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Introduction

Oil shale is a type of rock that contains organic matter. Organic component of oil shale is
mostly kerogen (macromolecular matter of oil shale) which, can be converted into
valuable products such as fuel and industrial chemicals, etc. (Dyni, 2003). This conversion
is usually achieved using thermal treatment (pyrolysis) at temperatures around 500 °C
(Vahur Oja et al., 2016; Vahur Oja & Suuberg, 2012). Conventional crude oils have been
widely studied and therefore, important thermodynamic data required for product
development as well as transportation properties have been comprehensively
investigated. While global shale oil deposits are vast, these reserves were mostly
remained unrecovered due to challenges that exist both technically and environmentally.

In order to economically exploit the shale oil deposits, characteristic of shale and
thermodynamic properties of shale oil are of importance (Baird, Zachariah et al., 2015).
These data can be employed in design and operation of oil production plants and
refineries as well as storage, transportation and environmental protection evaluation
(Pichler & Lutz, 2014; Raj, 2016; Mohammad R. Riazi & Al-Enezi, 1999). In this regard,
compared with conventional crude oil, considerably less shale oil properties data is
available in literature (Ge et al., 2019a; S. Lee, 1990; Vahur Oja & Suuberg, 2012; Yu et
al.,, 2019). Estonian Kukersite shale oil is not an exception. Comparatively, while the
presence of olefin is not common in crude oil, shale oil has a significant amount of olefin
in addition to aromatic compounds. Moreover, shale oil produced from Kukersite oil
shale contains great amount of hetroatomic compounds. The heteroatoms were
observed to be less in lighter fractions (gasoline fractions up to 200 °C) and similarly,
phenolic compounds were considered to be insignificant in light portions of oil.
Therefore, for analysis, the presence of phenolic compounds were considered negligible
for fractions up to 180 °C (Zachariah Steven Baird et al., 2021).

These complex mixtures (shale oil) and vaporization target compounds from these
complex matrices were selected for studies. This work carried out for studying and
modelling industrial Kukersite shale oil fractions that were produced through solid heat
carrier pyrolysis process (Galoter).

Modelling shale oil has not gained much attention despite the fact that shale oil
composition and properties differ from conventional oil and therefore, correlations, and
models developed for conventional oil most likely are not applicable to shale oil and
more specifically Kukersite shale oil (Zachariah S Baird et al., 2017; Zachariah Steven
Baird et al., 2015; R Rannaveski & Listak, 2018; Rivo Rannaveski, 2018). As explained
before, due to compositional difference, different approaches have to be used to
develop a model for this type of oil. Moreover, the composition of classes of compounds
are varying so much that suggested correlations unlikely be of use for these types of shale
oils. In general, compositions of Kukesite shale oil were provided previously elsewhere
(Aarna et al., 1953; Barschevski et al., 1963; Blinova et al., 1974; O. G. Eisen & Rang, 1968;
V. Oja et al., 2006). In this regard, several properties of narrow boiling range Kukersite
shale oil fractions (as pseudocomponents) obtained experimentally were used for
modelling. To model the Kukersite shale oil, PC-SAFT equation of state was used at which,
measured properties (vapor pressure, liquid density) could be used to fit the PC-SAFT
parameters to propose a model for predicting the phase behavior of these types of oils.

Thus, in this study, primarily, the applicability of vapor pressure correlations
developed for conventional oil were assessed for Kukersite shale gasoline. In this respect,
Kukersite shale oil gasoline was distilled into fractions with average boiling point from



about 40 to 180 °C. Then, these fractions were as well used for modelling the Kukersite
shale oil gasoline and further on, Kukersite shale oil as a whole using PC-SAFT equation
of state independently, considering that the presence of phenolic compounds in gasoline
fractions up to 180 °C can be neglected and the composition of other classes of
compounds varies. For heavier fractions, the interaction parameter between phenolic
compounds was also considered and found through optimization. In general, for crude
oils non-associating term were not considered. Besides, characterization was mostly
performed using SARA analysis (Saturates, Aromatics, Resins, Asphaltenes) based
approach which is more commonly used method in characterization of crude oil for
PC-SAFT asphaltene precipitation modeling. It was also seen that aromaticity parameter
were also taken into account in various correlations developed for such oils
(Seitmaganbetov et al., 2021). While modeling the conventional oils have already
been assessed for a longer period, developing a distinct model for Kukersite shale oil
was not studied as much broadly.
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1 Literature review

1.1 Overview of Estonian oil shale

The need of exploration for additional energy resources has drawn attentions to
utilization of unconventional alternatives and therefore, shale oil was no exception in
this rule particularly over the last decades (Vahur Oja, 2007). It was estimated about
2 decades ago that global oil shale reserves are approximately 3 trillion barrels of crude
oil (Dyne, 2003). Despite the large supplies of oil shale around the world, only limited
number of countries use oil shale deposits for fuel, power production and industrial
products (Dyni, 2003; Vahur Oja & Suuberg, 2012). For instance, Unites States, Russia,
Brazil, China and Estonia are among those countries known to have major deposits of oil
shales and exploit these resources (Knaus et al., 2010).

In 2020, according to the data published in Estonian oil shale yearbook, around
1.6 million tonnes of oil shale produced in Estonia. The production rate started
downward trend in 2019, as the rate was hovering around 15 million tonnes per year on
average between 2014 to 2019. Qil shale produces about 75% of the main energy in
about 80 to 90% of the electricity in the country (Sillak & Kanger, 2020). Shale oil
resources in Estonia are estimated to be near 1000 million tons and by 2012, the rate of
oil shale production was close to 18 million ton per year (Raukas & Siirde, 2012).

Shale oil is produced from pyrolysis of oil shale — sedimentary rock that contains
naturally occurring, cross-linked macromolecular organic matters (also called kerogen)
(Hruljova & Oja, 2015; U. Lille, 2004; Speight, 2014). Kerogen is forming major share of
organic matters in oil shale. In pyrolysis process, which is also called retorting, oil shale
is heated to temperature around 500 °C and kerogen decomposes and coverts to crude
shale oil, gas and solid residue. This process occurs in the absence of oxygen (Vahur Oja
& Suuberg, 2012; Tissot et al., 1978). The purified vapor-gas mixture obtained from
retorting process goes through multistage condensation in order to obtain different shale
oil fraction which could also be referred to as wide technical fractions (such as gasoline,
middle oil and heavy oil) (Neshumayev et al., 2019).

There are two main pyrolysis (retorting) technologies used to produce shale oil: Kiviter
and Gaolter process. Kiviter refers to gaseous heat carrier process, while Galoter relates
to solid heat carrier process (Eldermann et al., 2016). Currently, solid heat carrier process
is used to process oil shale in Estonia. This technology that has undergone several
modifications in recent decades (Neshumayev et al., 2019) is more efficient in energy
utilization and surpass the other technology in meeting the climate and environmental
regulation and policies (Reinik et al., 2015; Siirde et al., 2013).

The crude shale oils produced from different processes were seen to be a complex
mixture of hydrocarbons in which physical and chemical properties are different (Vahur
Oja et al., 2016). The composition and properties of shale oils from different retorts
differ. In general, the industrial shale oil is separated into three wide fractions. Shale
gasoline that made up to about 20% of total shale oil, is considered mixture of
compounds with boiling points below 200 °C. This light fraction contains mainly olefins
followed by paraffins (about two third). Although aromatic compounds are also present,
they are lesser in comparison with heavier fractions. Compared with conventional oil,
Kukersite shale contains more olefin and aromatics hydrocarbons and less paraffins
(M R Riazi, 2005). Additionally, phenolic compounds make up about one third of
Kukersite shale oil (Baird, Zachariah et al., 2015; Vahur Qja et al., 2016).
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1.2 Kukersite shale oil characterization

Considering the production, transportation and storage of oil, physical and
thermodynamic properties of oil such as volatility characteristic (vapor pressure),
evaporative losses, flammability etc., are of foremost importance (Pichler & Lutz, 2014;
Raj, 2016; Mohammad R. Riazi & Al-Enezi, 1999).

These properties are essential parameters to be employed in refinery designs and
operations, transportation as well as environmental protection. While the most accurate
method to obtain these properties is through experimental measurement, this is not
always possible because measurements are time-consuming, uneconomical, or sometimes
impractical. Therefore, some sort of prediction model is required to enable us to
calculate the important parameters that are unknown.

Shale oil were seen to have more aromatic and olefin contents than conventional oil
(Vahur Oja et al., 2016; Qian & Yin, 2010) and they contain heteroatomic compounds in
abundance (Urov & Sumberg, 1999). Differently, for Kukersite shale oil as a mainstream
of this thesis, the amount of phenolic compounds is high and they have large quantities
of oxygenated compounds with majority being alkylphenolic. (Baird, Zachariah et al.,
2015; Derenne et al., 1990; Kogerman & K&ll, 1930). These properties places Kukersite
shale oil in different class from petroleum and biofuel and therefore a choice for
developing a model or assessing other thermodynamic correlations used for liquid fuels
such as conventional oils. (Zachariah S. Baird et al., 2018). Therefore, the experimental
data of vapor pressure measured for Kukersite shale oil gasoline fractions were also used
to evaluate several available vapor pressure correlations, which are convenient to use.
As mentioned earlier, Kukersite shale oil is rich in oxygen-containing compounds
including phenolic compounds. In the structure model suggested by Lille et al. (U. Lille et
al., 2003), these compounds have mostly aliphatic side chains bound to them.

Phenolic compounds can also be found in bio oil obtained through pyrolysis from
lignocellulosic biomass (Effendi et al., 2008; Xiu & Shahbazi, 2012). Because these dry
matters contain large amount of oxygen, many oxygen-containing compounds such as
phenolic compounds are formed in bio-oil. Phenolic compounds are produced through
dephenolation process and due to their favorable properties, they received much
attention for different industrial purposes. For instance, compounds and/or mixture
obtained from Kukersite shale oil such as 5-methylresorcinol and its derivatives as well
Honeyol (alkylresorcinol mixture containing around 50% 5-methylresorcinol) are used in,
cosmetic, dyes etc. (Jarvik et al., 2014; Perez-Caballero et al., 2008).

To precisely estimate the property of shale oil, the compositions of all the components
in the mixture should be known and, with current techniques, it is not yet truly
achievable (Quann, 1998). One approach to characterize a compound is through its
composition. If the composition of all the constituents in a mixture is exactly known,
compound is a “defined mixture” otherwise; it is “undefined mixture”. Therefore, oil is
considered an undefined mixture whose composition is unidentified.

Defining crude oil properties with single average property value is far from being
helpful. In order to characterize and estimate the properties of an oil mixture,
pseudocompoent concept is a common approach to be used (M R Riazi, 2005). In this
method, oil can be defined as a mixture of several but limited pseudocomponents that
behave similarly. These pseudocomponents can be considered as a single compound and
the properties of each pseudocomponent can be independently defined.

In order to characterize undefined mixtures (oil fractions) or psedocomponents, bulk
parameters such as density, molecular weight, carbon to hydrogen atomic ratio, refractive
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index or distillation boiling point (true boiling point) is estimated. This approach enables
to better comprehend and predict the behavior of oil while knowledge of compositions
is not needed. One approach to characterize the oil is to separate them into narrow
boiling range fractions. Each narrow boiling range fraction is considered as a
pseudocomponent and the characteristic (bulk properties) of each fraction is estimated
separately regardless of the composition of the compounds in fraction. Moreover, some
of the pure hydrocarbon correlations could be applicable to these pseudocomponent
fractions.

When existing, these properties data could be used for developing prediction models
to correlate the basic properties of oils and accordingly, this type of shale oils. For that,
at least two easy-to-measure properties could be related. Most of the available correlations
for thermodynamic properties require two parameters. These correlations were mostly
developed for narrow boiling range fractions with atmospheric boiling point and
molecular weight below 350 °C and 300 g mol™, respectively. One parameter refers to
molecular weight of the fraction such as refractive index and specific gravity, while the
other parameter is selected according to the molecular size such as average molecular
weight or average boiling point. Therefore, following the proposed methods followed in
the past decades, for these empirical correlations to estimate average boiling point,
specific gravity or average molecular weight were used (M R Riazi, 2005).

In this thesis and related studies, the industrial gasoline shale oil was separated into
narrow boiling range fractions through distillation and each narrow boiling range fraction
was considered as pesudocomponent.

1.3 Kukersite shale oil studies

While Estonian Kukersite shale oil has been broadly studied for many decades, (Johannes
et al,, 2012; Vahur Oja, 2007) and is the most important resource of its kind in Estonia in
the last century, (Savest & Oja, 2013) the available data for oil extracted from shale is
minimal (Kollerov, 1951; Vahur Oja et al., 2016). Moreover, thermodynamic properties
information regarding retorting oil shale including Kukersite, is not existed or limited
such that, they are not applicable or systematic (Zachariah S. Baird et al., 2018; Zachariah
S Baird et al., 2017; Rivo Rannaveski et al., 2018; Savest & Oja, 2013).

These properties data could be used for developing prediction models to correlate the
basic properties of oils and accordingly, this type of shale oils. For that, at least two easy-
to-measure properties could be related.

Alternatively, these data allow assessing the correlations that were previously
developed for conventional oils. Therefore, the applicability of petroleum prediction
correlations could be evaluated for some set of systematic shale oil data. Oja and
coworkers (Vahur Oja et al., 2016) reviewed that most systematic experimental data of
thermodynamics and physical properties for Kukersite shale oil were measured mostly
by Kogerman and Kéll in the book “Physical properties of Estonian shale oil” published in
1930 (Kogerman & Koll, 1930). However, the data were given for fractions with average
boiling points about 150 to 300 °C with 25 °C boiling point increment and the book did
not include any developed correlation.

Additionally, most of the data related to the physicochemical properties of Kukersite
shale oil were compiled by Kollerov in the book “Fiziko-khimicheskie svojstva zhidkikh
slantsevykh i kamenougol’nykh produktov” written in Russian in 1951 (Kollerov, 1951) or
in the book “Der estlandische Brennschiefer-Kukersit, seine Chemie, Tehnologie und
Analyse” published by Lutsin 1934 in German (Luts, 1934). In addition to containing some
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thermodynamic and physical properties for shale oil, some correlations were also
developed based on the measurable basic properties of shale oil. In the book, wide
technical fractions were obtained from 30-300 °C. These fractions were distilled similar
to industrial fractions. For instance, for gasoline fractions boiling range 40 to 205 °C or
for diesel fuel boiling range 250 to 350 °C were considered to be a range for such fraction.
Additional data and correlations could also be found in several other works (Skrynnikova,
1954; Watson & Nelson, 1933; Zelenin, N. 1., Fainberg, V. S., Chernysheva, 1968).

The published data mostly dates to earlier than 1970s and yet to be considered
sufficiently systematic experimental data for the purpose of prediction model
development. Prior to 1970, in which computer-aided analytical correlations started to
develop, the correlations were mostly presented in graphical form.

Even though the basic thermodynamic and physical properties of shale oil, such as
normal boiling point, molecular weight and temperature dependent properties such as
vapor pressure, heat capacity, viscosity and specific gravity were published and become
available. It should be noted that, these data are not systematically robust for presenting
a prediction model for shale oil properties or evaluating the suitability of conventional
oil prediction methods (M R Riazi, 2005).

In summary, while major studies have already been done on conventional oil, as
mentioned earlier, limited volume of data are systematically available for alternative oils
such as shale oils and so are inadequately investigated. For this purpose, shale oil was
separated into several pseudcomponents and using bulk properties method, further
analyses were performed.

1.4 Property correlations for Kukersite shale oil

Although basic properties data such as molecular weight, atmospheric boiling point,
vapor pressure, and vaporization enthalpy are available, these data dated more than a
century ago and more detailed and systematic data is needed for robust correlation for
shale oil bulk properties. As reviewed earlier, there are only three records in which,
correlations for Kukersite shale oil were presented (Kogerman & K&ll, 1930; Kollerov,
1951; Luts, 1934). These correlations were either graphical or simple relationship mostly
based on limited number of experimental data.

Correlations for vaporization characteristics (such as vapor pressure) are extensively
studied and hence, they are available for conventional oils. For instance, correlations
developed by Van Nes and Van Westen that have also been used in this thesis employ
normal boiling point and experimental temperature to calculate the vapor pressure of
specific fraction. These correlations could be used to predict the vapor pressure using
input parameters from basic properties of oil (Andersen et al., 2010; Nji et al., 2008;
Tsonopoulos, C, Heidman, J L, & Hwang, 1986). However, limited data for shale oils
hindered developing a robust correlation for predicting the fraction vapor pressure (Ge
etal., 2019b; S. Lee, 1990; Vahur Oja & Suuberg, 2012; Yu et al., 2019). Due to presence
of polar compounds in these oils, developing a correlation is a complex task (Akalin et al.,
2019; Akash, 2010; Vahur Oja, 2015; Qian & Yin, 2010; Siitsman & Oja, 2016; Urov &
Sumberg, 1999).

In general, while developing correlation for Kukersite shale oil was which is one of the
objectives of this thesis, no vapor pressure data for Kukersite shale oil gasoline were
published or availabe in the literature. Therefore, according to the ASTM D6378-10
standard test method (ASTM D6378-10, 2016) and using ERAVAP analyzer, the vapor
pressures of gasoline fractions were measured. These data in addition to other available
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gasoline data that have been measured along with characteristics were used to develop
a prediction model for Kukersite shale oil gasolines vapor pressures. The procedure
towards developing a correlation for Kukersite shale oil gasoline vapor pressure data
should be considered as a base to further develop a correlation for Kukersite shale oil vapor
pressure as a whole up to 500 °C. In this sense, additional fractions (pseudocomponents)
were used and their basic thermodynamic and physical properties were estimated.

The necessary procedure to develop a method for estimating Kukersite shale gasoline
vapor pressure data were deliberated such that, these steps are consistent with
subsequent progressions to refine the correlation with additional fractions up to 500 °C.
While these correlations were developed primarily for Kukersite shale oil gasoline vapor
pressure estimation and then Kukersite shale oil altogether, the applicability of these
correlations is debatable for other types of shale oils since shale oil composition is
dependent on the type of oil shale in the reserve and the process in which shale oil is
produced (Guo, 2009).

Phenolic compounds are not desirable in fuels due to the their particular characteristics
such causticity and instability (Lyu et al., 2015; Yang et al., 2009; Zhang et al., 2013).
Likewise, they are considered as potential environmental hazards (Kahru et al., 1994).
Therefore, knowledge of vaporization properties and other thermodynamic characteristics
of these compounds are useful for designing the operating system and conversion
process. Nevertheless, these properties are not adequately available and therefore, the
available data are minor. Moreover, the correlations presented for these properties do
not satisfactorily model these compounds and possibly phenol-rich mixtures.

Hence, in this thesis, some of the vapor pressure and other physical properties data
for a few phenolic compounds/mixtures determined or estimated from oil shale pyrolysis
experiment were provided. The earlier-mentioned phenolic compounds/mixtures
properties or vapor pressure data, i.e., 5-methylresorcinol and Honeyol were selected as
by product of Kukersite shale oil. Additionally, another compound chosen for this purpose
is bio based phenolic compound, which is 4-ethyl-2-methoxyphenol (4-ethylguaiacol).
This compound which can also be extracted from petroleum sources, is extensively used
as a chemical intermediate in pharmaceutical and petrochemical industries (Ye et al.,
2012).

1.5 Kukersite shale oil modelling

Equation of state (EoS) was essentially employed to predict thermophysical properties
and phase equilibria oil fractions. The use of this approach has been used in estimation
of thermphysical properties of simple fluids. This led to an increasing interest in finding
alternate approach to model various complex mixtures such polymers or compounds
with particular molecular interactions such as association (hydrogen bonding) or polar
interactions. Therefore, characteristics of molecules and their effect on thermodynamic
properties of the compounds requires different approach for modelling of compounds
that have more complex systems (Tumakaka et al., 2005). This approach was based on
statistical thermodynamics.

