuum batch distillation WF160914
HV13 Nov 2013 Vacuum batch distillation Enefit140 heavy oil

A few things should be noted about some of the fractions. The heavy
oil sample had been mixed with shale gasoline at the plant. This is done to
reduce the viscosity of the heavy oil and make it easier to transport. Therefore,
the first three fractions from this distillation contained mostly gasoline, and
for that reason these samples were not studied or data included here. Also,
temperatures as high as 400 °C were reached at the end of some of the vacuum
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distillations because the heaviest portion of the fuel oil had a high vapor
pressure, and decomposition was observed when recovering some of these
heaviest fractions.

Each oil sample measured has been given an identifier, which generally
consists of the identifier for the distillation followed by a dash and then the
fraction number. For instance, the sixth fraction from the May 2013 gasoline
distillation has the identifier GR240513-6. For the residue from a distillation
an R is used at the end instead of a number. The whole fractions that were
the starting material for the distillations were given identifiers starting with a
letter W.

We also measured some properties of selected crude shale oil samples,
and these properties are given in Table 4. Three of the crude shale oils were
produced in our laboratory using a Fischer retort [54]. For one of these
Fischer experiments a concentrated kerogen sample was used from which
much of the mineral matter in the oil shale had been removed. One sample
was mixed to resemble crude oil from the Enefit140 process (also called the
Galoter process). Because the oil vapor from pyrolysis is sent directly to the
distillation column, it is not possible to recover actual crude oil from the
process. So to approximate crude oil from the Enefit140 process, we mixed
the three fractions (gasoline, fuel oil, and heavy oil) in the same mass ratio as
given in the plant’s design documents (20:60:20) [19].

Table 4. Properties of crude kukersite shale oil samples

g s =
3 £ g |z ., £ g -
= Q Q [ kel @ = 1=}
& S £ < S0 g g 3 £
= 2 5 s o ° = © ] 1S)
5 a, 2 = > o R g g S
=] 5 S = 5 N =) 3 1) jas)
- = ] g g = = 9 o
=) <] 2 ) @) >
& SR =
kg m3 gmol™’ | mass% | mass% | mass%
CF260614 | 26 June 2014 Fischer retort 943.64 | 1.521 82.5 10.51 3.0
CF300614 | 30 June 2014 Fischer retort 951.99 | 1.527 82.8 10.48 3.1
CFK140115| 14 Jan2015 | Fischerretortof 1 gq, o, 827 | 1031
only kerogen
Mixture
CG0614 June 2014 resembling crude | 979.90 | 1.546 236 82.3 9.52 4.1
Enefit140 oil
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3.2. Preparing phenol rich and dephenolated samples

The phenolic compounds were extracted from the shale oil using a 10%
aqueous NaOH solution. The procedure is essentially the same as that used
by Kogerman [43], and has also been described by Baird et al. in an earlier
article [49]. The oil was generally mixed with benzene at the start, and then
the NaOH solution was added. The two phases were thoroughly mixed in
the separation funnel, and then the mixture was left standing to allow the
phases to separate. The denser aqueous phase contained phenols, and it was
then removed from the bottom. Another portion of NaOH was then added and
the process was repeated about 4 more times. At the end distilled water was
added to remove any NaOH left in the oil.

With the phenolic compounds removed, the second step was to evaporate
the benzene and any remaining water from the dephenolated oil. This was
done in a rotary evaporator at about 80 °C with a vacuum of about 25 mbar.
The result was oil with most of the phenols removed, i.e. dephenolated oil.

The third step was to extract the phenolic compounds from the aqueous
phase. The solution was acidified to a pH of about 3 using sulfuric acid, which
reprotonates the hydroxyl groups and makes it more likely that the phenols
will end up in the organic phase. Then diethyl ether was added to extract the
phenols. After thorough mixing, the ether and water phases separated and the
ether phase was removed from the top using a water jet pump connected to a
collection vessel.

The final step was to evaporate the ether and any remaining water. The
rotary evaporator was again used for this. Initially, the rotary evaporator was
kept at atmospheric pressure and a lower temperature of 40 °C. This was done
because diethyl ether has a high vapor pressure. Then the evaporator was
heated to about 80 °C, and finally, a vacuum of about 25 mbar was applied to
remove any water that might have remained in the sample.

The properties of the dephenolated and phenol rich shale fuel oil samples
are given in Table 5. Note that some phenolic compounds still remained in
the dephenolated oil, so the dephenolated oil does have significantly fewer
phenolic compounds, but is not completely free of them. For a separate project
Baird et al. [55, 56] also prepared dephenolated oil, and additional data on
dephenolated shale fuel oil can be obtained from those articles.