One way to model the thermodynamic properties of hydrocarbon is Perturbed Chain
Statistical Associating Fluid Theory (PC-SAFT). PC-SAFT based method which was first
developed by Gross and Sadowski, (Gross & Sadowski, 2001) has advantage over cubic
equation of state in which takes into account the interactions that occur between
molecules of the mixture and on contrary to cubic Equation of States in which, the
knowledge of critical properties is not required. This equation was primarily developed
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to model non-associating fluids and system with long-chain molecules such as polymers.
In this approach, pure fluids are considered as hard-spheres (or segments). For PC-SAFT
equation, the non-associating model parameters to characterize the fluids are segment
number (m), segment dimeter (o) and segment energy parameter (g/k) and these
parameters are obtained by fitting experimental vapor pressure and liquid density data.
Applicability of this method is investigated better for pure compounds than undefined
complex mixtures such oils.

While such modelling and developments were mostly proposed for petroleum
fractions, shale oils were not received much consideration for this purpose. Models
developed for petroleum unlikely be applicable to shale oil (Zachariah S Baird et al., 2017,
Zachariah Steven Baird et al., 2015; R Rannaveski & Listak, 2018; Rivo Rannaveski, 2018)
since the compositions and structures of petroleum and shale oil are different. While the
applicability of different petroleum correlations could be assessed for various shale oil
deposits, modelling of Kukersite shale oils were of concern of this work.

In summary, measured experimental data for Kukersite shale oil narrow boiling
pseudocomponents were employed to develop correlations that could be used to
calculate PC-SAFT parameters. These models primarily presented for gasoline fractions
up to 180 °C, and then extended to all shale oil fractions up to 500 °C.

1.6 Conclusions

Based on literature review the following conclusions could be drawn:

e Shale oil has been studied in lesser extent compared with crude oil and therefore,
available data were found to be much less.

e The availability of vapor pressure data of shale oil-related products or mixtures
are no exception as well.

e The correlations for crude oil vapor pressure data were also studied in larger
scale and thus the application of some of these correlations for various
properties of shale oils is yet to be assessed.

e Despite correlations for Kukersite shale oil developed over five decades ago, the
necessity to introduce new model including much larger number of
experimental data could be necessary.

e Simple yet robust model with larger number of fractions is continuously valued.
In addition, the model given is non-cubic equation of state which is presented
differently compared with those published earlier.

1.7 Objectives

It was noted that the Kukersite shale oil properties data were available in a much smaller
set, date back to decades ago, and are mostly not systematic. Moreover, a more robust
model to predict the properties of Kukersite shale oil using a larger dataset was also of
interest. Previous correlations were simple yet only covered much smaller range of oil
properties.

The limited availability of Kukersite shale oil properties data and oil by-products in
addition to having a predictive model to estimate the properties of shale oil fractions
have led to the aim of the thesis to meet several research objectives.

Therefore, the objectives of the thesis are to:
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e Provide thermodynamic and physical properties for narrow boiling Kukersite
shale oil gasoline fractions. In addition to evaluating the applicability/suitability
of several petroleum vapor pressure correlations to shale oil fractions.

e  Generate vapor pressure data for pyrolysis oil-derived phenolic compounds for
wide range of pressures by DSC.

e Assess the possibility of these pyrolysis oil-derived phenolic compounds to be
used as model compound for modelling phenolic compounds of shale oil.

e Develop a correlation to model Kukersite shale oil gasoline fractions using
PC-SAFT equation of state

e Extend the development of the model used for shale oil gasoline to all available
fractions using PC-SAFT equation which includes the non-associating parameter
correlations for aromatic compounds.

This method allows for estimation of Kukersite shale oil properties which could further
be considered to develop property prediction method for oil shales from different
origins.
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2 Experimental and modelling

In this section, pure compounds and oil mixtures used for analysis were listed
and preparation of these compounds were described. Experimental procedure
developed for vapor pressure measurements, were described and methods used for
development of correlations were explained.

2.1 Materials

In this work, several compounds were used for measurements as part of experimental
studies.

Pure compounds

List of pure compounds used for studies as well as pure compounds used for performance
check of the instruments, supplier, CAS RN., chemical formula, molecular weight, purity,
and the purpose were provided in Table 1. For analysis, all pure compounds used as
received with no further purification. The purity of 5-methylrescorcinol, biphenyl and
4-ethyl-2-methoxyphenol were measured by Gas chromatography (GC). The reported
purities for Toluene and Benzene were also given in Table 1.

Shale oil-derived compounds

Narrow boiling Kukersite shale oil gasoline fractions were obtained from wide Estonian
Kukersite shale oil gasoline fraction using distillation method. The wide fraction of shale
oil gasoline used in this study produced through Galoter process. While for the first
article, wide gasoline fractions distilled for measurements, considerably more narrow
boiling range fractions were used for modelling. This was done to meet the objective of
third article as more data were needed for developing a model. The additional fractions
that have been previously distilled as part of the goal of other project, used in here so
that the more properties data fitted for the correlations. Additional wide Kukersite
samples used for third article studies were taken from different Eesti Energia plants
within 2 years when the bigger project was ongoing. Therefore, the properties of narrow
boiling fractions obtained from wide fractions, were measured earlier and used for to
model the Kukuesite shale oil fractions.

Table 2 report the measured thermohysical properties of the narrow gasoline fractions
(Initial and final boiling points of each fraction, percent distilled, refractive index,
densities and molecular weight) used to validate the petroleum vapor pressure
correlations. Initial boiling point and end boiling point of distillation temperature range
refer to the temperature that first and final drop of specific fraction collected. It was so
that the final distillation temperature of earlier fraction is identical to initial distillation
temperature of subsequent fraction. These fractions numbered in increasing routine so
that former fractions represent the lighter fractions and first fractions of each distillation
denote the lightest fraction of respective distillation.

Another compound, Honeyol (CAS No. 799275-41-5 with Molecular weight of
142.8 g/mol — measured in the lab), produced by VKG (Viru Keemia Grupp) Company,
used for vapor pressure measurement. The water used is distilled and purified in our
laboratory. Using gas chromatography technique, compositional analysis of Honeyol
showed that 62.4% of this mixture is 5-methylresorcinol, while 11.4% is 4,5
dimethylresorcinol, 9.4% is 5-ethylresorcinol and 6.7% is 2,5 dimethylresorcinol.
These compounds take up to around 90% of Honeyol.

Because Honeyol is highly viscous with sticky consistency, it was slowly heated prior
to measurement so that the properties are not affected.
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Table 1. Pure compounds properties

Molecular
. CAS | Empirical . Purity
Compound Supplier RN formula welgljt (mass %) Purpose
(g mol?)
71- Used to
Benzene Lachner 43-2 CeHe 78.1 99.9 evaluate the
performance
of ERAVAP
Sigma- 108- vapor
Toluene Aldrich 88-3 CrHa 92.1 9.7 pressure
tester
Used to
4-ethyl-2- ACROS 2785- A
methoxyphenol Organics 89-9 CoM120: 152.2 98.6 provide new
sets of vapor
pressure data
5- 504- up to
methylresorcinol kG 15-4 C7H50, 124.1 99.9 atmospheric
pressure
. 92-
Biphenyl Alfa Aesar 574 Ci2H10 154.2 99.0 Considered to
Purified chechcthe
Water water in - H,0 18.0 Bi-
. measurement
the distilled
accuracy
laboratory
Table 2. Properties of the narrow boiling shale gasoline fractions
Fraction Initial boiling | Final boiling | Percent Refractive |Density| Molecular
point point recovered | Index (20 °C) | (20 °C) weight
No. °c °c wt% gem™3 | gmol?
1 58 68 1.2% 1.4053 0.7103 103
2 68 86 2.1% 1.4161 0.7301 91
3 86 98 3.1% 1.4235 0.7478 93
4 98 84 5.4% 1.4254 0.7498 106
5 84 94 1.4% 1.4210 0.7419 99
6 94 104 2.3% 1.4299 0.7608 94
7 104 112 3.6% 1.4420 0.7852 97
8 112 118 3.7% 1.4314 0.7660 105
9 118 121 3.9% 1.4298 0.7625 110
10 121 126 3.2% 1.4359 0.7753 112
11 126 134 3.8% 1.4466 0.7960 124
12 134 140 4.4% 1.4524 0.8090 117

Expanded uncertainties (95% level): refractive index = 0.0021, density = 0.0003 g cm=3, molecular

weight = 10 g mol
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2.2 Sample preparation

Technical straight-run gasoline fraction of Estonian Kukersite shale oil was received from
Eesti Energia with boiling range from around 40 to 200 °C. The plant uses solid heat
carrier technology (Gaolter process). (Elenurm et al.,, 2008; Golubev, 2003). In this
technology, Kukersite shale oil as raw material was used, in which, three wide industrial
shale oil fractions were produced: heavy oil, fuel oil and gasoline.

Technical gasoline fraction (density of 0.7848 g cm™ at 20 °C) was used in this work
for the column distillation. Elemental composition analysis of literature data confirm that
around 3% of the technical gasoline fractions consist of heteroatos (likely sulfur and
oxygen compounds) (Qian & Yin, 2010; Urov & Sumberg, 1999).

The technical gasoline fraction was then distilled into narrow boiling fractions using
distillation column in accordance with ASTM D2892 (ASTM D2892-15, 2015). For the
column distillation, a packed distillation column with reflux ratio 6 to 1 and 24 theoretical
trays was used. A mercury thermometer was used to measure the temperature at the
top of the column, and the accuracy of this thermometer was checked in boiling water
to make sure it showed the correct temperatures. The fractions were separated on the
basis on the volume collected. Meaning that once around 20 ml of sample was collected,
new bottle was used to collect the next sample. To prevent from losing the volatiles, the
gasoline vapors and subsequently liquid samples were collected in cooled glass condenser
at approximately —10 °C. During the column distillation, there were some difficulties with
keeping the temperature stable and at points, the temperature at the top of the column
dropped instead of steadily increasing.

For this distillation, the mass percent recovered in each fraction is given in Table 2.
Note that to make the curves comparable the average normal boiling points calculated
from the vapor pressure data were used instead of distillation temperatures. The drop in
temperature for some of the fractions during the column distillation is due to the
difficulty in maintaining a stable temperature increase during that distillation.

2.3 Methods and procedures

In this section, commercial instruments and methods developed to measure
thermodynamic and physical properties of various compounds and procedure described
to obtain correlations for Kukersite shale oil fractions were given.

Measurement of properties
Properties of pure compounds and oil fractions were measured by means of different
methods. These measurement methods are provided in this section of the thesis.

Density

Density of 4-ethyl-2-methoxyphenol and Kukersite shale oil gasoline fractions were
obtained by DMA5000M density meter (Anton Paar GmbH). For gasoline fractions,
Standard uncertainty was 0.00015 g cm™ and expanded uncertainty (95% level) was
estimated to be 0.0003 g cm™ (Zachariah Steven Baird, 2017).

However, the expanded uncertainty for 4-ethyl-2-methoxtphenol was 0.00005 g cm™.
Considering the purity of this compound, the expanded uncertainty (95% level) was
0.0001 g cm3. The performance of density meter was checked with air and distilled water
before and after each measurement. This ensured that the instrument is clean prior to
experiment and therefore the accuracy is high. The difference between measured and
reference value does not exceed 0.00005 g cm~3.
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Molecular weight

The average molecular weight was either measured by cryoscopy method according to
ASTM D2224 (ASTM D2224, 1983) or measured using vapor pressure osmometry
technique. In cryoscopy measurement, benzene was used as solvent. The method was
described thoroughly by Jarvik and Oja (Jarvik & Oja, 2017). The uncertainty increased
with molecular weight, and for the samples given here, the 5 g mol™ standard uncertainty
(10 g mol™ expanded uncertainty k = 2) was recorded.

The number average molecular weight of Honeyol was measured using KNAUER
K-7000 vapor pressure osmometer (Wissenschaftliche Geratebau Dr. Ing. Herbert KNAUER
GmbH, Germany). Distilled water used as solvent and expanded uncertainty was about
7%.

Refractive index

Abbemat HT refractometer (Anton Paar GmbH) at wavelength 589.592 nm was used to
measure the refractive index at 20 °C. The performance check was done before and after
measurement and for this purpose, distilled water was used. For gasoline samples,
the expanded uncertainty (95% level) was found to be 0.0021.(Zachariah Steven Baird,
2017) Due to high volatility of first few gasoline fractions, and therefore, constant change
of Rl value, the estimation of average values obtained were taken.

Boiling Point

The average boiling point of gasoline fractions obtained from distillation in which
arithmetic mean of temperature calculated when first and final drop of the fraction
collected. The boiling point uncertainty was estimated to be 1 °C.

Vapor pressure measurement

Several vapor pressure of pure compounds as well as Honeyol were measured using
Differential Scanning Calorimetry (DSC). Vapor pressure of Kukersite gasoline fractions
were measured using ERAVAP. The detailed experimental procedure is provided below.

ERAVAP vapor pressure tester

Vapor pressure was measured with ERAVAP (Eralytics GmbH) and 4 to 1 vapor-liquid ratio
according to the ASTM D6378 standard (ASTM D6378-10, 2016). This commercial
analyzer measures temperature and pressure of up to 120 °C and 1000 kPa, respectively.
Prior to measuring the vapor pressure of gasoline fractions, the instrument was cleaned
using vacuum pump. This procedure was repeated before each gasoline fraction
experiment. Moreover, the instrument reliability was assessed by measuring vapor
pressure of toluene and benzene. The values were then compared to those from
references for Benzene (Ambrose et al., 1990; Boublik et al., 1984; Connolly & Kandalic,
1962; Dreisbach, 1955; Wilhoit & Zwolinski, 1971) and Toluene (Dean, 1992; Dreisbach,
1955; Wilhoit & Zwolinski, 1971; Willingham et al., 1945). Based on this data, the vapor
pressure standard uncertainty was obtained to be 0.3 kPa.

Differential Scanning Calorimeter (DSC)

Vapor pressure of phenolic compounds were measured using Netzsch 204HP Phoenix
high pressure Differential Scanning Calorimeter (DSC), in accordance with standard test
method ASTM E 1782 “Standard test method for determining vapor pressure by thermal
analysis” (ASTM, 2003). To increase the accuracy of pressure measurement, another
pressure controller (Brooks instrument Model 5866) and pressure sensor (Omegadune
Inc., model PX409-150 AUSB) were connected to the system. The pressure sensor has
0.008% full-scale error. For pressure monitoring, in general two sensors were connected

21



to the outlet and inlet of the system so that the pressure drop could be recorded.
The observed pressure drop value can be considered for final pressure analysis.
The significance of minor pressure loss can contribute to likely major calculation error
when very low vapor pressure experiments were of interest.

As DSC system shown in Figure 1, for measurement of vapor pressures in vacuum, the
system was equipped with membrane vacuum pump (vacuum-brand PC 3001 Vario) with
variable motor speed controller CVC 3000. Overall, several modifications were done to
better observe the behavior of the system. Vacuum sensor MKS Baraton (type 626B) was
added to the outlet of the system to measure the pressure of DSC cell. The calibration of
the sensor was performed in metrological center to ensure reliable results. Vacuum
sensor has operating range of 0.0133-130 kPa. The accuracy of reading was specified to
be 0.25%.

The distance between the outlet pressure sensor and DSC cell was 47 cm and measured
pressure drop was 0.003 kPa at atmospheric conditions. The inlet and outlet tubes of DSC
cell were modified and immersed in 2L ballast tank cooling fluid connected with Huber
CC250 chiller in order to trap the vaporizing samples in the system. Temperature of
cooling bath was monitored by Thermocouple thermometer to be not higher than —39 °C.

Experimental vapor pressure carried out within the pressure range between 1 kPa and
atmospheric pressure. The heating rate was 5 K min™t. Hermetically sealable 40 pl
aluminum pan, which had 50 um laser drilled pinhole lid was used to place the sample
inside the furnace. Inert gas (Nitrogen) with 99.999% purity was used as purge gas for
20-30 min before each experiment to eliminate the possibility of air presence and
oxidation in the system during experiment. This procedure was followed during vacuum
experiments as well. The nitrogen flow rate was 40 ml min~ . the sample used for the
measurements were between 1-5 mg for pressures between 5-101.3 kPa and 3-10 mg
for pressures between 1-5 kPa.

The DSC performance test was done using distilled water (Wagner & Pruf, 2002) and
biphenyl (99% purity, CAS RN. 92-52-4) (Chipman & Peltier, 1929; Chirico et al., 1989;
Garrick, 1927). In this regard, for vapor pressure experiments above 5 kPa, crucibles with
50 um pinhole lid were used. However, for experiments below 5 kPa, the lid hole was
manually enlarged to as much as 180 um for very low vapor pressure measurements.
This recommendations was provided to in order to obtain better curve from DSC analysis
software (Brozena, 2013; Butrow & Seyler, 2003).

The temperature calibration was performed according to the manufacturer’s
recommendation using tin, indium, zinc, bismuth, and lead in normal conditions and
operating conditions for both samples’ calibration measurements were similar. For each
sample, the measurement was carried out at least twice to verify the repeatability or
more if the difference between the obtained boiling points from thermoanalytical curve
exceeded 0.1 K.
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Applicability of vapor pressure measurements

Techniques used to measure the vapor pressure of phenolic compounds and gasoline
fractions were evaluated prior to experiment. For narrow boiling range gasoline
fractions, static vapor pressure tester ERAVAP was used and vapor pressure of phenolic
compounds was measured by differential scanning calorimeter (DSC) Performance of
these instruments was assessed using several pure compounds. Table 3 provides general
information regarding all the compounds used with objective of performance check for
vapor pressure instruments. Reference data were rather correlated from the references
or Antoine equation constants provided in the references, were used.

As shown in Figure 2, data are in good agreement with references. Average absolute
relative deviation for all references is independently below 1%. For most of the
compounds, references with various measurement techniques were used. For distilled
water, cubic equation of state introduced by Wagner & PruR, was used. The uncertainty
of the equation of state withtin experimental range in the reference article was reported
to be about 0.02%. For the compound, while all absolute devations are below or around
0.1 kPa, the vapor pressure measurement error for experiment at atmospheric condition
was around 1.5 kPa. And, as a matter of convneince, this point just reported in here and
removed from the figure.

Among all experimental data compared for biphenyl, the maximum deviation from
the references were seen for atmospheric pressure which shows deviation of less than
0.4 kPa. However, consdiering the rest of data points of this compound, the deviations
fall below 0.1 kPa except three data points where the error is approximately 0.15 kPa on
average.

On the other hand, most of vapor pressues ARD% were about 0.30% for toluene and
0.55% for benzene and most of the references used in here, reported only the Anotine
equation constants. The absolute error values for these compounds is maximum 0.3 kPa.
Figure 2 presents the absolute deviation of measured DSC and ERAVAP vapor pressures.
Because the error values for benzene and toluene for all the references, one common
reference selected for comparison in Figure 2.
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Table 3. Pure compounds used for performance evaluation of vapor pressure measurement methods

Pure compounds

Measurement
range in the
article (kPa)

Reference

Average absolute
relative deviation
(ARD %)

Explanation for reference

Differential Scanning Calorimetry (DSC) - Il article

Distilled water 49.88 —100.92 (Wagner & Pruf3, 2002) 0.47% EoS based on selected data
(Chirico et al., 1989) 0.71% Ebulliometric method
Biphenyl 0.90-100.40 ipman & Peltier, A44% )
pheny (Chi & Peltier, 1929) 0.44% Modified isoteniscope-manometer
method
arrick, 31% odified manometric metho
(Garrick, 1927) 0.31% Modified i hod
ERAVAP vapor pressure tester — | article
(Dreisbach, 1955) 0.30% Antoine Eq. from API data
. From reported extrapolated data of
(Boublik et al., 1984) 0.31%
(Ambrose, 1981)
Benzene 24.1-135.8 (Wilhoit & Zwolinski, 1971) 0.30% Antoine Eq. from data
(Ambrose et al., 1990) 0.30% Ebulliometric
(Connolly & Kandalic, 1962) 0.30% Static method
(Dreisbach, 1955) 0.56% Antoine Eq. from API data
(Wilhoit & Zwolinski, 1971) 0.55% Antoine Eq. from data
Tol 18.6-54.1
oluene (Dean, 1992) 0.56% Antoine Eq. from data
(Willingham et al., 1945) 0.55% Static method
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Figure 2. Deviation plot for vapor pressure of pure compounds used for performance check. AP is
the difference between experimental pressure and reference pressure: [AP = Preference — Pmeasurement]

Overall, these insturments showed reliable results to perform vapor pressure
measurment for narrow boiling range gasoline fractions as well pyrolysis oil phenolic
compounds.

Data processing
Measured samples and compounds were fitted and deviation of experimental were
checked with literature values when available.

Data analysis
Experimental vapor pressure data of phenolic compounds were fitted to a tested against
Antoine equation:

In(P)=A+ (2.1)

T+C

Where A, B and C are Antoine parameters, T is temperature (K), P is vapor
pressure (kPa), R is gas constant and AHuap is vaporization enthalpy (kJ mol?) And,
vaporization enthalpy (AHvap) at normal boiling point is calculated from the slope of linear
Clausius-Clapeyron regression of In(P) vs 1/T plot:

d(n(P)) _ AH,

o) T >

In order to determine Antoin equation constants, POLYMATH software was used.
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For shale gasoline fractions, integrated form of the Clausius-Clapeyron equation was
used. Therefore:

A
In(P)=—-=+B (2.3)
T
or,
Hvap
S —. 2.4
In(P) rr B (2.4)

Where A and B are Antoine parameters, T is temperature (K), P is vapor pressure (kPa),
R is gas constant and AH.ap is vaporization enthalpy (k) mol™). These parameters were
obtained from linear regression equation plotted for each fraction. (R = 8.314 ) mol™1K™?).

Error analysis
Relative deviation and average absolute relative deviation (ARD) of experimental data
are expressed as below.

Relative deviation:

X. — X
RD % = =", 100 (2.5)
Xe
Average relative deviation:
1 Xe — X
ARD % = —Z Ze  Trefl % 100 (2.6)
n Xref

Where, X, represents experimental value measured, X, is reference value and n is
number of experiment data points.

Furthermore, measured gasoline fraction data were compared with several vapor
pressure correlations using root mean square error (RMSE) and the absolute deviation
between calculated value and measure value denoted with r:

(2.7)

(2.8)

Where n is number of data points and 8, and 6,,, are predicted and measured values,
respectively.

Kukersite shale oil modelling

Detailed data analysis presented by Gubergrits (Gubergrits et al., 1989) was the main
source to be considered for analysis of chemical classes of compounds for shale gasoline
fractions. This procedure was thoroughly described in article lll. In general, each chemical
class of compound were separately estimated for different temperature range (from
40 to 150 °C and from 150 to 180 °C). The Mass percent values were estimated such that
they are consistent with the FTIR analysis (Zachariah Steven Baird, 2017). Having
estimated these properties, the amount of each class of compound was fitted to boiling
point and density values. The result of the fitting were correlations that can be used to
estimate the composition of a fraction based on its density and boiling point.
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In short, the amount of each chemical class of compound were separately estimated
for different temperature range. From around 40 °C to 150 °C and from 150 °C to 180 °C.
The Mass percent values were estimated such that they are consistent with the FTIR
analysis (Zachariah Steven Baird, 2017). This Analysis was done on data obtained for
narrow boiling range fractions. Having estimated these properties, the amount of each
class of compound was fitted to boiling point and density values. The result of the fitting
were correlations that can be used to estimate the composition of a fraction based on its
density and boiling point.

Correlation for neutral oxygen compounds were fitted using literature parameters for
pure compounds. Having considered generalized equation for n-alkane suggested by
Gross and Sadowski (Gross & Sadowski, 2001) and correlation for 1-alkene proposed by
Ghosh et al. (Ghosh et al., 2003). These Three correlations were fitted to experimental
shale oil data to develop PC-SAFT non-associating parameters correlations. Therefore,
the correlations for aromatic and phenolic classes of compounds obtained by fitting all
data to correlations.
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3 Results and discussions

In this section, approaches that described earlier, were applied in which, data were either
experimentally measured such as vapor pressure gasoline fractions or collected using the
properties of all available fractions that had been distilled for the objective of model
development.

3.1 Evaluation of petroleum correlations for shale oil gasoline fractions

Vapor pressure experiments carried out for broad range of temperature and static vapor
pressure device was used for measuring the vapor pressure of gasoline fractions. There
are several correlations and methods that have been widely used to measure the vapor
pressure of petroleum fractions. For vapor pressure prediction, the commonly used
methods are correlations or graphs. Correlations usually require basic properties of
compounds. The applicability of the use of correlations may also be extended to narrow
boiling fractions (or pseudocomponents) (M R Riazi, 2005).

Several existing correlations are available to predict the vapor pressure of petroleum
fractions. Some of these correlations require information regarding pseudocritical
properties such as correlations proposed by Lee and Kesler (B. I. Lee & Kesler, 1975), or
Ambrose and Walton (Poling et al., 2000), or modified Riedel equation (Tsonopoulos, C,
Heidman, J L, & Hwang, 1986; Wilson et al., 1981).

In the article I, three correlations were selected to calculate the vapor pressure of
Estonian Kukersite shale oil narrow boiling gasoline fractions. Correlation proposed by
Van Nes and Van Westen (Van Nes & Van Westen, 1951) is the simplest form of vapor
pressure correlation with accuracy of 1% for pure hydrocarbons. Correlations suggested
by Wilson et al. (Wilson et al., 1981), Maxwell and Bonnell (MB) (Maxwell & Bonnell,
1955, 1957), and modified MB suggested by Tsonopoulos et al. (Maxwell & Bonnell,
1957) and are another alternatives that were chosen for calculation of vapor pressure of
gasoline fractions. It has been seen that when the modified Maxwell and Bonnell
correlation used, the error was about 4.6% (Tsonopoulos, C, Heidman, J L, & Hwang,
1986) These correlations were selected because of their simplicity in which input
parameters were easy to measure or calculate.

Table 4 provides the calculated root mean square error (RMSE) of each correlation.

Table 4. RMSE of correlations used for vapor pressure prediction of shale oil gasoline fractions

Correlation R(I\QSE Reference
Van Kranen and Van 3.4 (Van Nes & Van Westen, 1951)
Westen
Maxwell and Bonnell 2.9 (Maxwell & Bonnell, 1955, 1957)
Modified Maxwell and 29 (Tsonopoulos, C, Heidman, J L, & Hwang, 1986;
Bonnell ' Wilson et al., 1981)
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In general, it was seen that behavior of these correlations are comparable to each
other while, the estimated vapor pressure value difference between these correlations
is not significant, Maxwell and Bonnell as well as modified Maxwell and Bonnell
correlation showed slightly better performance compared with Van Kranen and Van
Westen. However, possibly one advantage of Van Kranen and Van Westen is that the
correlation could be immediately used when only normal boiling point of the fraction is
available and hence, no further parameter or properties is required for quick calculation
of vapor pressure. While, for vapor pressure prediction using the other two correlations,
specific gravity (or density) is needed. Moreover, Van Kranen and Van Westen showed
also high accuracy of vapor pressure estimation when used for temperature near boiling
points and this deviation increased when temperature exceeds normal boiling point.
While, other correlations showed great accuracy for temperature around boiling point,
the simplicity of Van Kranen and Van Westen correlation could also be advantage for
quick prediction of vapor pressure at temperatures close to the boiling point of the
fraction.

In general, it was observed that when these correlations are used to estimate the
vapor pressure of shale oil gasoline fractions, the relative error is about 5%. Therefore,
these correlations could be collectively used to estimate the vapor pressure of these
types of oil.

Watson Characterization factor

One of the most commonly used characterization methods are Watson characterization
factor (Kw). Here, the characterization factor of shale oil gasoline fractions was plotted
against average boiling point of gasoline fractions. This factor correlates specific gravity
and normal boiling point of oil fractions and it could be used to predict the specific gravity
or density of oil at 15.5 °C when the Kw value is available. Moreover, it is helpful parameter
to classify petroleum fractions and crude oil type (M R Riazi, 2005). Average boiling point
in here refers to the average temperature of distillation data.

Generally, Watson characterization factor (Watson K) helps to define oil fractions.
This factor has been applied to conventional crude oil in the past decades. Watson K
range is usually from 10 to 13 and high Watson K refers to more paraffinic and less
aromaticity of the structure of the compound while high Watson K value denotes
decrease in aromaticity. On the other hand, Kukersite shale oil is rich in aromatic
compounds and therefore, by increase in boiling temperature, it is expected that
aromatic content increases. Therefore, it could be the reason for such steep downward
trend which is shown in figure below. In Figure 3, this trend was shown for calculated Kw
value of each gasoline shale oil fractions (Article I).

Overall, while the correlations for crude oils were seen to be applicable to shale oil
fractions, Watson factor could simply emphasize on that by observing similar behavior in
Watson K change for both shale oil and crude oil fractions.
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Figure 3. Watson characterization factor for gasoline fractions

3.2 Phenolic compounds in pyrolysis oil

Vapor pressure of two pure compounds extracted from pyrolysis oil, 5-methylresorcinol
and 4-ethyl-2methoxyphenol, as well as a phenolic mixture as shale oil by-product were
measured by Differential Scanning Calorimetry technique up to atmospheric pressure.
The measured data and other calculated properties are available in article Il.

Using this technique, the In(P) as a function of reciprocal T for these fractions provided
good linearity of at least R?=0.9994. Therefore, normal boiling points of these compounds
obtained from the fit. Among these compounds measured, very few data for
5-methylresorcinol could be found in the literature. The previous vapor pressure
measurements were made at lower temperature range from 322. K to 338.1 K (Ribeiro
da Silva & Lobo Ferreira, 2009). It was concluded that because in our work measurement
was done at higher temperature, the comparative enthalpy of vaporization was expected
to be lower in which the logical trend was seen to be followed (Article Il). Information
regarding these data is provided in Table 5.
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Table 5. Properties data for 5-methylresorcinol available in the literature

Reference Information

Mass-loss Knudsen effusion method was used for vapor
pressure measurement. The experimental conditions are
322.2-328.1 K and 0.153—-0.935 Pa. The calculated
pressure at T=293.15 K is (1.5 +1.4) 102 and AHvap at
normal boiling point is approximately 102.4 kJ mol™

(Weast et al., 1989) Normal boiling point is To = 562.7 K
For temperature range 402—-468 K, Enthalpy of
vaporization at normal boiling point was reported to be
AHyap = 76.6 kI mol™
DSC technique was used (AHvap (Tb) = 69.6 kJ mol™,
Tb = 564.4 K)

(Ribeiro da Silva & Lobo
Ferreira, 2009)

(Stephenson &
Malanowski, 1987)

Our work

Phenolic compounds in shale oil are in abundance. However, the richness of these
compounds is dependent on the type of oil and process used. Many phenolic fractions
were separated from Estonian Kukersite shale oi (Jarvik et al., 2021) and properties of
these compounds were compared with phenolic compound used in article Il (Honeyol,
4-ethyl-2-methoxyphenol and 5-methylresorcinol). Phenolic fractions were separated
from shale oil following the method suggested by Kogerman. In brief, benzene was added
to shale oil followed by 10% sodium hydroxide (NaOH)) solution in order to make the
phenol part separable. Lastly, distilled water was added to oil to remove NaOH
(Kogerman, 1931).

In article Il analysis, fractions with boiling point of up to 620 K were used. It was seen
that 4-ethyl-2-methyoxyphenol could possibly be used as model compound for this type
of pyrolysis oil due to having similar properties. Figure 4 graphically describes the
possibility of the use of 4-ethyl-2-methyoxyphenol to perform as model compound.
This compound was shown in orange. This could also be looked upon so that the
compound located within the margins of the trendline associated with all fractions.
In Figure 4, all phenolic fractions extracted from Estonian Kukersite shale oil.
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Figure 4. Behavior of molecular weight of 4-ethyl-2-methoxyphenol (orange dot) as well as phenolic
fractions extracted from Kukersite shale oil as a function of average boiling point

For simplicity, a polynomial correlation was developed for phenolic fractions. This was
done in order to evaluate the applicability of phenolic compounds to behave as model
compound for phenolic fraction pyrolysis oil. For this, empirical correlation, R? was seen
to be approximately 0.98.

MW = 0.00341ABP? — 1.32017ABP + 277.03507 (3.1)

Where, MW is molecular weight in g mol™ and ABP is average boiling point of phenolic
compounds in Kelvin. The average absolute relative deviation of correlation was found
to be less than 5%. However, with few data points, the relative deviation (RD%) reached
as high as 12%.

Applicability of Estonian Kukersite shale oil model

As explained in the methods and procedure section as well as article 1ll, phase behavior
modelling of shale oil gasoline samples was done using PC-SAFT equation of state.
Experimental vapor pressure and liquid density of gasoline fractions were used to fit
non-associating parameters. The average absolute relative deviation of the fit was near
11%.

The composition of each class of compound for gasoline fractions were estimated up
to 180 °C. Although Kukersite shale oil is rich in phenolic compounds the FTIR analysis of
the samples showed that these compounds appear in fractions at normal boiling
temperatures around 200 °C. Therefore, possibility of very small presence prior to this
temperature was negligible for current analysis. In general, for shale oil fractions, with
increase in boiling temperature, the amount of olefin and paraffin decreases, while
aromaticity follows reverse fashion. This relies partly on the increase in phenolic
compounds which was observed for temperature above 200 °C approximately.
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Figure 5 presents the trend obtained to explain the behavior of H/C atomic ratio as a
function of boiling temperature. In order to evaluate the correctness of estimated
compositions, true hydrogen to carbon atomic ratio were fitted polynomial to the normal
boiling point of all gasoline fractions.
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Figure 5. Measured hydrogen to carbon atomic ratio as a function of boiling point of all fractions

Hence, for H/C atomic ratio comparison, the correlation below was used.

H 3 52
c= 1.4612 * 1078T — 2.0622 * 107°T¢Z + 0.0073 T, + 1.2534 (3.2)

Where, H/C refers to Hydrogen to Carbon atomic ratio and Ts is normal boiling point
of all Kukersite fractions in Kelvin. The R? for hydrogen to carbon atomic ratio for
estimated contents were 0.93. This correlation could be applicable for estimating the
atomic ratio of Kukersite shale oil when normal boiling is available.

Property prediction of Kukersite shale oil

Having modeled the properties of lighter portions of Kukersite shale oil fractions
(gasoline fractions), the work was extended to the modelling of Kukersite shale oil
fractions up to about 450 °C. The properties of fractions with boiling points higher than
180 °C were provided in the work published by (Jarvik et al., 2020). In this work, wide
fractions were distilled to narrow boiling range fractions and a number of fractions up to
450 °C were collected and the basic properties of these samples were measured. Having
considered these data, the study of the modeling of gasoline fractions was extended to
consider higher boiling fractions. To do so, the aromatic correlations obtained from the
fit compounds were additionally applied to the alkane and 1-alkene correlations. For this,
generalized correlations for phenolic compounds were obtained so that, the presence
of the phenolic compounds could also be considered for modelling of all fractions.
The correlations for phenolic compounds are as follows:
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Additionally, two more relations were included (equations 3.6 and 3.7) for these types
of compounds which correspond to association parameters (association energy and
association volume). The error of the fit was seen to be 11.2%. Table 6 implies the
coefficients obtained for phenolic compounds from the fit. For modelling of all fractions,
binary interaction parameters for all classes of compounds were set to zero except for
phenolic compounds in which this value was found through optimization and obtained
to be 5.9397. To summarize, correlations for paraffins and olefins are presented in article
Il equations 2—4, correlations for aromatic were provided in article lll equations 6—8 and
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(3.5)
(3.6)
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correlations for phenolic compounds were presented above (equations 3.3-3.7).

Table 6. Coefficients for phenolic compounds present in Kukersite shale oil

Correlation Unit Phenolic
constants
qo1 0.5854
a1 A -0.5913
g21
oz -5.2050
qu mol g 4.4963
q22
qos 361.551
qi3 K 4978.353
qz23
qos 0.3243
Qua - -0.5446
qos 49830.1
K

qis -16776.9

35



It should be noted that the coefficients for alkane and alkene published by Gross and
Sadowsky (Gross & Sadowski, 2001) and Ghosh et al. (Ghosh set al., 2003), respectively
along with coefficients for aromatics obtained in our work were presented in Article Ill.

Overall, two separate models were developed for predicting the properties of
Kukersite shale fractions. Primarily, fractions with boiling points up to 180 °C were
analyzed and furthermore, fractions with boiling points up to 450 °C were taken into
account considering the achieved result from low boiling fractions. As a matter of fact, it
can be seen that these models could be used to predict the properties of gasoline
fractions individually and the results could just be with little difference.

The models were developed in general in order to observe the behavior of shale oil
fractions as a system. In spite of analyzing the behavior of the predicted vapor pressure
values (as provided in article 1l1), plotting density curves in a similar manner could also be
discussed further as forthcoming investigation. Besides, more studies could be performed
in detail in different paths. For instance; the calculations of heat of vaporization or
viscosity could be another means to understand the change of these properties for
different fractions. Another approach to implement these models is to calculate some
properties of a wide gasoline fraction such as gasoline samples that are produced by the
oil shale processing plant.

In a different way, creating a mixture of the different fractions in shale gasoline or
possibly fractions with higher boiling points based on the mass fractions obtained
from the distillations may be cooperative to further calculate the average properties of
shale gasoline. One example might be calculating how the vapor pressure changes as
progressively more and more of the wide fraction is vaporized.

In a larger scale, the path to creating the model could be the ground for developing a
separate model for shale oil of different deposits as well as bio-oil.
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4 Conclusions

In this study, multiple property prediction methods were evaluated or developed to
estimate the thermodynamic and transport properties of Kukersite shale oil fractions.

Results for vapor pressure prediction correlations indicate that once basic
characteristics of fractions such as normal boiling point and/or density are
experimentally measured, they could be used as input parameters to suitably predict the
vapor pressure of Kukersite shale oil fractions. While accuracy of these vapor pressure
models was observed to be within few percent, it was found that this accuracy is
improved when the property of oil mixture at approximate normal boiling point is
required.

For Kukersite shale oil specifically, using PC-SAFT equation of state, properties of these
types of oils could be estimated when several basic properties are available, such as
normal boiling point, density and molecular weight. The error for these types of oil was
acceptable considering the fact that several industrial wide fractions were obtained
within prolonged period of time and also, these fractions were distilled into narrow
boiling range fractions using various distillation methods. This could lead to the idea that
the presented model would be applicable to diverse range of shale oil samples. Although,
the applicability of these samples could be checked for different variety of shale oil
samples from other resources, it is likely that it results larger error, possibly because of
the structure of Kukersite shale oil, which most probably cannot be widely found in oil
shale deposits around the globe. For that, suggestion could be that the initial
composition of shale oil fractions to be investigated. The proposed model could be used
to estimate the properties and phase behavior of shale oil primarily in Estonia where
process design and environmental assessment is of interest.

Finally, the properties of phenolic compounds could be similar to those fractions
obtained from distillations. This also hint that these compounds could also be used as
model compounds to analyze the behavior of pyrolysis oil. However, it may be advisable
to investigate the structure and well along, wider number of basic properties for these
model compounds, but some of the compounds obtained from pyrolysis oil appear to be
favorable when used for behavior prediction.
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Abstract

Phase Equilibria of Complex Mixture in the Context of
Unconventional Fuel Resources

Predicting various thermodynamic, physical and transport properties of hydrocarbon
mixtures is crucial to oil operations and related industries to be used for oil unit design,
separation processes etc. While characterization of oil is important, these data are not
always widely available or measured, and therefore, developing reliable approaches with
suitable accuracy has continuously been requisite for vapor-liquid phase equilibria
calculations. Property prediction methods were mostly defined for conventional oils and
effectiveness of these methods yet to be thoroughly evaluated for shale oils. Besides,
outcome could vary for the reason that shale oil resources are different in composition
and other properties. While Estonian Kukersite shale oil has been fairly utilized and
studied in the last century, there has been inadequate data for them. Moreover, despite
having distinctive structure, applicability of predictive methods for petroleum yet to be
investigated or further, separate model to be independently introduced for these types
of ails.