The dephenolated and phenol rich fuel oil was also separated into narrow
boiling fractions to better investigate the properties of the oil. Usually this
was done by distilling the dephenolated and phenol rich samples; however,
one set of extractions was performed on narrow fractions that had already
been distilled. Table 6 gives an overview of the distillations performed and the
narrow dephenolated and phenol rich fractions obtained.
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The first fraction from distillation DV221015 contained a significant
amount of benzene, which was used as part of the extraction process. The
benzene was identified from the infrared spectrum of the sample. For this
reason that sample is not included in the data.

3.3. Molecular weight

Cryoscopy and vapor pressure osmometry were used to measure number
average molecular weights (MW). For cryoscopy, the device used was built
in house and the method is described in the ASTM D2224 standard [57]. The
solvent used was benzene. More information about the device and procedure
were given by Jarvik and Oja [19]. Almost all of the molecular weights were
measured using cryoscopy.

Vapor pressure osmometry was also used with a few of the samples.
Vapor pressure osmometry was performed using a Knauer K-7000 device
(Wissenschaftliche Gerdtebau Dr. Ing. Herbert KNAUER GmbH), as was
described by Jarvik and Oja [19]. Benzene was used as the solvent, and for
calibration benzyl solutions were used.

The procedure for estimating the uncertainty of these methods was
described in detail by Jarvik and Oja [19], and it was based on data from
tests with pure compounds. The calculated relative expanded uncertainty (at
the 95% level) was between +6 and +7%, which means that on average the
absolute standard uncertainty was 7 g/mol (absolute expanded uncertainty of
14 g/mol at the 95% level).

3.4. Density

To measure the density (den) an Anton Paar DMA 5000M oscillating tube
density meter was used. For pure compounds this device is estimated to have
an expanded uncertainty of 0.00005 g cm™, but for oils the uncertainty is
higher due to difficulties in measuring these complex mixtures. To estimate
the uncertainty, we performed repeat measurements with oil samples, and from
these the standard uncertainty was roughly estimated to be 0.00015 g cm™.
Densities reported here were measured at 20 °C.

3.5. Refractive index

For refractive index an Abbemat HT (Anton Paar) refractometer was used,
which performs measurements at a wavelength of 589.592 nm (i.e. a sodium
D line, n,). The values reported here were measured at 20 °C. Although the
device measures quite accurately (measurements with water were always
within 0.00002 of the reference value), oil samples are more difficult to
measure, which leads to a higher uncertainty. To estimate this uncertainty we
made repeat measurements with oil samples. The standard uncertainty was
estimated to be 0.0011 (expanded uncertainty of 0.0021 at the 95% level).
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3.6. Elemental composition

A CE-440 elemental analyzer (Exeter Analytical Inc.) was used to measure
the hydrogen and carbon contents of the gasoline fractions. The standard
uncertainty of hydrogen content was 0.084 wt% (estimated expanded
uncertainty of 0.17 wt% at the 95% level), and the standard uncertainty of the
carbon content was 0.36 wt% (estimated expanded uncertainty of 0.72 wt%
at the 95% level). These uncertainties were estimated based on measurements
performed using known organic compounds (acetanilide, cyclohexanone,
resorcinol, pyrene).

3.7. Boiling point estimation

Because batch distillation was the main method used, the average boiling
points of the samples had to be measured using another method. A distillation
with a column can directly provide true boiling point data when a sufficient
number of plates is used, but simple batch distillation does not [53]. To
measure the average boiling points we used a method, developed in our lab,
which is based on thermogravimetric analysis [53]. In short, a small amount
of the sample was placed in a pan with a lid, which was then heated in the
thermogravimetric analyzer. The lid had a small pinhole in it, and as the
sample vaporized, it would leave the pan through the pinhole. From this mass
loss data the average boiling point can be calculated.

The uncertainty of this method was calculated based on the fractions
obtained using the Vigreux column according to ASTM D2892 [52], so for
these fractions the boiling points were known. The standard uncertainty of
the method was calculated to be 2.1 °C (expanded uncertainty of 4.3 °C at the
95% level).

The heaviest fractions had boiling points above 400 °C. At these high
temperatures the samples started to decompose in TGA when we attempted to
measure the average boiling point [58]. For this reason, we did not include any
average boiling points from the TGA method that were above 410 °C.

3.8. Hydroxyl content

Kukersite shale oil contains significant amounts of phenolic compounds. For
fractions from one of the distillations, we measured the hydroxyl content to
understand how much of these compounds is present in the shale gasoline.
The hydroxyl content was measured based on the infrared spectra of the
samples. A machine learning model, which had been trained earlier [49, 50],
was used to calculate the hydroxyl content from the infrared spectrum. This
machine learning model had a root mean squared error of 0.35 mass%.