The goal of this thesis was to present an additional dataset for Kukersite shale oil and
then introduce an additional applicable model, which could be used as predictive tool for
these types of oils. This was done using existing correlations that have been previously
developed for petroleum, and creating several equations with respect to properties of
oil fractions to model Kukersite shale oil.

Therefore, narrow boiling range gasoline fractions distilled from wide fraction as well
as several compounds derived from pyrolysis oil were studied. Gasoline fractions were
used to evaluate the applicability of vapor pressure prediction correlations and pyrolysis
oil derived phenolic compounds were used to observe the relevance of such compounds
if they can be used as a model compound for phenolic part of Kukersite shale oil. Using
an extensive database of measured Kukersite shale oil properties, PC-SAFT equation of
state was develop to model Kukersite shale oil.

This study led to realize that petroleum vapor pressure correlations for light fractions
were applicable to shale oil gasoline fractions and furthermore, the developed model for
Kukersite shale oil in this work could be used to predict and model the characteristics of
shale oil in general with reasonable accuracy.
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Lihikokkuvote

Komplekssete segude faaside tasakaalud
mittekonventsionaalsete energiaallikate tehnoloogiates

Susivesinike pohiste multikomponentsete segude termodinaamilisi, flusikalisi ja
transpordiomadusi kasutatakse naftatoostuses ja sellega seotud toostusharudes
erinevate protsesside, sealhulgas separatsiooniprotsesside projekteerimisel. Kuigi
nimetatud omaduste teadmine on oluline, ei ole need andmed alati avalikult
kdttesaadavad vGi teada. SeetSttu on naiteks faasitasakaalu andmete usaldusvadrset
hindamist voimaldavate meetodite véljatdotamine jatkuvalt oluline. Meetodid erinevate
omaduste hindamiseks on tavaliselt vélja to6tatud naftafraktsioonide jaoks, mistGttu
tuleb nende meetodite sobivust mittekonventsionaalsete olide puhul pdhjalikult
kontrollida. Pdlevkividlide kui mittekonventsionaalsete &lide korral tuleb arvestada
sellega, et nende koostis ja omadused olenevad pdlevkivi leiukohast. Kuigi kukersiitset
polevkividli on viimasel sajandil pohjalikult uuritud ja see on leidnud laialdast kasutust,
siis andmed termodiinaamilised omaduste kohta on puudulikud. Veelgi enam, kuna
kukersiitsel pdlevkividlil on iseloomulik koostis, siis naftafraktsioonidel pd&hinevad
ennustusmudelite rakendatavust tuleb veel uurida ja enamasti tuleb seda titpi olide
jaoks votta kasutusele eraldi mudelid.

Kaesoleva doktoritoo eesmargiks oli luua kukersiitse pdlevkiviéli omaduste kohta
tdiendav andmestik ning nende andmete abil pakkuda vidlja mudelid, mida saaks
kasutada seda tlilipi 0lide omaduste hindamiseks. Mudelid loodi kas varem nafta jaoks
vdlja tootatud korrelatsioonide pdhjal voi tootati valja olekuvdrrandid kukersiitse
polevkividli modelleerimiseks.

Mudelite koostamiseks uuriti nii laia keemispiiriga bensiinifraktsioonist destilleerimise
teel saadud kitsaste keemispiiridega bensiinifraktsioone kui ka mitmeid piroltisidlides
esinevaid Uhendeid. Bensiinifraktsioone kasutati aururdhu hindamiseks kasutatavate
korrelatsioonide rakendatavuse kontrollimiseks. Purolldsidlis leiduvaid fenoolseid
Uhendeid kasutati hindamaks selliste Uhendite kasutatavust kukersiitse pd&levkividli
fenoolse osa modelleerimist véimaldavate mudeliihenditena (pseudokomponentidena).
Kasutades kukersiitse pdlevkividli omaduste mootetulemuste andmebaasi, tootati valja
PC-SAFT olekuvdrrand kukersiitse pdlevkividli modelleerimiseks.

To0 tulemusena jOuti jareldusele, et nafta kergete fraktsioonide jaoks valja too6tatud
aururéhkude hindamiseks kasutatav korrelatsioon sobivad ka pdlevkividlist saadud
bensiinifraktsiooni aururéhkude hindamiseks. Lisaks, kaesolevas t66s valjatéotatud
mudelit kukersiitsele pdlevkividlile saab kasutada selleks, et mdistliku tdapsusega
arvutada polevkividli omadusi ldiselt.
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Vapor pressures of narrow gasoline fractions of oil from
industrial retorting of Kukersite oil shale

Parsa Mozaffari, Zachariah Steven Baird, Madis Listak, Vahur Oja*

Department of Energy Technology, School of Engineering, Tallinn University of
Technology, Ehitajate tee 5, 19086 Tallinn, Estonia

Abstract. This study presents vapor pressure data for narrow boiling range
fractions, viewed as pseudocomponents, prepared by rectification from a wide
Kukersite oil shale retort oil gasoline fraction, a straight-run fraction with a
boiling range from about 40 to about 200 °C. This technical gasoline fraction
was produced in a commercial solid heat carrier retort. Vapor pressures were
measured according to the ASTM D6378 standard with a commercial ERAVAP
vapor pressure tester using a vapor-liquid ratio of 4:1. The vapor pressure
curves were derived by fitting the experimental data using the integrated form
of the Clausius-Clapeyron equation. From this equation heats of vaporization
and atmospheric boiling points were calculated. The suitability of three easy-
to-use conventional oil vapor pressure correlations for predicting the vapor
pressure of narrow boiling range fractions of Kukersite oil shale retort oil
gasoline was evaluated.

Keywords: Kukersite oil shale, oil shale retort oil, gasoline fraction,
pseudocomponents, vapor pressure, vapor pressure correlations.

1. Introduction

Vaporization properties are important to be taken into account in transporting,
handling and storing liquid oil products or evaluating their environmental risks
[1-3]. This information can be used in calculations for designing processes
and equipment and in modelling the spread of oil in the environment. For
conventional oils, vapor pressure correlations are available for predicting
vapor pressures from the basic properties of oils [4—7]. However, there is less
information available for alternative oils, including oils produced via retorting
(or pyrolysis) from oil shales from various deposits [8—11]. Many of these
alternative oils contain polar compounds, which can make prediction more
difficult due to the increased complexity of the intermolecular interactions in
these oils [12-17].

* Corresponding author: e-mail vahur.keemteh@outlook.com
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In general, our literature review indicated that only a small amount of data
existed on the thermodynamic and transport properties of oils produced via
retorting from oil shales, especially for their narrow boiling range fractions
[18, 19]. For example, Estonian Kukersite oil shale retort oil is one of the
most extensively studied oils of this type [12, 20, 21], but only limited
information can be found in the literature [18, 19, 22-24]. A recent literature
review by Oja et al. [19] on the thermodynamic properties of Kukersite oil
shale retort oil showed that the publicly available information was spotty and
poorly suitable for evaluating the applicability of the existing thermodynamic
property prediction methods, even for evaluating the simplest approaches
based on “undefined” pseudocomponents [5, 6]. Concerning the vaporization
characteristics of Kukersite oil shale retort oil, Kollerov [18] presented data
on the vapor pressures at different vapor-liquid ratios, including for some
samples in the boiling range of gasoline and diesel. Also, data for a few narrow
boiling range gasoline fractions were provided by Siitsman and Oja [16, 25].
At the same time, the studies by Siitsman et al. [26] and Astra and Oja [27]
were focused only on evaluating the applicability of a differential scanning
calorimetry method to measuring the vapor pressures of complex mixtures
such as narrow boiling range oil fractions, while no vapor pressure data for
the Kukersite straight-run gasoline sample was presented. It should be noted
that in practice, there are various techniques for measuring the vapor pressure
of oil-like compounds and complex mixtures depending on the volatility of
the sample [28-33]. In the current study, the vapor pressures of the gasoline
samples (narrow boiling fractions with boiling points of about 60 to 130 °C)
were measured according to the ASTM D6378-10 standard [34], using a
commercial ERAVAP analyzer (Eralytics GmbH, Vienna, Austria).

The purpose of this study was to provide the vapor pressure data for the
Kukersite gasoline narrow boiling range fractions (distillation cuts that can be
viewed as pseudocomponents). This information can be used for calculations
related to handling, storage and risk assessment. Also, the applicability of the
existing petroleum based easy-to-use vapor pressure correlations for these
Kukersite gasoline fractions was evaluated [6, 35-38]. Lighter (i.e. lower
boiling) fractions of Kukersite oil are known to contain more olefins and
aromatic hydrocarbons than those of conventional oils [12, 19].

2. Experimental and methods

2.1. Sample preparation

The Kukersite oil shale gasoline fraction, a wide straight-run fraction with
a boiling range from about 40 to about 200 °C, was obtained from Eesti
Energia’s Narva Oil Plant (Narva, Estonia). The plant uses solid heat carrier
technology to convert oil shale organic matter into oil [39, 40]. In this
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technology, pyrolysis vapors are fed from a retort to a distillation/separation
column that separates oil into three broad industrial fractions: gasoline, fuel
oil and heavy oil. The wide straight-run gasoline fraction used in the current
study had a density of 0.7904 g/cm? and a refractive index of 1.4445 at 20 °C.
Literature-based elemental composition data show that usually up to 3% of
the Kukersite straight-run gasoline fractions consist of heteroatoms, most of
which are likely sulfur and oxygen compounds [12, 13].

The wide straight-run gasoline fraction was further separated into fractions
with narrow boiling ranges using rectification in accordance with ASTM
D2892 [41]. For rectification, a packed distillation column with 24 theoretical
plates and a 6:1 reflux ratio was used. The rectification was largely by volume,
collecting approximately 18 to 20 ml of sample. During sample collection, the
vapors were condensed in a glass condenser at about —10 °C and the liquid
gasoline was then collected in pre-cooled vials (to about —10 °C) to ensure no
loss of volatiles.

2.2. Vapor pressure measurements and data analysis

Vapor pressure was measured according to ASTM D6378-10 [34] with said
ERAVAP analyzer using a vapor-liquid ratio of 4:1. The instrument had
a temperature range of 273-393 K and a pressure range from a few kPa to
1000 kPa. Based on experience, the device was best suited for samples with
vapor pressures between 10 and 150 kPa at 310.95 K. The accuracy of the
measurements made with the apparatus was checked by measuring the vapor
pressure of benzene between 40 and 90 °C and that of toluene between 60
and 90 °C. The measured data together with selected reference data are given
in Table 1 for benzene and in Table 2 for toluene. Based on this data (the
difference between the measured and reference data points), the standard
uncertainty of the vapor pressure measurements presented here was found to
be better than 0.3 kPa.

Table 1. Accuracy of vapor pressure values of benzene (boiling point 80.1 °C)
measured using the ERAVAP analyzer

T, P, P, | AP, | P, | AP, | P, | AP}, | P | AP | P°, | AP’
°C kPa | kPa | kPa | kPa | kPa | kPa | kPa | kPa | kPa | kPa | kPa

40.0 | 241 | 244 | =03 | 244 | 03 | 244 | 03 | 244 | 03 | 244 | 03
50.0 | 362 | 362 | 00 | 362 | 0.0 | 362 | 00 | 362 | 00 | 362 | 0.0
60.0 | 523 | 522 | 0.1 | 522 | 0.1 | 522 | 0.1 | 522 | 0.1 | 522 | 0.1
70.0 | 734 | 734 | 00 | 735 | -0.1 | 734 | 0.0 | 73,5 | =0.1 | 73.4 | 0.0
80.0 | 100.9 | 101.0 | —0.1 | 101.0| —0.1 | 101.0 | -0.1 | 101.0 | —0.1 | 101.0 | 0.1
90.0 | 135.8 | 136.1 | —0.3 | 136.1 | =03 | 136.1 | 0.3 | 136.1 | —0.3 | 136.1 | -0.3

Note: ! is reference [42], ? is reference [43], * is reference [44], *is reference [46], ° is reference [47].
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Table 2. Accuracy of vapor pressure values of toluene (boiling point 110.6 °C)
measured using the ERAVAP analyzer

T, P, P, AP', P, AP?, P, AP?, P, AP,
°C kPa kPa kPa kPa kPa kPa kPa kPa kPa

60.0 18.6 18.5 0.1 18.5 0.1 18.5 0.1 18.5 0.1
70.0 274 272 0.2 272 0.2 272 0.2 272 0.2

80.0 39.1 38.8 0.3 38.8 0.3 38.8 0.3 38.8 0.3

90.0 54.1 542 —0.1 542 0.1 542 0.1 542 —0.1

Note: ! is reference [42], % is reference [48], * is reference [44], *is reference [49].

Comparison of measured data with easy-to-use conventional oil vapor
pressure correlations was performed using the root mean squared error
(RMSE) and residual (a simple difference between predicted and measured

values, r):
RMSE = |20~ 0m) (1)

= 0m — Oy, 2)

where 0 is the predicted value, 0, is the measured value and 7 is the number
of data points.

2.3. Determination of fraction properties

The characteristic properties of the fractions used in this study (density at
20 °C, refractive index at 20 ° C, average boiling point, K, factor) are given
in Table 3. The density at 20 °C was measured using a DMA 5000M density
meter (Anton Paar GmbH, Graz, Austria). The instrument has a reproducibility
0f'0.00005 g/cm®. For gasoline samples, the standard uncertainty was found to
be 0.00015 g/cm?. The refractive index at 20 °C was measured on an Abbemat
HT refractometer (Anton Paar GmbH, Graz, Austria) at a wavelength of
589.592 nm. For gasoline samples, the standard uncertainty was found to
be 0.0011. The average boiling point of narrow boiling range fractions was
determined as the arithmetic mean of the lower and upper temperature limits
of the fraction collected during rectification (provided that the fraction had a
Gaussian boiling point distribution), with a measurement uncertainty of 1 °C.
For fraction 4 alone, the average boiling point was not calculated because,
due to an experimental error in collecting this fraction, its initial boiling
point was higher than the final boiling point. The K, factor, also called the
Watson characterization factor or the Universal Oil Products Company (UOP)
characterization factor, was calculated from measured density and average
boiling point values according to the following equation:
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Table 3. Properties of narrow boiling gasoline fractions

Fraction T, P, RI K,
°C g/em?
1 63 0.71033 1.4053 11.9
2 77 0.73005 1.4161 11.7
3 92 0.74776 1.4235 115
4 0.74978 1.4254 11.5%
5 89 0.74188 1.4210 11.6
6 99 0.76079 1.4299 115
7 108 0.78518 1.4420 11.2
8 115 0.76604 1.4314 115
9 119.5 0.76254 1.4298 11.6
10 1235 0.77531 1.4359 11.4
11 130 0.79599 1.4466 11.2
12 137 0.80901 1.4524 11.1

Note: T — average boiling point, p — density at 20 °C, RI — refractive index at 20 °C, K, — Watson
characterization factor.

* Indicative K value, calculated using the normal boiling point calculated from the integrated Clausius-
Clapeyron equation (integrated Clausius-Clapeyron equation constants are reported in Table 5).

3 Tav
Ky = TJ— 3)

where T’ is the fraction’s average boiling point, R, and § is the specific gravity
at 60 °F. (However, in this study we used the density at 20 ° C, instead of
15.5 °C, to calculate specific gravity because the corresponding error was
judged to be insignificant in our calculations). For fraction 4, the indicative
value of K was calculated using the normal boiling point (estimated through
the integrated Clausius-Clapeyron equation, Eq. (4)).

3. Results and discussion

3.1. Vapor pressure data

The experimental vapor pressure data for the twelve Kukersite oil shale retort
oil narrow boiling range gasoline fractions is given in Table 4 and is shown
graphically in Figure 1. The vapor pressures of all the fractions exhibited a
linear trend on the In(P) versus 1/T plot, and the R? correlation coefficient
values were greater than 0.9995 for all the samples. Therefore, the integrated
form of the Clausius-Clapeyron equation (Eq. (4)) was used to fit the
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experimental data of the fractions as follows:

np=—A4p=haw p )
T RT

where P is the vapor pressure, kPa; AH w is the heat of vaporization, J mol™;
T is the temperature, K; A and B are fitting constants and R is the ideal gas
constant (8.314 J mol™! K!). For each fraction the values of fitting constants
A and B, together with the calculated heat of vaporization (from the fitting
constant A) and atmospheric boiling point values (calculated at pressure
101.3 kPa) are given in Table 5.
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Fig. 1. Vapor pressures of Kukersite oil shale derived gasoline fractions on a 1/7vs
In(P) plot.

3.2. Evaluation of the applicability of prediction methods to oil shale
gasoline

Various prediction methods, such as equations and graphs of varying degrees
of complexity, have been developed to predict the vapor pressure of liquid
fuels [5, 6]. In this study only easy-to-use methods, i.e. those based on
conveniently measureable input parameters, were selected for evaluation.
Correlations requiring critical temperature, critical pressure and acentric
factor, i.e. parameters estimated by conventional oil-based empirical
correlations, remained beyond consideration. The selected correlations were
the following: a correlation from Van Nes and Van Westen [35], the Maxwell
and Bonnell correlations [36, 37] and the modification to the Maxwell and
Bonnell correlations presented by Tsonopoulos et al. [6] and Wilson et al. [38].
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The correlation from Van Nes and Van Westen [35] is expressed by
Equation (5) as follows:

logsoPr = 3.2041 (10998 =21, 2225°T), (5)

T—-41 1393-Typ

where P, is the vapor pressure, bar, at temperature 7, K, and 7, is the normal
boiling point, K.
The Maxwell and Bonnell correlations [36, 37] are written as:

log,,Pvap = 3000538@=8701560 ¢y (3 > 0.0022 (P < 2 torr),  (6)

43Q-0.987672

2663.129Q—-5.994296

l0gyoP"™ =
910 95.760—0.972546

for 0.0013 < Q < 0.0022 (2 torr < P < 760 torr), (7)

2770.085Q—-6.412631

log,,P?% =
910 360—0.989679

for Q < 0.0013 (P > 760 torr), (8)

T} ,
?—0.00051606Tb

Q= isi—osserr > ©)

T, =T, — AT, (10)

AT, = 1.3889F (K, — 12)logso =, (11)
F=0 ifT, <367K if T, < 367K, (12)

F = ~3.2985 + 0.0097, if T, > 367K, (13)

where P"” is the vapor pressure, Torr; 7 is the temperature at which the vapor
pressure is to be calculated, K; 7, is the normal boiling point, K; 7, is the
normal boiling point corrected to the Watson characterization factor K, = 12,
K F'is the correction factor for the fractions with a K, different than 12 (crude
oils are classified as paraffinic with K, between 11 and 12.9).

The modification to the Maxwell and Bonnell correlations presented by
Tsonopoulos et al. [6] and Wilson et al. [38] gives equations which replace
Equations (11)—(13):

AT, = F,F,F;, (14)
v _{ 0, T, < 366.5K s
1= -1 4 0.009(T, — 255.37), T, > 366.5K ° (15)
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F, = (Ky — 12) — 0.01304(K,, — 12)? (16)
E _{ 1.47422log, P*??, PP < latm (17)
37 11.47422l0g,oPY® + 1.190833(log,,P"??)?, PY%? > latm’

where P is in the units of atm.

The RMSEs (3.4, 2.9 and 2.9 kPa, respectively) of the predicted vapor
pressure values for each correlation show that, overall, the three selected
correlations performed similarly, although the Maxwell and Bonnell
correlations were slightly more accurate than the Van Nes and Van Westen
correlation. Also the trend in the residuals was similar for all the correlations.
The residuals of each point of the Maxwell and Bonnell correlations and
the Van Nes and Van Westen correlation are shown in Figure 2 (individual
fractions are not distinguished). The corresponding relative deviation of the
predicted values was typically less than 5%.

30
+Van Nes and Van Westen
25
+
= Maxwell and Bonnell
20 + +
< + +
L
s 15 -
5] —+ =
o + - e
>
8 10 e -
+ ° T B
5 ¥ + =
= Fpm TR~
+E = by -
0o FaE - -
e 106 -7 200 300 400 500

Experimental vapor pressure, kPa

Fig. 2. Deviation of predicted vapor pressure values from the experimental values
(given as predicted value minus measured value).

Due to the fixed temperature range of the measuring apparatus, 273-393 K,
and the different volatilities of the fractions, their measured vapor pressure
ranges varied significantly, the vapor pressure of fraction 1 was measured
between 53.5 and 489 kPa, and that of fraction 12 between 21.3 and 77.4 kPa.
Therefore, to better illustrate the performance of easy-to-use conventional
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Fig. 3. Deviation of vapor pressure values predicted by the Maxwell and Bonnell
correlations, from the experimental values, illustrated for all fractions at pressures up

to 100 kPa.
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Fig. 4. Deviation of vapor pressures predicted by the Maxwell and Bonnell equation
from the experimental values, illustrated for selected fractions at pressures up to 500
kPa. Experimental data-based residuals are shown as open points and extrapolated
data-based residuals as solid points. (Abbreviations: meas — measured, extr —

extrapolated.)
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oil equations, the Maxwell and Bonnell correlations-based comparison
is presented somewhat differently in Figures 3 and 4. Figure 3 shows the
residuals, distinguishing each fraction specifically, up to a pressure of 100
kPa. It can be seen from Figure 3 that the residues vary quite randomly by
fraction, the behavior of fractions exhibiting random variation around the
average deviation trend. At the same time, the predicted vapor pressure values
have a deviation of + 2.5 kPa, while the relative deviation at 50 kPa is less than
5%. Some explanations for this, more like random variation, can be derived
from the data in Table 3. Table 3, which contains characteristic data, shows
that as the fraction number increases, there is no strictly monotonic increase
in density or refractive index; rather, slight local minima and maxima can
be seen in the generally increasing behavior with an increase in the initial
boiling point. Assuming that the uncertainty associated with distillation is not
so significant, this may indicate that the rectification results in the dominance
of different classes of compounds among the boiling regions of the fractions.
Figure 4 shows residuals for six selected fractions up to 500 kPa, displaying
both experimental data-based residuals (open points) and extrapolated data-
based residues (solid points). The extrapolation beyond the measurement
region is done here for illustrative purposes only. Again, the residuals vary
quite randomly by fraction and the corresponding relative deviations of the
predicted values fall below 5%.

In summary, the easy-to-use vapor pressure correlations, which were
evaluated in this study, can be used to get reasonable estimates of the vapor
pressure for these types of shale oil gasoline fractions and a choice between
them could be merely a matter of convenience.

4. Conclusions

This article presented vapor pressure data for the narrow boiling fractions (or
pseudocomponents) prepared by rectification from a wide technical gasoline
fraction, which in turn was produced from Kukersite oil shale by using solid
heat carrier retorting technology. Basic characteristics information (specific
gravity, refractive index, average boiling point) was also measured for these
fractions. It was found that the three examined easy-to-use correlations (which
were based on conveniently measureable input parameters, either atmospheric
boiling point or atmospheric boiling point and the characterization K, factor
calculable on the basis of density and average boiling point) provided
reasonable estimates of the vapor pressure of the gasoline fractions studied,
while the choice between them could be merely a matter of convenience. In
general, the performance of the different correlations was similar, although
the Maxwell and Bonnell correlations were a little more accurate than the Van
Nes and Van Westen correlation. The relative deviation of the predicted values
was below 5% on average.
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ABSTRACT: Oil produced from pyrolysis of Kukersite oil shale and
lignocellulosic biomass contains significant amounts of phenolic compounds.
Here, we present new experimental vapor pressure data for two such
compounds (4-ethyl-2-methoxyphenol and S-methylresorcinol) and also for a
mixture of phenolic compounds extracted from pyrolysis oil (Honeyol).
Vapor pressure data were measured by differential scanning calorimetry, in
accordance with the ASTM E 1782 standard test method. The measurements
were conducted in the pressure range from 0.89 kPa to atmospheric pressure.
The measured temperature ranges for the vapor pressure were 374.5—509.1 K
for 4-ethyl-2-methoxyphenol, 428.0—565.0 K for Honeyol, and 429.4—565.8
K for S-methylresorcinol. Density data for 4-ethyl-2-methoxyphenol were also
measured at 293.15—363.15 K. The experimental vapor pressure and density

In(p/kPa)

Pyrolysis oil phenolic compounds | A 4-ethyl-2-methoxyphenol

X Honeyol
5-methylresorcinol

OO

1
0.0017 0.0022 0.0027

K

data for 4-ethyl-2-methoxyphenol were fitted using the PC-SAFT equation of state, and the vapor pressure data for the other
compounds were fit using the Antoine equation. Enthalpies of vaporization were also calculated. The properties of these compounds
were then compared to the literature data for other pure phenolic compounds and mixtures of the phenolic compounds from
Kukersite shale oil. This comparison indicates that some pure compounds, such as 4-ethyl-2-methoxyphenol, could be used as model

compounds for estimating the properties of the phenolic portion of pyrolysis oil.

1. INTRODUCTION

Continuous fossil fuel production to meet worldwide energy
demands has led to large emissions of greenhouse gases, and
climate change resulting from this has spurred interest in
producing fuels from biomass. Some countries continue to
show interest in using their local oil shale resources, even
though it is a fossil fuel, as a way to ensure domestic energy
security. Hence, renewable energy resources as well as
unconventional energy resources, such as oil produced from
oil shale or wastes such as plastics and tires, have drawn
substantial attention in the past decades." Oil shale is an
organic-rich sedimentary rock from which oil is produced
through pyrolysis. The main organic component of oil shale is
an insoluble solid macromolecular structure called kerogen.”™®
The properties of the shale oil produced vary depending on the
type of kerogen (ie., oil shale) and the conversion process
used. Therefore, the concentration of phenolic compounds in
shale oil varies. In shale oil produced from Kukersite oil shale,
there is a high concentration of phenolic compounds.’
Although shale oil has not seen widespread commercial use,
it is an important fuel in some regions, such as Estonia, Brazil,
and China.”

Alternatively, biomass can also be converted to bio-oil
through pyrolysis.*” Generally plant biomass is used, the major
components of which are lignin, hemicellulose, and cellulose.
Because such lignocellulosic biomass contains large amounts of
oxygen, the resulting bio-oil also generally contains many
oxygenated compounds. Lignin often decomposes into
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phenolic compounds, and these can be utilized to produce
fine phenolic chemicals.'” Furthermore, because the lignin in
biomass contains aromatic structures, it is an important
element for replacement of petroleum crude oil with
biomass.' ">

Additionally, these phenolic compounds can be valuable
chemicals and are often less desirable in fuel because of
problems with thermal instability, chemical instability, and
hydrocarbon immiscibility.l‘j’_]5 Therefore, information on
their properties can also be useful for designing systems to
separate or convert these phenols (such as hydrodeoxygena-
tion).

Phenolic compounds from shale oil and bio-oil are used by
various industries. For example, water-soluble phenols are
extracted from shale oil, fractionated, and crystallized to yield
products for chemical industries. These water-soluble com-
pounds are mainly a mixture of alkylresorcinols, and 5-
methylresorcinol is the primary component. Pure S-methyl-
resorcinol is used as a raw material to synthetize cosmetic dyes,
fungicides, and drugs, among other products, or as a reagent
for analytical chemistry.'® Honeyol—a mixture of resorcinols
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Table 1. Molecular Weight, CAS Number, Empirical Formula, Supplier, Measured Purities of Verification Compounds, and

Phenolic Compounds Studied

compound supplier CAS RN
4-ethyl-2-methoxyphenol ACROS Organics 2785-89-9
S-methylresorcinol VKG 504-15-4
Honeyol™ VKG 799275-41-5
Biphenyl Alfa Aesar 92-52-4 CpHy
Water H,0

“Purity given as mass percent. bGas chromatography.

empirical formula  molecular weight (MW)/g mol™"  Analytical method Purity”
CyH,,0,
C,;H;0,

1522 Gec? 98.6%

124.1 GC 99.9%

142.8

154.2 99.0%
18.0 bi-distilled

produced and sold by Viru Keemia Grupp (VKG)—contains
minimum 48% of S-methylresorcinol. This product is of
interest to various industries and is used as a substitute for
resorcinol and phenols in the rubber, wood processing,
construction, and oil industries. Compared with resorcinol,
the alkyl substituent in the alkylresorcinol molecular structure
improves resin adhesion as well as heat and water resistance.

Vaporization properties of oil and oil products, including
phenolic compounds, are important for production, storage,
transportation, and environmental risk assessment.'”"? There-
fore, modeling the volatile characteristic of oil compounds in a
simple form is crucial to characterize their thermodynamic
behavior. One possible approach to estimate such vaporization
parameters is to utilize pure compounds or compounds derived
from oil with similar characteristics, as pseudocomponents.*
However, the data regarding thermodynamic properties of
phenolic compounds are scarce. Existing correlations are not
sufficient to model the thermodynamic and physical properties
of phenolic compounds, so new experimental data on their
properties are critical to produce and handle these compounds.

Therefore, in this work, three phenolic compounds that are
often present in pyrolysis oil were chosen for vapor pressure
measurements: 4-ethyl-2-methoxyphenol (4-ethylguaiacol),
Honeyol, and S$-methylresorcinol. 4-Ethyl-2-methoxyphenol
(4-ethylguaiacol) was selected as a lignin-derived phenolic
monomer. This compound is widely used as a chemical
intermediate for preparation of polymers, medicines, resins,
and pesticides and is also produced from petroleum sources. As
a replacement for fossil fuel utilization, this compound can also
be produced from a renewable source, lignin, which is
noticeably more environmentally favorable.”” Among the
compounds studied here, the only available literature data
were for S-methylresorcinol in the work by Da Silva and
Ferreira’' in which the vapor pressure of S-methylresorcinol
was measured in the temperature range of 322.2—338.1 K.
Moreover, density values for phenolic compounds at different
temperatures, and more specifically for 4-ethyl-2-methoxyphe-
nol, are scarce.

Honeyol and S-methylresorcinol were selected as alkylre-
sorcinols derived from Kukersite shale oil. The vapor pressures
of these compounds were measured using differential scanning
calorimetry (DSC). Additional information regarding the
application of DSC for measuring vapor pressures is provided
in refs.”>* In addition, the density of 4-ethyl-2-methox-
yphenol, as a bio-based phenolic compound, was measured at
temperatures from 293.15 to 363.15 K.

2. EXPERIMENTAL METHODS

2.1. Chemicals. The phenolic compounds used in this
work are 4-ethyl-2-methoxyphenol (CAS RN: 2785-89-9;
CyH,,0,), Honeyol, and anhydrous S-methylresorcinol (CAS
RN: 504-15-4; C,HO,). 4-Ethyl-2-methoxyphenol was

purchased from ACROS Organics with a reported minimum
purity of 98%. Honeyol and S-methylresorcinol were provided
by Viru Keemia Grupp (VKG). All the compounds in this
study were used as received without further purification.
Information about the compounds [molecular weight, CAS
RN, empirical formula, compound suppliers, and purity
verified by gas chromatography (GC)] are provided in Table
1. Honeyol composition analyzed by GCMS is given in Table
2. The chemical structures of the compounds are also
presented in Figure 1.

Table 2. Honeyol Compositions Measured by GC”

compound mass %
S-methylresorcinol 62.4
4,5-dimethylresorcinol 11.4
2,5-dimethylresorcinol 6.7
S-ethylresorcinol 9.4
other alkylresorcinols 10.1
total 100

“The expanded uncertainty (for 0.95 confidence interval) was
estimated to be U,(m) = 0.014.

OH

SeuNe!
HsC OCH;  HiC OH

Figure 1. Chemical structures of phenolic compounds studied. (Left
to right: 4-ethyl-2-methoxyphenol and S-methylresorcinol).

The experimental vapor pressure was measured within the
range from 0.89 kPa to atmospheric pressure. The correspond-
ing temperature ranges were 428.0—565.0 K for Honeyol,
429.4—565.8 K for S-methylresorcinol, and 374.5—-509.1 K for
4-ethyl-2-methoxyphenol.

2.2. Apparatus. Vapor pressure measurements were
carried out using a NETZSCH 204HP Phoenix DSC, in
accordance with the standard test method ASTM E 1782, “ the
standard test method for determining vapor pressure by
thermal analysis”.*®

The density of 4-ethyl-2-methoxyphenol was measured using
a DMA S000M density meter (Anton Paar GmbH) from
293.15 to 363.15 K. The expanded uncertainty of the
instrument is 0.05 kg m™. When taking into account the
purity of the 4-ethyl-2-methoxyphenol, the expanded un-
certainty (k = 2) was estimated to be 1 kg m™>. Furthermore,
water (double distilled) was used for calibration and
performance of check of the density meter.

The molecular weight of Honeyol was measured by vapor
pressure osmometry using a KNAUER K-7000 vapor pressure
osmometer (Wissenschaftliche Gerdtebau Dr. Ing. Herbert
KNAUER GmbH, Germany). In this technique, water was

https://dx.doi.org/10.1021/acs.jced.0c00675
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Table 3. Comparison of Experimental Vapor Pressure of Liquid Biphenyl with Literature Data

T/K P/kPa U(p)"/kPa P, /kPa®

382.7 0.90 0.01 0.8779 0.0229
409.4 2.89 0.04 2.8708 0.0216
422.7 4.88 0.07 4.8639 0.0201
4427 9.95 0.14 9.8723 0.0747
478.9 29.88 0.42 29.8930 0.0162
498.2 49.87 0.70 49.8930 0.0205
527.8 100.40 1.41 100.0186 0.3775

AP/kPa

P /kPa® AP/kPa P& /kPa** AP/kPa
10.0213 0.0742 9.8723 0.0747
300323 0.1554 29.8930 0.0162
50.0019 0.1294 49.8930 0.0205
100.1531 0.2429 100.0186 0.3775

“The combined expanded uncertainty (0.95 confidence interval) for experimental temperature is 0.25 K. “The combined expanded uncertainty of
experimental vapor pressure for 0.95 confidence interval. “The uncertainty of the reference was 0.0003—0.0043 kPa. “The uncertainty of the
reference values was calculated to be 0.001—0.010 kPa. “No uncertainty was reported.

used as the solvent for measurement and an aqueous solution
of NaCl with a molality of 433.8 mmol (Na* + CI7) kg™
(H,0) was used as the calibration standard. The measurement
was performed at 333.15 K. The accuracy of this method was
thoroughly described earlier by Jarvik and Oja.*° The
expanded uncertainty (k = 2) was approximately U, (MW) =
0.07 (ie. 7%).

2.3. Calibration. Temperature calibration of DSC was
performed at atmospheric conditions with tin (T, = 505.05 K,
T = 504.25 K), indium (Tg, = 429.75 K, T,y = 429.25 K),
zinc (Tg, = 692.75 K, Ty, = 691.55 K), bismuth ( Ty, = 544.55
K, Tey = $43.75 K), and lead (T, = 600.65 K, Ty, = 599.55
K) standards. One organic compound, naphthalene (99%
purity, CAS RN: 91-20-3), was also measured as a performance
check (Tg = 353.25 K*7), and a fusion temperature of 353.15
K was obtained. The calibration measurement procedure is
similar to that used for the studied compounds, except that for
metals, larger sample mass was used (10—15 mg). The vacuum
sensor (MKS Baratron 626B) with a reported full-scale error of
U(p) = 0.00008 was calibrated at the Metrosert AS
metrological center which is traceable to the Finnish VIT
Mikes measurement pressure standard and CMI (Czech
metrology center) measurement pressure standard. The
vacuum sensor’s operating range was 0.0133—130 kPa, and
the accuracy of the reading is U(p) = 0.002S for measure-
ments below atmospheric pressure. The distance between the
outlet pressure sensors and DSC cell was measured to be 47
cm, and therefore, the pressure drop at atmospheric conditions
between the sensor and the measurement chamber was
estimated to be 0.003 kPa.”®

2.4. Procedures. The experimental procedure was
thoroughly described in earlier articles from our research
group by Siitsman et al.'”***

The sample mass was weighed on a microanalytical balance
(Sartorius Cubis Micro Balances 6.6S) with +0.001 mg
precision. For the measurements, a sample mass between 1
and 4 mg (or 1—4 uL) was used for experiments above S kPa,
while a mass of 4—9 mg (or 4—9 uL) was used for experiments
below S kPa to prevent mass depletion during preboiling.

40 pL aluminum crucibles and lids with different pinhole
diameters were used. The heating rate was S K min~". For
measurement above 5 kPa, lids with SO um laser-drilled
pinholes were cold welded to the crucibles using a sealing press
and placed inside the DSC furnace. However, for experiments
below 5 kPa, a 180 pm microdrill was used to make the
pinholes to avoid self-pressurization and, therefore, peak
broadening which lowers the accuracy of onset temperature
analysis.”® Butrow and Seyler’' suggested earlier that using
larger pinholes from 175 pm up to 375 pm for vapor pressure

measurements below 5 kPa improves measurement accuracy to
the point at which it is comparable to that of experimental
values above 5 kPa.

The melting point of the solid compounds was determined
as the onset temperature of the melting peak where the tangent
lines of the baseline and melting peak intersect.

For the present study, the DSC performance was validated
using water and biphenyl (99% purity, CAS RN: 92-52-4).
Biphenyl was measured within the pressure range of 0.89 kPa
to atmospheric pressure, and the boiling temperature of water
was measured from 50 kPa to atmospheric pressure.
Comparison between biphenyl experimental results and the
literature values is given in Table 3, and the graph In P versus
1/T is provided in Figure S1 in the Supporting Information.
The data points in Table 3 are the average values of the
repeated DSC experiments and comparison with the average
values obtained from the literature.

For water, the obtained values were compared with the
IAPWS95 equation of state®® which is implemented in
CoolProp.*® The measured and reference values are given in
Table 4.

Table 4. Deviation of Experimental Values of Water Vapor
Pressure from the IAPWS95 Equations of State®®

P“/kPa T /K P°/kPa® APY%
49.88 + 0.70 3544 49.83 0.10%
59.92 + 0.84 359.1 60.03 0.19%
69.91 + 0.98 363.0 69.78 0.19%
7991 + 1.12 366.7 80.22 0.38%
100.93 + 1.41 3734 102.44 1.47%

“The combined expanded uncertainty for experimental vapor pressure
was given for 0.95 confidence interval. “The combined expanded
uncertainty (0.95 confidence interval) for experimental temperature is
0.25 K. “The relative expanded uncertainty of the literature was

B~ Py

reported to be 0.0001-0.0002. “AP = x 100

The vapor pressure of biphenyl has been previously studied
for liquid**™***” and solid phases.*” >’ A deviation plot of
experimental DSC values is also presented in the Supporting
Information (Figure S2). It was observed that DSC vapor
pressure values are in excellent agreement with the values
obtained by Chirico et al,** Chipman and Peltier,”® and
Garrick and Gray.>* Compared to those measured by Chirico
et al. (350 K to 578 K),* our experimental values deviate by a
mere 0.07 kPa for subatmospheric pressures and slightly less
than 0.4 kPa for atmospheric pressure. Chipman and Peltier*®
reported vapor pressures from 436 to 595 K, and Garrick and
Gray™* reported their values in the range from 426 to 527 K.

https://dx.doi.org/10.1021/acs.jced.0c00675
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The absolute average deviation between the reported values
was 0.4 and 0.3%. Therefore, good agreement was obtained for
a wide range of experimental pressures.

2.5. PC-SAFT Optimization. The properties of 4-ethyl-2-
methoxyphenol were modeled using the PC-SAFT equation of
state,* and therefore, vapor pressure curves were fit to the
experimental data using the PC-SAFT equation of state. The
PC-SAFT parameters were determined using the differential
evolution optimizer implemented in the Scipy package for
Python.*"*> Our PC-SAFT code can be found on Github*®
and is also available as a package on the Python Package
Index.** The vapor pressure and density data were used for
optimization. Because there was no available density data for
the solid compounds (S-methylresorcinol and Honeyol), PC-
SAFT parameters were not optimized.