3.9. Regressing correlation coefficients

We developed correlations to calculate some shale oil properties from others
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that are commonly measured or could be easily measured. The basic form of
these correlations is shown in Equation (see Section 4.3). It is similar to the
equation given by Riazi [59] and Riazi and Daubert [60], but we added an
additional coefficient that functions as an offset, which allows the correlation
to start from a base value. We found this allowed the equation to achieve a
better accuracy.

The constants for each correlation were fit to the experimental data we had
measured for narrow shale oil fractions. Optimization was performed using the
differential evolution optimizer [61] included in the Scipy package for Python
[62]. As the objective function we used the least trimmed squares estimator
with a cutoff set at the 95th percentile [63]. This estimator was chosen because
it is robust to outliers.

4. Results and discussion

4.1. Properties of narrow fractions

More than 350 samples were measured as part of this project, and therefore,
there is too much data to reasonably include here in table format. Instead, the
data has been placed in a scientific repository (Open Science Framework)
from which it can be accessed (https://osf.io/fqjhd/).

The true boiling point curves obtained from the distillation fractions are
presented in Figure 1. Note that these temperatures are not the distillation
temperatures, rather these represent true boiling points that were calculated
using the TGA method (see Section 3.7 and [53] for details). Because most
distillations were batch distillations, true boiling point data could not be
calculated directly from the distillation temperatures.

Shale gasoline Shale fuel oil
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Fig. 1. True boiling point curves of the shale gasoline and shale fuel oil samples.
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The gasoline sample from 2015 had a lower boiling curve than the three
samples from 2013. As mentioned, it is natural for the properties of the
shale oil to vary due to variation in the oil shale used and differences in the
plant’s operation. Also, the boiling points for the first fractions from the batch
distillations (GD071013 and GD020215) were likely overestimated. These
fractions had boiling point distributions that were probably too wide, which
can affect the TGA method [53].

With the shale fuel oil samples the true boiling point curves fall along two
separate curves. The three distillations that gave lower boiling points used
the same initial sample (WF160914), and unlike the other samples this one
was from the newer Enefit280 plant. This highlights how the composition and
properties of shale oil can change depending on the pyrolysis conditions and
processing method. Similar differences can also be seen by comparing the
literature data for the properties of oil from different retorts given in Table 1.

For the lighter fractions, the density, refractive index, and average boiling
point all increase essentially linearly along with the average molar mass of
the fraction (see Fig. 2). For fractions above about 200 g mol™, the density
levels off at about 1050 kg m~, and the refractive index levels off in a similar
manner. These heavier fractions appear to have similar compositions: the
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Fig. 2. Basic properties of the fractions as a function of molar mass.
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hydrogen-carbon ratio is essentially constant at around 1.3. Also, the hydroxyl
group content decreases somewhat from the high concentrations in the middle
fractions, reaching a value of around 4—5 mass% in the heaviest fractions. This
similarity in composition likely accounts for the similar density and refractive
index values of these fractions.

4.2. Influence of phenolic compounds

Phenols are one of the main classes of compounds in kukersite shale oil,
and the concentration of phenolic compounds can differ depending on the
way the shale oil is produced and processed. To understand the impact of
phenolic compounds on the properties of the oil, and also to enable our models
to extrapolate better, we produced oil samples that were rich in phenols and
some that had fewer phenols (dephenolated samples). The properties of these
narrow fractions can be found from the data file in the OSF project page
(https://osf.io/fqjhd/).

The way in which the phenolic compounds affect the properties can be
better seen when including these phenol rich and dephenolated samples in
the analysis (see Fig. 3). The difference is especially pronounced for density,
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for which it is clear that samples with more phenolic compounds have higher
densities. The refractive index also tends to be higher when there are more
phenolic compounds. For the average boiling point, though, it is not so clear
whether the impact of additional hydroxyl groups is high or not.

4.3. Correlations between basic properties

Generally, the molecular weight and hydroxyl group content are not measured
in industry. Instead, properties like the distillation curve and density are
usually measured. Therefore, we provide some correlations to convert
between different combinations of basic properties (Equation). This enables
more information about a kukersite shale oil to be obtained from properties
that are already available:

0 = Aexp(BO, + CO, + D6,6,)050F + G,

where 0 is the property to be predicted, 6, and 6, are the two input parameters,
and A through G are constants. Table 7 gives an overview of the correlations
available, and the constants for each correlation are given both in the Appendix
and on the OSF project page (https://osf.io/tvnmk/).