2.6. Uncertainty Analysis. For uncertainty calculations, a
coverage factor of 2 (k = 2) was used. The estimated expanded
uncertainty of the temperature measurement was 0.25 K.’ For
pressure measurement uncertainty, the expanded uncertainty
was determined based on data from the performance check
with water. Based on the deviation between the measured
values and the IAPWS95 equation of state,”” the expanded
uncertainty of vapor pressures measured was U,(p) = 0.014.
Because the pressure sensor has a resolution of 0.01 Torr
(0.001 kPa), for measurements at low pressures, a minimum
expanded uncertainty of 0.07 kPa was assumed. The effect of
impurities was also included for pressure uncertainty
calculations. This was calculated by estimating the likely
relative deviation of the vapor pressures of the impurities and
multiplying that by the concentration of the impurities (i.e.
ideal mixing was assumed). For S-methylresorcinol, the
impurity concentration was negligible and therefore was not
considered.

3. RESULTS AND DISCUSSION

Table S provides the liquid density of 4-ethyl-2-methoxyphenol
at 293.15—363.15 K, and the PC-SAFT parameters for 4-ethyl-
2-methoxyphenol are given in Table 6.

Table 5. 4-Ethyl-2-Methoxyphenol Liquid Density Values
from 293.15 to 363.15 K (P = 100.01 + 0.05 kPa)

temperature” /K density”/kg m™
293.15 1064
303.15 1055
313.15 1046
323.15 1037
333.15 1028
343.15 1018
353.15 1009
363.15 1000

“Standard uncertainty was 0.01 K (based on manufacturer’s
P b . -3
specification). “Expanded uncertainty (k = 2) was 1 kg m™.

Table 6. 4-Ethyl-2-Methoxyphenol PC-SAFT Parameters”

oy

compound m o e/k (A) (K) KA
4-ethyl-2 47776 34799 28444 100412  0.0266
methoxyphenol

“m is segment number, ¢ is segment diameter (A), €/k is dispersion
energy divided by Boltzmann constant (k), €**/k is association energy
divided by Boltzmann constant (k), and x*? is association volume.

Vapor pressure data for 4-ethyl-2-methoxyphenol, Honeyol,
and S-methylresorcinol were measured within the range of 0.89
kPa to atmospheric pressure using DSC.

Endotherms of 5-methylresorcinol and Honeyol at 700 mbar
are provided in Figure S3 in the Supporting Information.
Experimental vapor pressure data for these compounds are
provided in Table 7. Additionally, In P versus 1/T of studied

Table 7. Experimental Vapor Pressure Data of the Measured
Phenolic Compounds in the Liquid Phase

4-ethyl-2-methoxyphe-
nol

S-methylresorcinol Honeyol™
T/K* P/kPa‘ T/K” P/kPa” T/K*  P/kPa"
374.5 0.90 429.4 091 428.0 091
412.0 4.92 467.8 4.93 466.6 4.93
430.1 9.91 486.3 9.90 485.4 9.90
473.6 39.88 5304 39.85 529.5 39.88
494.5 69.87 551.0 69.91 550.6 69.89
509.1 100.01 565.8 100.37 565.0 99.69

“Combined expanded uncertainty (k = 2) for temperature is U(T) =
025 K. “Combined expanded uncertainty (k = 2) for pressure is
U,(p) = 0.014 of the pressure value or U(p) = 0.07 kPa, whichever is
greater. “‘Combined expanded uncertainty (k = 2) for the vapor
pressure of 4-ethyl-2-methoxyphenol is U,(p) = 0.016, except for the
0.9 kPa experiment where the expanded uncertainty is U,(p) = 0.078.

compounds in addition to the normal boilin§ point of 5-
methylresrcinol obtained from Weast et al.™ and vapor
pressure data provided by da Silva and Ferreira®' are given
in Figure 2. For other studied compounds, no available vapor
pressure data was found in the literature.

Vapor pressure curves were fit using the Antoine equation

(eq 1).

long =A-

T+ C (1)

where P is the vapor pressure (kPa), T is the temperature (K),
and A, B, and C are Antoine equation constants. To estimate
the Antoine coeflicients, along with 95% confidence intervals,
POLYMATH software (version 6.1) was used.

The enthalpy of vaporization (AH,y,) at the normal boiling
point was calculated from the slope of the linear Clausius—
Clapeyron equation (eq 2). Therefore, from the InP versus 1/T
plot

d(lnp)  AH,,
1

a(z) R @
where AH,,, is the enthalpy of vaporization (kJ mol™") and R
is the universal gas constant (R = 8.314 ] mol™' K™'). Although
vapor pressures were experimentally obtained at atmospheric
conditions, the normal boiling points of the compounds (P =
101.325 kPa) were calculated from the vapor pressure curves.
Melting points of the solid compounds were obtained from
the onset temperature of the melting peak of the
thermoanalytical curve. For S-methylresorcinol, the average
value of repeated measurements was calculated and is provided
in Table 8. Because Honeyol is a mixture of different
compounds, the boiling points at different experimental
pressures can be also be viewed as an average boiling point
and therefore, the thermogram obtained by DSC corresponds
to the boiling point curve as it was also explained thoroughly in

https://dx.doi.org/10.1021/acs.jced.0c00675
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Figure 2. Vapor pressure curves for phenolic compounds measured by DSC: Honeyol (X; R* = 0.9994), 4-ethyl-2-methoxyphenol (A; R? =
0.9995), and S-methylresorcinol (—; R* = 0.9994) and the normal boiling point of S-methylresorcinol from Weast et al® () and 5-
methylresorcinol vapor pressure data from da Silva and Ferreira®' (CJ; R? = 0.9996).

Table 8. Experimental Temperature Ranges, Antoine Constants, Enthalpies of Vaporization, and Melting Points for the

Phenolic Compounds

temperature normal boiling JAVETS
compound range/K Antoine constants (eq 1) point K/T, (Ty)/k] mol™  melting point/K
A B €
4-ethyl-2-methoxyphenol 374.5—-509.1 6.373 + 0.137 1847.263 + 95.572 —86.711 + 8.894 508.2 + 1.0 554 £ 13
HoneyolTM 428.0—565.0 6.701 + 0.108 2128.279 + 82.022 —112.376 + 7.198 564.0 + 1.3 68.8 + 1.8 323.15 to 353.15
S-methylresorcinol 429.4—565.8 6.721 + 0.170 2127.539 + 128.069 —114.845 + 11.200 5644 + 1.1 69.6 + 1.9 382.15 £ 0.23

ref 46. For Honeyol, the melting range is given instead of a
melting point because Honeyol is a mixture and, therefore, the
sharp endotherm was not obtained; thus, the melting range
was estimated.

It should be noted that the composition of Honeyol varies,
as seen from comparing with the compositions in other
articles.*”** However, the properties of Honeyol, such as vapor
pressures values and boiling points, are similar to those of 5-
methylresorcinol. Therefore, the presence of other resorcinol
derivatives does not significantly affect the properties of
Honeyol in general, which is likely because different
resorcinols have quite similar structures.

The experimental temperature range, Antoine parameters
obtained from eq 1, boiling point at 101.325 kPa, and
vaporization enthalpy of the studied compounds, along with
expanded uncertainties (k = 2), are given in Table 8.

For the compounds measured, only a few data are available
in the literature for comparison. Based on the data from Weast
et al,* the normal boiling point of 5-methylresorcinol is 562.7
K, which is 1.7 K lower than the value from our vapor pressure
curve (relative deviation within 0.3%). From the data reported
by Stephenson and Malanowski,*” the enthalpy of vaporization
of 5-methylresorcinol within the temperature range of 402 to
468 K is 76.6 kJ mol ™. Furthermore, it was observed that the
enthalpy of vaporization calculated from our data is smaller
than that of the value calculated from the data published by da
Silva and Ferreira®' (AH,,, = ~102.4 kJ mol™"). Because, in
our work, experiments were carried out at higher temperature
range, the temperature-dependent vaporization enthalpy was

expected to be lower. Therefore, compared to the enthalpy of
vaporization result obtained by da Silva and Ferreira,”" it could
be concluded that our data follow the logical trend that
enthalpy of vaporization decreases as temperature increases.

We can also compare the enthalpy of vaporization results
with some phenolic compounds containing 2 OH groups.
Astra and Oja® measured the enthalpies of vaporization of 4-
ethylresorcinol and 2-n-propylresorcinol by DSC, and the
AH,,, obtained were 60.9 and 58.6 k] mol ™, correspondingly.
S-MR has a structure similar to these compounds, containing
one methyl group (—CHj) attached to the benzene ring, while
this is instead an ethyl group (—C,Hj) for 4-ethylresocinol and
a propyl group (—C3H;) for 2-n-propylresorcinol. The value
for resorcinol with no functional group attached to the
benzene ring is reported to be 78.4 kJ mol™'.*" 4-Ethyl-2-
methoxyphenol contains one OH group, an ethyl group, and a
methyl ether group (—OCHj;) attached to the benzene ring.
From our DSC measurements, the enthalpy of vaporization of
4-ethyl-2-methoxyphenol was 55.4 kJ mol™'. Therefore,
substitution of various functional groups attached to benzene
ring in phenolic compounds affects the enthalpy of vapor-
ization to a certain extent. The comparison between SMR, 4-
ethylresorcinol, and 2-n-propyl resorcinol shows that a
functional group with longer chain length attached to the
benzene ring decreases the heat of vaporization.

3.1. Comparison with Boiling Points of Phenolic
Fractions. Phenols are one of the main classes of compounds
in Kukersite shale oil.® Furthermore, phenolic compounds are

https://dx.doi.org/10.1021/acs.jced.0c00675
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Figure 3. Comparison of the properties of various phenolic compounds. (e green) Phenolic oil fractions—0.1—0.64 OH per molecule,”® (o blue)
phenolic oil fractions—0.64—1.30 OH per molecule,” (o red) phenolic fractions—>1.30 OH per molecule,” (A) studied compounds, (—) Cresol
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Figure 4. Infrared spectrum of a light phenolic fraction of kukersite shale oil.

one of the main classes of organic components of bio-oils,
produced from woods, which comprises about 20—30%.""

The normal boiling points (normal T}) of the phenolic
compounds studied in this article were compared with those of
other phenolic compounds obtained from the book of
reference data®> and the characteristics of phenolic shale oil
fractions measured earlier by our research group (soon to be
published). The phenolic fractions were prepared from the
shale oil using the method suggested by Kogerman® and
described in refs S and 54.

For the purpose of the analysis, fractions with normal boiling
points below 620 K, phenolic compounds with two hydroxyl
groups,6 and three isomeric methylphenols (cresol)*® were
considered for comparison.

Molecular weights and normal boiling points of the
disubstituted phenolic compounds (containing two hydroxyl
groups) were from the data obtained by Astra and Oja.6
Properties of other phenolic compounds were also obtained
from a chemical and physical data reference book.”> The other
phenolic compounds include six dimethylphenol isomers
(xylenol), two trimethylphenol isomers, two ethylphenol
isomers, catechol, and 4-propylphenol.

Figure 3 presents the normal boiling points of different
phenolic compounds as a function of their molecular weight.
Based on the number of OH groups per molecule, phenolic
shale oil fractions were divided into three categories: fractions
with fewer OH groups per molecule (below 0.64), fractions
with higher OH content (0.64—1.30 OH groups per
molecule), and a third group with the most OH groups
(>1.30 per molecule). For the fractions with higher OH
contents, clearly some molecules have more than one OH
group.

The OH content of the phenolic oil fractions was
determined from the infrared spectra of the phenolic fractions.’
The infrared spectrum of one light phenolic fraction was
provided in Figure 4 as a reference. According to the approach
introduced by Coates,”” peaks related to the OH functional
group appear at approximately 3200 and 1200 cm™.

The normal boiling point of 4-ethyl-2-methoxyphenol was
measured to be 508.2 K. Two fractions had similar normal
boiling points (normal Tj, = 509.5 K and MW = 161.3 g mol™*,
T, = 512.2 K and MW = 164.6 g mol™") and could be directly
compared. The OH contents of these fractions were measured
to be 3.4 and 4.0 wt %, and their densities at 293.15 K (d,)
were 906.65 and 923.86 kg m™, respectively. Despite having

https://dx.doi.org/10.1021/acs.jced.0c00675
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slightly lower densities than 4-ethyl-2-methoxyphenol (dy, =
1063.55 kg m™), these fractions have higher molecular
weights. Furthermore, as shown in Figure 1, 4-ethyl-2-
methoxyphenol also contains one methoxy group (—OCH;)
and one ethyl group (—CH,H,;). However, OH analysis of
these fractions indicates that, on average, molecules in these oil
samples had less than one OH group per molecule, so some of
the molecules were not phenolic compounds. 4-Hexylresorci-
nol is also in the neighborhood of some phenolic fractions for
which the normal boiling points and molecular weights are
near 562 K and 195 g mol™". The 4-hexylresorcinol structure
contains one OH group and one long hydrocarbon chain
attached to the phenol unit.

Overall, as shown in Figure 3, compounds 4-ethyl-2-
methoxyphenol and 4-hexylresorcinol behave similarly to the
phenolic fractions and, therefore, are in line with the trend of
phenolic fractions. These compounds have longer hydrocarbon
side chains in their molecular structure [—OCHj chain for 4-
ethyl-2-methoxyphenol and —CH;(CH,),CH, chain for 4-
hexylresorcinol] compared with the other phenolic compounds
considered here. In addition, 4-ethyl-2-methoxyphenol has
only one hydroxyl group. Most of the oil fractions shown here
also had closer to 1 OH group per molecule, and therefore, 4-
ethyl-2-methoxyphenol could likely behave similarly to
phenolic fractions.

Other compounds used in this study, as well as other
phenolic compounds that contained one phenol unit, differed
more from the properties of the phenolic oil fractions, and
therefore, these compounds would probably not be useful for
modeling the phenolic compounds in pyrolysis oil.

4. CONCLUSIONS

DSC was used to measure the vapor pressures of the phenolic
compounds 4-ethyl-2-methoxyphenol, Honeyol, and S-meth-
ylresorcinol from 0.89 kPa to atmospheric pressure. To the
best of our knowledge, these are the first published vapor
pressure curves for Honeyol and 4-ethyl-2-methoxyphenol and
the first vapor pressure data for S-methylresorcinol in this
pressure range. The normal boiling points and heats of
vaporization of the phenolic compounds were calculated using
the obtained vapor pressure curves. Also, properties of these
and other pure phenolic compounds were compared to those
of the phenolic portion of pyrolysis oil (Kukersite shale oil).
This allowed us to identify the compounds that could
potentially be used as model compounds for predicting the
behavior of pyrolysis oil. While 4-ethyl-2-methoxyphenol could
likely be used as a model compound, 5-methylresorcinol and
Honeyol did not appear to be useful for modeling oil.
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Figure S1. Experimental vapor pressure of biphenyl are shown graphically below: (x) DSC

experimental data, (==) Chirico et al 32 (<>) Chipman and Peltier 33, (/1) Garrick and Gray3*.
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Figure S2. Deviation plot for vapor pressure of biphenyl is provided below. Ap/p ={(Pji;— Pe)}
where Py is the vapor pressure obtained from the literature and P, is calculated from the
Antoine equation fit to the experimental vapor pressure data measured in this work: (+) DSC

experimental data, (==) Chirico et al 32, (A) Chipman and Peltier 33, (1) Garrick and Gray 3*.
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Figure S3. Endotherm of Honeyol™ (solid line) in comparison with 5-methylresorcinol
(dashed line) at 700 mbar is shown below. According to Table 2, 62.4% of Honeyol™ is 5-
methylresorcinol.
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Abstract: Equations of state are powerful tools for modeling thermophysical properties; however, so
far, these have not been developed for shale oil due to a lack of experimental data. Recently, new
experimental data were published on the properties of Kukersite shale oil, and here we present a
method for modeling the properties of the gasoline fraction of shale oil using the PC-SAFT equation of
state. First, using measured property data, correlations were developed to estimate the composition of
narrow-boiling-range Kukersite shale gasoline samples based on the boiling point and density. These
correlations, along with several PC-SAFT equations of the states of various classes of compounds,
were used to predict the PC-SAFT parameters of aromatic compounds present in unconventional
oil-containing oxygen compounds with average boiling points up to 180 °C. Developed PC-SAFT
equations of state were applied to calculate the temperature-dependent properties (vapor pressure
and density) of shale gasoline. The root mean square percentage error of the residuals was 13.2%.
The average absolute relative deviation percentages for all vapor pressure and density data were
16.9 and 1.6%, respectively. The utility of this model was shown by predicting the vapor pressure of
various portions of the shale gasoline. The validity of this model could be assessed for oil fractions
from different deposits. However, the procedure used here to model shale oil gasoline could also be
used as an example to derive and develop similar models for oil samples with different origins.

Keywords: Kukersite oil shale; pyrolysis oil; shale oil gasoline fractions; PC-SAFT prediction model

1. Introduction

Models to predict the thermodynamic and transport properties of compounds are
of interest to many chemical, oil, and related industries. Models to estimate the phase
behavior of fluids in the system are used to design chemical processes and equipment,
improve separation processes and product quality, and assess the environmental risks
that are inevitably associated with these processes. Therefore, the demand for the use
of equations and models applicable to complex mixtures of hydrocarbons has increased
considerably [1].

While several predictive correlations for thermodynamic properties of complex mix-
tures such as oils have been suggested, these models were mainly developed for oils
containing small concentrations of heteroatoms with aliphatic and aromatic structures.
Therefore, these correlations are not particularly applicable to oils with different struc-
tures and compositions. The composition of unconventional oils is different from that of
petroleum and varies depending on the source of the oil. As a result, the properties are also
different. Shale oil is one such unconventional oil. It is produced by thermally processing
organic-rich rocks (oil shale). The conversion technique used for oil shale has been known
for a century, and is viewed as the most optimal and efficient thermochemical process to
convert shale rock into oil. The advantages of this process have also been extended further
for conversion of biomass into biofuel both economically and environmentally [2,3].

Although some basic property prediction correlations developed for petroleum could
also be used for shale oil [4], in general, proposed correlations and models developed for
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petroleum do not essentially lead to accurate results for shale oil [5-8]. Therefore, these
models are usually not suitable for shale oil, and more specifically for Kukersite shale
oil, due to differences in composition [9]. Information about the properties of shale oil is
limited, and thus, from an engineering point of view, developing such prediction models
would be beneficial.

Qils are generally complex mixtures with a large number of different compounds.
It is not currently feasible to identify all the compounds and their concentrations in the
oil; therefore, simplification for modeling is required. This is generally accomplished by
lumping compounds together into groups or classes, which are termed pseudocomponents.
Once the pseudocomponent is defined, the properties of all the compounds in the pseu-
docomponent are described using the average properties of the whole group. The oil as a
whole is then modeled as a mixture of these pseudocomponents [10].

One of the simplest methods to define pseudocomponents is to split oil into fractions
with narrower boiling points, often through distillation, and measure or estimate the
properties of those fractions. These methods are sometimes called bulk property methods,
and they do not require any information about the composition of the oil. Because it is a
labor-intensive process to measure a full set of properties for many fractions, correlations
have been developed for petroleum to estimate a variety of properties from a smaller set of
experimental data that are commonly measured for an oil. Generally, only the distillation
curve and a second property, such as the density, viscosity, or refractive index, need to be
measured to be able to model an oil using these methods [10,11].

A more complex method is to analyze the composition of the oil and then use the
data to define the pseudocomponents based on the molecular structure. This is commonly
performed by splitting the oil into classes of molecules, for instance, using PNA (paraffins,
naphthalenes, aromatics) or SARA (saturates, aromatics, resins, asphaltenes) analysis. These
types of the composition analyses refer to characterization methods used to quantitatively
determine the amount of each class of compound in an oil. These classes are then further
divided by the size of the molecules, i.e., average molar mass or the average number of
carbon atoms [10]. The properties of these pseudocomponents can then be estimated based
on existing data for pure compounds with the same type of structure. For instance, the
properties of paraffin pseudocomponents can be calculated from the properties of pure
n-alkanes. For petroleum, there are even correlations that allow the composition of oil to be
calculated based simply on the measured properties of an oil and its fractions [10]. Modern
analytical techniques, such as gas chromatography and mass spectroscopy, can provide
even more detailed data, allowing the pseudocomponents to be defined closer to the level
of individual compounds [12]. However, these analytical techniques are expensive and
time-consuming, so in industry, the simpler characterization schemes are usually used [11].

If possible, the goal is often to model the pseudocomponents and the oil as a whole
using an equation of state. Equations of state allow many of the properties of a mixture to
be modeled over a wide range of temperatures and pressures. Correlations for predicting
the equation of state parameters for petroleum pseudocomponents have been developed
with this goal in mind [10,13]. In the past, cubic equations of state have often been used.
However, cubic equations of state require values for the critical properties of a pseudocom-
ponent, and these properties can be difficult to measure or estimate accurately [10]. In the
last two decades, it has become more common to use equations of state based on statistical
associating fluid theory (SAFT), especially perturbed-chain statistical associating fluid
theory (PC-SAFT), for modeling oils, including bio-oils [1,13-18]. Moreover, several studies
indicate the importance and applicability of these equations in the energy industry [19-21].

SAFT models do not require critical property values and they can more accurately
calculate the liquid density of a system, which means that density data can also be used
in fitting PC-SAFT parameters [1]. Indeed, some systems have been modeled using only
density data for parameter fitting [22].

Modeling shale oil has received relatively little attention. As previously stated, because
shale oil has a much different composition than petroleum, the validity of correlations and
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models developed for petroleum is predominantly questionable for shale oil. Based on
our literature survey, the only correlations that attempt to provide some sort of systematic
modeling framework for shale oil were published in 1930 by Kogerman and Kéll [23], in
1934 by Luts [24], and in 1951 by Kollerov [25]. All three of these publications rely in large
part on the experimental data from Kogerman and Koll [23], which was from only a single
distillation of oil from an experimental generator retort. These studies focused mainly on
shale oil from Estonian Kukersite oil shale, and shale oils from other deposits have received
even less attention.

One of the main obstacles to developing correlations for shale oil has been the lack of
data [26]. The new data that have been measured now provide an opportunity to perform
this modeling work [27]. Here, we provide correlations that allow gasoline fractions of
Kukersite shale oil to be defined in terms of pseudocomponents, and then we present
equations for calculating the PC-SAFT parameters of these pseudocomponents. Note that,
based on the type of oil shale and the pyrolysis method used, the properties of shale oils can
change greatly [28-32]. Therefore, the models developed for Kukersite gasoline shale oil
probably cannot be directly used for modeling shale oils from other deposits. However, the
approach developed for this purpose could be generally applied to model other shale oils.

2. Modeling Methods
2.1. Industrial Samples

Several wide Kukersite shale oil gasoline fractions with a boiling range from about 40 to
about 200 °C were obtained from Eesti Energia’s Oil Plant (Narva, Estonia). The technology
developed for processing oil shale in this plant was described by Neshumayev et al. [33].
These wide fractions were then separated into narrow-boiling-range fractions using differ-
ent distillation methods. The sample preparation and distillation methods were previously
described by Jarvik et al. [34]. These fractions were received from the plant at different
times in the hopes of capturing the natural range of variation in the composition of shale
gasoline. Over this two-year period, 6 different distillations were performed to fractionate
the gasoline samples received. These differences in composition and distillation method
should help ensure that the model works for a variety of Kukersite gasoline samples.

2.2. Compositional Analysis

Generally, the properties of oil fractions depend on the chemical composition of these
fractions. Obtaining a relationship between chemical composition and the properties of
gasoline fractions could allow the composition of a sample to be predicted from basic phys-
ical properties. This is important because PC-SAFT models generally require information
about the composition.

Several investigations were previously carried out on the composition and characteris-
tics of Kukersite shale oil [35-40]. In these works, the chemical composition of Kukersite
shale gasoline was provided for different retorts. Having considered these data, the compo-
sitions (mass%) of gasoline fractions used in this work were estimated, mainly based on the
detailed data that are partially available in the study published by Gubergrits et al. [34,40].
In this study, the same technology (the Galoter process) was used to obtain shale oil. In
Estonia, this technology was developed later than other processes and it is currently the
main technology used to produce shale oil.

For the gasoline fractions studied in this work, different properties such as the
hydrogen-carbon ratio, infrared spectra, and hydroxyl group content were measured.
The behavior of these properties was previously discussed [34]. Almost all the measure-
ments were repeated at least once and if large difference was observed, then additional
measurements were carried out for better reliability. Based on these properties, reasonable
assumptions about the composition were made so that the changes in the main classes of
compounds with average boiling points, up to 180 °C, were carefully defined.

In addition to aromatics, olefins, and paraffins, the rest of the compounds were as-
sumed to be oxygen-containing compounds. Based on the experimental data for gasoline
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fractions distilled below 180 °C, the concentration of phenolic compounds is quite low;
therefore, phenolic compounds were disregarded for further analysis and modeling. There-
fore, for developing the model, four different classes of compounds (olefin, paraffin, aro-
matic, and oxygen-containing compounds) were considered in total. The oxygen-containing
compounds are mostly ketones, aldehydes, and ethers [41]. The change in composition of
each class of compound was estimated for different average boiling temperatures. From
40 °C to 180 °C, the amount of each class of compound (i.e., olefin, paraffin, and aromatic
and neutral oxygen) was carefully estimated so that these changes were consistent with the
FTIR and elemental composition analysis of the studied gasoline fractions. For estimation
of the amount of each class of compound, chemical group composition data provided
by Luik [42] was also considered. It should be noted that the compositions provided in
this work are just estimates and the exact composition is unknown because such detailed
data have not been measured before. Although the objective of the present study was to
develop a model for Kukersite shale oil gasoline with average boiling points up to 180 °C,
the composition was estimated up to 500 °C to facilitate future studies where the modeling
of all Kukersite shale oil fractions is of interest. This helps to deliver a systematic and
coherent path to extend the study. However, in this study, we focused solely on shale
gasoline fraction because additional variables and adjustments are required to model the
phenols in the heavier portion of the oil. In other words, the analysis performed in this
study is the first step in a multistep process.

It was noticed that numerous fractions have similar boiling points, but differ in other
properties, such as density. Because oil samples with the same boiling range can still have
different compositions, the effect of density along with boiling point was also included
as a second parameter to better model the variations of composition that occur in shale
oil. Therefore, the composition of each class of compound was estimated such that these
variations were also taken into account. For instance, having considered fractions with
similar boiling points, fractions with lower densities are expected to have more olefins and
paraffins and fewer aromatic compounds in their composition. To incorporate density into
the correlations for composition, first, the densities of all fractions were plotted versus their
average boiling point, and this trend was used to calculate the average density at a given
boiling point. Compositions were also estimated for fractions with similar boiling points
and higher or lower densities. The result was a dataset of fractions with different boiling
points and densities along with estimates of their compositions.

The estimated mass percent of each class of compound with respect to average boiling
point and density were then fitted using the differential evolution optimizer in the Scipy
package for Python [43,44]. All experimental data are available in [27], and the basic
correlation considered to fit the variables is as follows:

X = CoT?4+CiTy+Ca+Cap*+Cyo+CsTy p (1)

In Equation (1), X is the mass percent of the class of compound, T} is the average
boiling point (°C), p is the density (kg m~3), and Co—Cs are constants obtained from the
fitted data. The concentration for neutral oxygen compounds was calculated by difference.
Therefore, separate coefficients were not obtained for neutral oxygen compounds.

2.3. Shale Oil Modeling

The shale oil gasoline was modeled using the PC-SAFT equation of state. The PC-SAFT
equation of state was thoroughly described by Gross and Sadowsky [1]. This equation is
used to predict the thermodynamic behavior of pure and multicomponent systems. For the
PC-SAFT equation, the main parameters characterizing a fluid are the segment number
(m), segment diameter (o), and segment energy (e /k). For neutral oxygen compounds, we
also included a polar term, which depends on the dipole moment. The dipole moment for
many ketones and aldehydes is 2.7 [45], so this value was used in the model.

These parameters for the aromatic class of compounds were determined by fitting the
PC-SAFT equation of state to the measured physical property data, i.e., liquid density, and
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the average normal boiling point of the fractions. For data analysis of experimental data
and model development, Python (Version 3.9) was used.

For the purpose of developing a model, it was shown by Gross and Sadowsky [1] that
Equations (2)—(4) are suitable for correlating parameters for pure compounds with varying
molar masses.

The relation for segment diameter (¢;) as a function of the molecular weight (M;) is

as follows:
M; — Mcp, M; — Mcy, M; — 2Mcp,
0i= qo1 +411 M, 921 M M; @

For the chain length to molecular weight ratio, the proposed relation is:

M. M; — Mcp, M; — Mcy, M; — 2Mcp,
M, Jetie T r T2 M;

®)

In addition, the relationship for the dispersion energy parameter is given as:

G, M; — Mcp, M; — Mcp, M; —2Mcpy,
T3N3 M; 923 M, M,

4)

Here, Mcp, is the molecular weight of methane (Mcp, =16.043 g mol 1) and qj are
constants to be fitted to pure component parameters (i refers to component i). For the
n-alkane series, these constants were previously published by Gross and Sadowski [1],
and these suggested relations were used as a model for paraffins in shale oil. More-
over, Ghosh et al. [46] proposed correlations obtained by fitting the homologous series of
1-alkenes; therefore, these relations were also used for olefin compounds in Kukersite shale
gasoline fractions. Correlations for the neutral oxygen compounds (ketones) were obtained
from linear regression between PC-SAFT parameters of several pure compounds and their
molecular weights. This was implemented to find the line of best fit. Data for neutral
oxygen compounds was obtained from the work published by Kleiner and Sadowski [45].
The form of the equation for neutral oxygen compounds and aromatic compounds differed
from that of other compounds, for which Equations (2)-(4) were used. Below, the suggested
equations for oxygen-containing compounds are shown:

m = Cg MW + C5
FIMW) = { o = Cs MW + Cy ®)
7= Cio MW +Cyy

where Cg to Cy; are coefficients obtained from the fit and MW is the molecular weight of
the pure compounds used (g mol ).

For aromatic compounds, there are numerous correlations suggested in the literature
for pure compounds and petroleum cuts. However, existing correlations yielded poor
results when tested for these shale gasoline fractions. This could be expected because
aromatic compounds in Kukersite shale oil might not be similar to the pure compounds
used for literature correlations. Therefore, although an equation form from the literature
was used, the coefficients were optimized to give better results for Kukersite shale oil.
The following relations (Equations (6)—(8)) for pure component aromatic compounds were
taken from the work published by Gonzalez et al. [47]:

Maromatic= qo1 MW + q11 (6)
02 MW +

Saromatic = % @)
aromatic

€aromatic= Y03 log (MW) + 443 ®)

The coefficients of the correlations for aromatic compounds were fit to experimental
data for shale gasoline fractions. The scheme in Figure 1 summarizes the full process
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to model shale oil gasoline fractions, including the development of correlations for pre-
dicting the composition of shale gasoline samples, which were used in developing the
PC-SAFT model.

START

Estimation of gasoline composition
with average boiling point up to 180°C
(Equation 1)

Calculation of the H/C ratio based
on estimated composition

Large error

H/C ratio error analysis

Low error

Process repeated for fractions with

similar average boiling points

but higher/lower density

Fitting polynomials to estimate
the composition from
boiling point and density

For aromatic compounds: fitting
correlation constants to experimental
data for predicting PC-SAFT parameters
(Equation 6, 7, 8)

Figure 1. The modeling procedure used in this work for shale oil gasoline fractions.

The estimated hydrogen—carbon ratio was compared with the actual hydrogen—carbon
ratio and the average absolute deviation was obtained to be 1.6%.

3. Results and Discussion

Table 1 shows the coefficients for olefins, paraffins, aromatics, and neutral oxygen
compounds. These coefficients were used to predict the composition of narrow-boiling-
range fractions. Coefficients Co—Cs for Equation (1) were regressed for olefin, paraffin, and
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aromatic compounds. Then, the content of neutral oxygen compounds was calculated by
subtracting the content of other compounds from the total.

Table 1. Correlation constants for predicting the composition of all classes of compounds present in
Kukersite shale gasoline fractions.

Classes of

Compounds G G G Ca Cs
Olefins 0.00019606 —0.06643364 219.60530800 0.00016198 —0.33551954 —0.00011084
Paraffins 0.00012930 —0.08110412 173.77635700 0.00012325 —0.27158847 —0.00002634
Aromatics —0.00015131 0.16682950 —52.31917130 —0.00003139 0.10378634 —0.000046658

Using experimental vapor pressure and density data for gasoline fractions up to
180 °C, correlation constants were optimized for predicting the PC-SAFT parameters of
aromatic compounds in Kukersite shale gasoline. These constants are shown in Table 2
along with the coefficients from the literature for paraffins and olefins. For most of the
fractions, densities were measured at different temperatures, while vapor pressure was
only used at the normal boiling point.

Table 2. PC-SAFT correlation constants used for aromatics, paraffins, and olefins.

C(;);;eslt:tlil;): Unit Aromatic Olefin * Paraffin **
qo1 0.0230 3.7146 3.7039
qu A 0.6411 —0.4797 —0.3226
Qo1 0.8790 0.6907
qo2 0.0823 0.07901 0.06233
qi2 mol g1 3.3062 —0.05266 —0.02236
q2 —0.00175 —0.01563
qos 57.7375 121.09 150.03
qu3 K 149.9793 133.62 80.68
Qo3 15.648 38.96

* The coefficients were published by Gross and Sadowsky [1]. ** The coefficients were published by Ghosh et al. [46].

Coefficients Cg to Cq1 for oxygen-containing compounds were found from Equation (5),
in which PC-SAFT parameters were linearly fit to the molecular weight of several ketones
and aldehydes. These coefficients are given in Table 3.

Table 3. Correlation constants for neutral oxygen compounds in Kukersite shale gasoline.

Ce Cy Cg Cy C1o Cu
0.02796 0.90944 0.00244 3.27518 0.05441 242.10097

The root mean square percent error (RMSE) for all compounds was found to be 13.2%.
This is a reasonable accuracy for a model for oil samples, especially since the wide fractions
were taken at different times from the oil plant; therefore, the properties of these fractions
varied. Additionally, different distillation types were used to obtain narrow boiling samples
from these wide fractions. These differences ensure that a wide variety of samples and
properties were used, and thus they ensure that the model developed for shale gasoline
fractions could be used for a broader range of samples. The error for the three-parameter
equation of state can be considered reasonable for these types of oils, considering the
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complexity of these mixtures and the lack of data on the detailed composition of shale oils.
If the results of the prediction model for different properties are considered separately, then
the RMSE for density was much lower than that of vapor pressure.

Figures 2 and 3 illustrates the error percent for the vapor pressure and density of all
gasoline fractions calculated using the PC-SAFT equation of state. In these figures, the
x-axis indicates the normal boiling points (nBP) of the gasoline fractions. The smallest
errors are mostly for calculated density values. While many errors for individual data
points are below 10%, there are several data points that show higher deviations. These
outliers comprise 13% of the total data points used for modeling. All these data points with
large errors are vapor pressures and for samples with normal boiling points below about
100 °C. For these lower boiling points, one factor contributing to the larger relative errors is
that the absolute value of the boiling point is smaller.

60
40 .

20 . L, .

150 200

Vapor pressure error (%
por p

nBP (degC)

Figure 2. Percent error of the vapor pressure calculated using PC-SAFT for all gasoline fractions
analyzed in this work.
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Figure 3. Percent error of the calculated density values.

Using the model, the vapor pressures of gasoline fractions with different average
boiling points were predicted and the results are shown in Figure 4. The vapor pressure
curves were plotted from approximately 60 to 180 °C. Hypothetical fractions with boil-
ing temperatures were plotted in 20 °C increments in order to present the whole range
of light distillates.
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Figure 4. Predicted vapor pressure of gasoline fractions with varying normal boiling points. The
values in legends are temperature in Kelvin.

Overall, larger deviation was seen for lower boiling fractions below 100 °C (Figure 2).
The average absolute relative deviation percentage (AARD%) between model values and
experimental values was calculated using the below equation:

AARD% — 100 Z ( }xexp xcalc|> )

i~ Xexp

In Equation (9), x4 is the calculated property value (vapor pressure or liquid density)
using the model, Xexp is the measured (experimental) value, and n is total number of
data points.

The AARD% for all vapor pressure data was 16.9% and this deviation reduced to
11.6% for fractions with average boing points above 100 °C. Additionally, for density pre-
diction, the average absolute deviation was 1.6%, which indicated considerable reliability
of the model.

Furthermore, as for comparison with the model, several gasoline fractions were
analyzed, and the vapor pressure curves of these fractions were plotted and compared
with calculated curve in Figure 5. Some characteristic properties of these fractions were
as follows: fraction 1 (T, = 395 K, p = 792.2 kg m3, MW = 112.4 g mol 1), fraction 2
(Tp =420 K, p = 809.6 kg m~3, MW = 122 g mol 1), fraction 3 (T}, =425 K, p = 818.0 kg m 3,
MW =126 g mol~!). The vapor pressures of these fractions were obtained and compared
from about 343 K to 383 K. The expanded uncertainty of vapor pressure measurements at
95% confidence level (k = 2) was found to be 1.5 kPa. Within the experimental temperature
range, the largest AARD% for fraction 1 was seen to be 6.8%. However, corresponding
absolute deviation was 3.4 kPa. This could be expected due to the low vapor pressure of
this fraction. Of all the experimental values for fraction 1, the largest absolute deviation was
seen to be at 3.7 kPa. For fractions 2 and 3, the AARD% were 4.8 and 15.8%, respectively.
However, despite the larger AARD% for fraction 3, the average absolute deviation was
3.1 kPa.
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Figure 5. Comparison of measured and calculated vapor pressure of several gasoline fractions. The
values in legends are temperature in Kelvin. Error bar shows expanded uncertainty (95% confidence
level, k = 2) of measured vapor pressure values.

In general, the developed model showed favorable results when modeling shale oil
gasoline fractions. With this analysis as a basis, modeling could be further extended to
shale oil fractions with normal boing points above 180 °C [29,34] in the future.

4. Conclusions

In this work, we presented the developed PC-SAFT equation of state model for
predicting the 35 gasoline fractions. The model is using normal boiling point and density
at 20 °C of a fraction as input parameters. These input parameters were used to estimate
the composition of the fraction and consequently to calculate the temperature dependence
of vapor pressure and density of shale oil samples. Based on literature data, shale gasoline
fractions were assumed to contain four main classes of compounds: olefins, paraffins,
aromatics, and oxygen-containing compounds. For estimating the composition, simple
polynomial equations were developed using available literature data for the composition of
Kukersite shale oil gasoline. Ready-to-use correlations from available literature for olefins
and paraffins along with linear equations obtained for oxygen-containing compounds were
used to develop respective correlations for aromatic compounds. The resulting model can
be used as a property prediction model for shale gasoline samples with normal boiling
points below 180 °C.

The suitability of these prediction models for Kukersite shale gasoline was evaluated
and the root mean square percent error was 13.2%. Although good results were obtained
for Kukersite shale oil, due to the difference in the composition for different shale oils,
the applicability of the model could be further assessed once the composition of the main
classes of compounds of other shale oils is analyzed.
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Oil shale is a type of rock that contains organic matter. Organic component of oil shale is mostly kerogen (macromolecular matter of oil shale) which, can be converted into valuable products such as fuel and industrial chemicals, etc. (Dyni, 2003). This conversion is usually achieved using thermal treatment (pyrolysis) at temperatures around 500 °C (Vahur Oja et al., 2016; Vahur Oja & Suuberg, 2012). Conventional crude oils have been widely studied and therefore, important thermodynamic data required for product development as well as transportation properties have been comprehensively investigated. While global shale oil deposits are vast, these reserves were mostly remained unrecovered due to challenges that exist both technically and environmentally.