Table 7. Overview of correlations for calculating a property of a narrow kukersite
shale oil fraction from two other known properties*

I;rreoc;iec::; Unit | Input 1 Range Input 2 Range AAD** | ARD***
M g mol™! T, 317-682 p 0.691-1.148 59 3.1%
M g mol! T, 317-682 RI 1.395-1.593 6.2 3.1%
OH mass% T, 353-682 p 0.712—-1.148 0.7 -
OH mass% T, 364-682 RI 1.422-1.593 1.4 -

p gem? T, 317-682 RI 1.395-1.593 | 0.0096 1.0%
M g mol™! p 0.691-1.148 RI 1.395-1.621 17.5 7.1%
OH mass% p 0.740-1.148 RI 1.422-1.621 0.5 -

* The correlation form is given in Equation.

M — number average molar mass, g mol™'; OH — hydroxyl group content, mass%; p — density, g cm?;
T, — average boiling point, K; RI - refractive index

AAD** — average absolute deviation

ARD*** — average relative deviation

“—*“average relative deviation not calculated because some samples had OH contents of 0 mass%
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The reader may notice that the correlation for calculating molar mass from
the density and refractive index has a much higher AAD than the other molar
mass correlations. However, these AAD values cannot be compared directly
because the other correlations based on average boiling point used a smaller
range of data. This was because average boiling points could not be measured
for the fractions with the highest molar masses due to decomposition in TGA
[58]. So we also calculated accuracy metrics for the correlation based on
density and refractive index using only the data that also had boiling points
measured: the AAD was 12.4 g mol! and the ARD was 6.2%. Comparing these
values with those from the other correlations shows that using the average
boiling point does indeed lead to a better prediction of the molar mass. This
is to be expected because, as pointed out by Riazi [59], some oil properties
describe molecular size and some describe molecular energy. Since the molar
mass and the average boiling point are the same type of property, using one to
predict the other gives a more accurate correlation.

By contrast, note that the correlation for predicting hydroxyl content from
the same inputs (density and refractive index) actually is more accurate. As
shown in Figure 3, the density and refractive index are influenced by the
concentration of hydroxyl groups in the oil, whereas the average boiling point
seems not to be. This could explain why the correlations that use the boiling
point perform worse.

4.4. Connection with other project data

Other properties were also measured for some of these shale oil samples as
part of this project, including vapor pressures, viscosities, surface tensions,
sulfur contents, nitrogen contents, pour points, and enthalpies of combustion.
The additional data, as well descriptions of the measurement methods used and
analysis of the results, has been or will be presented in other articles [19, 53,
64]. Therefore, this article forms a base for the rest of the data by describing
the sample preparation and giving basic characteristics of the samples. The
additional articles extend upon this base by more deeply investigating single
properties and providing methods for predicting them.

In general, the other articles use the same identifiers provided here which
allows the data from different articles to be recombined for further use and
analysis. However, some of the earlier articles did not use the same identifiers.
One article gave the vapor pressures of three of the fractions [64], and in
that article Cut 1R is GR240513-5, Cut 2R is GR240513-8, and Cut 3S is
GDO071013-5. Another article described the TGA method for measuring
average boiling points [53], and the fractions measured came from distillation
FR210115. A third described the molecular weight distribution of shale oils
[19], and the Galoter SHC oil in that article is sample CG0614.
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5. Conclusions

The systematic study undertaken in this project provides the necessary data
for comprehensively modeling the properties of kukersite shale oil. The use
of vacuum distillation allowed the properties of even heavier portions of the
shale oil to be measured than have so far been studied. Based on this data, it
was shown that key thermophysical properties of a kukersite shale oil sample
can be reliably predicted if two basic properties of the shale oil are known.

By varying the amount of phenolic compounds in the samples, using
extraction, it was possible to see that the concentration of polar hydroxyl
groups has a significant effect on some properties, such as the density and
refractive index. A higher concentration of phenolic compounds generally leads
to an increase in the density and refractive index. Thus, it is likely necessary
to account for differences in the phenol concentration when modeling and
predicting properties of kukersite shale oil.
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Appendix

Table A1. Composition of kukersite shale gasoline (mass%) from different retorts

[34, 36, 40, 45, 47]
Chemical composition, %mass | Tunnel oven | Rotating | Chamber | Kiviter | Galoter
oven
n-Alkanes 18.7 34 9.2 13.9
Isoalkanes 0.9 0.3
17.4
Cyclopentanes 1.9 0.6
Cyclohexanes 1.6 0.6
n-Alkenes 329 10.2 40.7
Isoalkenes 1.6 0.3
Cyclopentenes 43 0.7 57.4
Cyclohexenes 4.6 0.8
Diolefins 0.5 34
Aromatic compounds 8.5 61.7 22.4 11.4
Sulfuric compounds 0.7 0.8
Unidentified saturated 38 02
hydrocarbons
Unidentified unsaturated 15 55.6 38
hydrocarbons
Unidentified aromatics,
oxygen containing and sulfuric 5 10.4 7.4 16.2 12.0
containing compounds
Included
Phenols i oxygen 6.7 1.8
containing

compounds
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