In order to economically exploit the shale oil deposits, characteristic of shale and thermodynamic properties of shale oil are of importance (Baird, Zachariah et al., 2015). These data can be employed in design and operation of oil production plants and refineries as well as storage, transportation and environmental protection evaluation (Pichler & Lutz, 2014; Raj, 2016; Mohammad R. Riazi & Al-Enezi, 1999). In this regard, compared with conventional crude oil, considerably less shale oil properties data is available in literature (Ge et al., 2019a; S. Lee, 1990; Vahur Oja & Suuberg, 2012; Yu et al., 2019). Estonian Kukersite shale oil is not an exception. Comparatively, while the presence of olefin is not common in crude oil, shale oil has a significant amount of olefin in addition to aromatic compounds. Moreover, shale oil produced from Kukersite oil shale contains great amount of hetroatomic compounds. The heteroatoms were observed to be less in lighter fractions (gasoline fractions up to 200 °C) and similarly, phenolic compounds were considered to be insignificant in light portions of oil. Therefore, for analysis, the presence of phenolic compounds were considered negligible for fractions up to 180 °C (Zachariah Steven Baird et al., 2021).

These complex mixtures (shale oil) and vaporization target compounds from these complex matrices were selected for studies. This work carried out for studying and modelling industrial Kukersite shale oil fractions that were produced through solid heat carrier pyrolysis process (Galoter). 

Modelling shale oil has not gained much attention despite the fact that shale oil composition and properties differ from conventional oil and therefore, correlations, and models developed for conventional oil most likely are not applicable to shale oil and more specifically Kukersite shale oil (Zachariah S Baird et al., 2017; Zachariah Steven Baird et al., 2015; R Rannaveski & Listak, 2018; Rivo Rannaveski, 2018). As explained before, due to compositional difference, different approaches have to be used to develop a model for this type of oil. Moreover, the composition of classes of compounds are varying so much that suggested correlations unlikely be of use for these types of shale oils. In general, compositions of Kukesite shale oil were provided previously elsewhere (Aarna et al., 1953; Barschevski et al., 1963; Blinova et al., 1974; O. G. Eisen & Rang, 1968; V. Oja et al., 2006). In this regard, several properties of narrow boiling range Kukersite shale oil fractions (as pseudocomponents) obtained experimentally were used for modelling. To model the Kukersite shale oil, PC-SAFT equation of state was used at which, measured properties (vapor pressure, liquid density) could be used to fit the PC-SAFT parameters to propose a model for predicting the phase behavior of these types of oils.

Thus, in this study, primarily, the applicability of vapor pressure correlations developed for conventional oil were assessed for Kukersite shale gasoline. In this respect, Kukersite shale oil gasoline was distilled into fractions with average boiling point from about 40 to 180 °C. Then, these fractions were as well used for modelling the Kukersite shale oil gasoline and further on, Kukersite shale oil as a whole using PC-SAFT equation of state independently, considering that the presence of phenolic compounds in gasoline fractions up to 180 °C can be neglected and the composition of other classes of compounds varies. For heavier fractions, the interaction parameter between phenolic compounds was also considered and found through optimization. In general, for crude oils non-associating term were not considered. Besides, characterization was mostly performed using SARA analysis (Saturates, Aromatics, Resins, Asphaltenes) based approach which is more commonly used method in characterization of crude oil for 
PC-SAFT asphaltene precipitation modeling. It was also seen that aromaticity parameter were also taken into account in various correlations developed for such oils (Seitmaganbetov et al., 2021). While modeling the conventional oils have already 
been assessed for a longer period, developing a distinct model for Kukersite shale oil 
was not studied as much broadly.
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		ABP

		Average Boiling Point



		API

		American Petroleum Institute



		ARD

		Average Relative Deviation



		ASTM

		American Society for Testing and Materials



		CAS RN

		Chemical Abstracts Service Registry Number



		DSC

		Differential Scanning Calorimetry



		EoS

		Equation of State



		GC

		Gas Chromatography



		H/C

		Hydrogen-Carbon ratio



		MW

		Molecular Weight



		PC-SAFT

		Perturbed Chain-Statistical Associating Fluid Theory



		RD

		Relative Deviation



		RI

		Refractive Index



		RMSE

		Root Mean Square Error



		SARA

		Saturates, Aromatics, Resins, Asphaltenes



		UOP

		Universal Oil Product



		VKG

		Viru Keemia Grupp












[bookmark: _Toc115790522]Literature review

1.1 [bookmark: _Toc115790523]Overview of Estonian oil shale

The need of exploration for additional energy resources has drawn attentions to utilization of unconventional alternatives and therefore, shale oil was no exception in this rule particularly over the last decades (Vahur Oja, 2007). It was estimated about 
2 decades ago that global oil shale reserves are approximately 3 trillion barrels of crude oil (Dyne, 2003). Despite the large supplies of oil shale around the world, only limited number of countries use oil shale deposits for fuel, power production and industrial products (Dyni, 2003; Vahur Oja & Suuberg, 2012). For instance, Unites States, Russia, Brazil, China and Estonia are among those countries known to have major deposits of oil shales and exploit these resources (Knaus et al., 2010).

In 2020, according to the data published in Estonian oil shale yearbook, around 
1.6 million tonnes of oil shale produced in Estonia. The production rate started downward trend in 2019, as the rate was hovering around 15 million tonnes per year on average between 2014 to 2019. Oil shale produces about 75% of the main energy in about 80 to 90% of the electricity in the country (Sillak & Kanger, 2020). Shale oil resources in Estonia are estimated to be near 1000 million tons and by 2012, the rate of oil shale production was close to 18 million ton per year (Raukas & Siirde, 2012).

Shale oil is produced from pyrolysis of oil shale – sedimentary rock that contains naturally occurring, cross-linked macromolecular organic matters (also called kerogen) (Hruljova & Oja, 2015; U. Lille, 2004; Speight, 2014). Kerogen is forming major share of organic matters in oil shale. In pyrolysis process, which is also called retorting, oil shale is heated to temperature around 500 °C and kerogen decomposes and coverts to crude shale oil, gas and solid residue. This process occurs in the absence of oxygen (Vahur Oja & Suuberg, 2012; Tissot et al., 1978). The purified vapor-gas mixture obtained from retorting process goes through multistage condensation in order to obtain different shale oil fraction which could also be referred to as wide technical fractions (such as gasoline, middle oil and heavy oil) (Neshumayev et al., 2019).

There are two main pyrolysis (retorting) technologies used to produce shale oil: Kiviter and Gaolter process. Kiviter refers to gaseous heat carrier process, while Galoter relates to solid heat carrier process (Eldermann et al., 2016). Currently, solid heat carrier process is used to process oil shale in Estonia. This technology that has undergone several modifications in recent decades (Neshumayev et al., 2019) is more efficient in energy utilization and surpass the other technology in meeting the climate and environmental regulation and policies (Reinik et al., 2015; Siirde et al., 2013).

The crude shale oils produced from different processes were seen to be a complex mixture of hydrocarbons in which physical and chemical properties are different (Vahur Oja et al., 2016). The composition and properties of shale oils from different retorts differ. In general, the industrial shale oil is separated into three wide fractions. Shale gasoline that made up to about 20% of total shale oil, is considered mixture of compounds with boiling points below 200 °C. This light fraction contains mainly olefins followed by paraffins (about two third). Although aromatic compounds are also present, they are lesser in comparison with heavier fractions. Compared with conventional oil, Kukersite shale contains more olefin and aromatics hydrocarbons and less paraffins 
(M R Riazi, 2005). Additionally, phenolic compounds make up about one third of Kukersite shale oil (Baird, Zachariah et al., 2015; Vahur Oja et al., 2016).

1.2 [bookmark: _Toc115790524]Kukersite shale oil characterization

Considering the production, transportation and storage of oil, physical and thermodynamic properties of oil such as volatility characteristic (vapor pressure), evaporative losses, flammability etc., are of foremost importance (Pichler & Lutz, 2014; Raj, 2016; Mohammad R. Riazi & Al-Enezi, 1999).

These properties are essential parameters to be employed in refinery designs and operations, transportation as well as environmental protection. While the most accurate method to obtain these properties is through experimental measurement, this is not always possible because measurements are time-consuming, uneconomical, or sometimes impractical. Therefore, some sort of prediction model is required to enable us to calculate the important parameters that are unknown.

Shale oil were seen to have more aromatic and olefin contents than conventional oil (Vahur Oja et al., 2016; Qian & Yin, 2010) and they contain heteroatomic compounds in abundance (Urov & Sumberg, 1999). Differently, for Kukersite shale oil as a mainstream of this thesis, the amount of phenolic compounds is high and they have large quantities of oxygenated compounds with majority being alkylphenolic. (Baird, Zachariah et al., 2015; Derenne et al., 1990; Kogerman & Kõll, 1930). These properties places Kukersite shale oil in different class from petroleum and biofuel and therefore a choice for developing a model or assessing other thermodynamic correlations used for liquid fuels such as conventional oils. (Zachariah S. Baird et al., 2018). Therefore, the experimental data of vapor pressure measured for Kukersite shale oil gasoline fractions were also used to evaluate several available vapor pressure correlations, which are convenient to use. As mentioned earlier, Kukersite shale oil is rich in oxygen-containing compounds including phenolic compounds. In the structure model suggested by Lille et al. (Ü. Lille et al., 2003), these compounds have mostly aliphatic side chains bound to them. 

Phenolic compounds can also be found in bio oil obtained through pyrolysis from lignocellulosic biomass (Effendi et al., 2008; Xiu & Shahbazi, 2012). Because these dry matters contain large amount of oxygen, many oxygen-containing compounds such as phenolic compounds are formed in bio-oil. Phenolic compounds are produced through dephenolation process and due to their favorable properties, they received much attention for different industrial purposes. For instance, compounds and/or mixture obtained from Kukersite shale oil such as 5-methylresorcinol and its derivatives as well Honeyol (alkylresorcinol mixture containing around 50% 5-methylresorcinol) are used in, cosmetic, dyes etc. (Järvik et al., 2014; Perez-Caballero et al., 2008).

To precisely estimate the property of shale oil, the compositions of all the components in the mixture should be known and, with current techniques, it is not yet truly achievable (Quann, 1998). One approach to characterize a compound is through its composition. If the composition of all the constituents in a mixture is exactly known, compound is a “defined mixture” otherwise; it is “undefined mixture”. Therefore, oil is considered an undefined mixture whose composition is unidentified. 

Defining crude oil properties with single average property value is far from being helpful. In order to characterize and estimate the properties of an oil mixture, pseudocompoent concept is a common approach to be used (M R Riazi, 2005). In this method, oil can be defined as a mixture of several but limited pseudocomponents that behave similarly. These pseudocomponents can be considered as a single compound and the properties of each pseudocomponent can be independently defined.

In order to characterize undefined mixtures (oil fractions) or psedocomponents, bulk parameters such as density, molecular weight, carbon to hydrogen atomic ratio, refractive index or distillation boiling point (true boiling point) is estimated. This approach enables to better comprehend and predict the behavior of oil while knowledge of compositions is not needed. One approach to characterize the oil is to separate them into narrow boiling range fractions. Each narrow boiling range fraction is considered as a pseudocomponent and the characteristic (bulk properties) of each fraction is estimated separately regardless of the composition of the compounds in fraction. Moreover, some of the pure hydrocarbon correlations could be applicable to these pseudocomponent fractions.

When existing, these properties data could be used for developing prediction models to correlate the basic properties of oils and accordingly, this type of shale oils. For that, at least two easy-to-measure properties could be related. Most of the available correlations for thermodynamic properties require two parameters. These correlations were mostly developed for narrow boiling range fractions with atmospheric boiling point and molecular weight below 350 °C and 300 g mol–1, respectively. One parameter refers to molecular weight of the fraction such as refractive index and specific gravity, while the other parameter is selected according to the molecular size such as average molecular weight or average boiling point. Therefore, following the proposed methods followed in the past decades, for these empirical correlations to estimate average boiling point, specific gravity or average molecular weight were used (M R Riazi, 2005).

 In this thesis and related studies, the industrial gasoline shale oil was separated into narrow boiling range fractions through distillation and each narrow boiling range fraction was considered as pesudocomponent.

1.3 [bookmark: _Toc115790525]Kukersite shale oil studies

While Estonian Kukersite shale oil has been broadly studied for many decades, (Johannes et al., 2012; Vahur Oja, 2007) and is the most important resource of its kind in Estonia in the last century, (Savest & Oja, 2013) the available  data for oil extracted from shale is minimal (Kollerov, 1951; Vahur Oja et al., 2016). Moreover, thermodynamic properties information regarding retorting oil shale including Kukersite, is not existed or limited such that, they are not applicable or systematic (Zachariah S. Baird et al., 2018; Zachariah S Baird et al., 2017; Rivo Rannaveski et al., 2018; Savest & Oja, 2013).

These properties data could be used for developing prediction models to correlate the basic properties of oils and accordingly, this type of shale oils. For that, at least two easy-to-measure properties could be related.

Alternatively, these data allow assessing the correlations that were previously developed for conventional oils. Therefore, the applicability of petroleum prediction correlations could be evaluated for some set of systematic shale oil data. Oja and coworkers (Vahur Oja et al., 2016) reviewed that most systematic experimental data of thermodynamics and physical properties for Kukersite shale oil were measured mostly by Kogerman and Kõll in the book “Physical properties of Estonian shale oil” published in 1930 (Kogerman & Kõll, 1930). However, the data were given for fractions with average boiling points about 150 to 300 °C with 25 °C boiling point increment and the book did not include any developed correlation.

Additionally, most of the data related to the physicochemical properties of Kukersite shale oil were compiled by Kollerov in the book “Fiziko-khimicheskie svojstva zhidkikh slantsevykh i kamenougol’nykh produktov” written in Russian in 1951 (Kollerov, 1951) or in the book “Der estländische Brennschiefer-Kukersit, seine Chemie, Tehnologie und Analyse” published by Luts in 1934 in German (Luts, 1934). In addition to containing some thermodynamic and physical properties for shale oil, some correlations were also developed based on the measurable basic properties of shale oil. In the book, wide technical fractions were obtained from 30–300 °C. These fractions were distilled similar to industrial fractions. For instance, for gasoline fractions boiling range 40 to 205 °C or for diesel fuel boiling range 250 to 350 °C were considered to be a range for such fraction. Additional data and correlations could also be found in several other works (Skrynnikova, 1954; Watson & Nelson, 1933; Zelenin, N. I., Fainberg, V. S., Chernysheva, 1968).

The published data mostly dates to earlier than 1970s and yet to be considered sufficiently systematic experimental data for the purpose of prediction model development. Prior to 1970, in which computer-aided analytical correlations started to develop, the correlations were mostly presented in graphical form. 

Even though the basic thermodynamic and physical properties of shale oil, such as normal boiling point, molecular weight and temperature dependent properties such as vapor pressure, heat capacity, viscosity and specific gravity were published and become available. It should be noted that, these data are not systematically robust for presenting a prediction model for shale oil properties or evaluating the suitability of conventional oil prediction methods (M R Riazi, 2005).

In summary, while major studies have already been done on conventional oil, as mentioned earlier, limited volume of data are systematically available for alternative oils such as shale oils and so are inadequately investigated. For this purpose, shale oil was separated into several pseudcomponents and using bulk properties method, further analyses were performed. 

1.4 [bookmark: _Toc115790526]Property correlations for Kukersite shale oil

Although basic properties data such as molecular weight, atmospheric boiling point, vapor pressure, and vaporization enthalpy are available, these data dated more than a century ago and more detailed and systematic data is needed for robust correlation for shale oil bulk properties. As reviewed earlier, there are only three records in which, correlations for Kukersite shale oil were presented (Kogerman & Kõll, 1930; Kollerov, 1951; Luts, 1934). These correlations were either graphical or simple relationship mostly based on limited number of experimental data.

Correlations for vaporization characteristics (such as vapor pressure) are extensively studied and hence, they are available for conventional oils. For instance, correlations developed by Van Nes and Van Westen that have also been used in this thesis employ normal boiling point and experimental temperature to calculate the vapor pressure of specific fraction. These correlations could be used to predict the vapor pressure using input parameters from basic properties of oil (Andersen et al., 2010; Nji et al., 2008; Tsonopoulos, C, Heidman, J L, & Hwang, 1986). However, limited data for shale oils hindered developing a robust correlation for predicting the fraction vapor pressure (Ge et al., 2019b; S. Lee, 1990; Vahur Oja & Suuberg, 2012; Yu et al., 2019). Due to presence of polar compounds in these oils, developing a correlation is a complex task (Akalin et al., 2019; Akash, 2010; Vahur Oja, 2015; Qian & Yin, 2010; Siitsman & Oja, 2016; Urov & Sumberg, 1999). 

In general, while developing correlation for Kukersite shale oil was which is one of the objectives of this thesis, no vapor pressure data for Kukersite shale oil gasoline were published or availabe in the literature. Therefore, according to the ASTM D6378-10 standard test method (ASTM D6378-10, 2016) and using ERAVAP analyzer, the vapor pressures of gasoline fractions were measured. These data in addition to other available gasoline data that have been measured along with characteristics were used to develop a prediction model for Kukersite shale oil gasolines vapor pressures. The procedure towards developing a correlation for Kukersite shale oil gasoline vapor pressure data should be considered as a base to further develop a correlation for Kukersite shale oil vapor pressure as a whole up to 500 °C. In this sense, additional fractions (pseudocomponents) were used and their basic thermodynamic and physical properties were estimated.

The necessary procedure to develop a method for estimating Kukersite shale gasoline vapor pressure data were deliberated such that, these steps are consistent with subsequent progressions to refine the correlation with additional fractions up to 500 °C. While these correlations were developed primarily for Kukersite shale oil gasoline vapor pressure estimation and then Kukersite shale oil altogether, the applicability of these correlations is debatable for other types of shale oils since shale oil composition is dependent on the type of oil shale in the reserve and the process in which shale oil is produced (Guo, 2009). 

Phenolic compounds are not desirable in fuels due to the their particular characteristics such causticity and instability (Lyu et al., 2015; Yang et al., 2009; Zhang et al., 2013). Likewise, they are considered as potential environmental hazards (Kahru et al., 1994). Therefore, knowledge of vaporization properties and other thermodynamic characteristics of these compounds are useful for designing the operating system and conversion process. Nevertheless, these properties are not adequately available and therefore, the available data are minor. Moreover, the correlations presented for these properties do not satisfactorily model these compounds and possibly phenol-rich mixtures.

Hence, in this thesis, some of the vapor pressure and other physical properties data for a few phenolic compounds/mixtures determined or estimated from oil shale pyrolysis experiment were provided. The earlier-mentioned phenolic compounds/mixtures properties or vapor pressure data, i.e., 5-methylresorcinol and Honeyol were selected as by product of Kukersite shale oil. Additionally, another compound chosen for this purpose is bio based phenolic compound, which is 4-ethyl-2-methoxyphenol (4-ethylguaiacol). This compound which can also be extracted from petroleum sources, is extensively used as a chemical intermediate in pharmaceutical and petrochemical industries (Ye et al., 2012). 

1.5 [bookmark: _Toc115790527]Kukersite shale oil modelling

Equation of state (EoS) was essentially employed to predict thermophysical properties and phase equilibria oil fractions. The use of this approach has been used in estimation of thermphysical properties of simple fluids. This led to an increasing interest in finding alternate approach to model various complex mixtures such polymers or compounds with particular molecular interactions such as association (hydrogen bonding) or polar interactions. Therefore, characteristics of molecules and their effect on thermodynamic properties of the compounds requires different approach for modelling of compounds that have more complex systems (Tumakaka et al., 2005). This approach was based on statistical thermodynamics. 

One way to model the thermodynamic properties of hydrocarbon is Perturbed Chain Statistical Associating Fluid Theory (PC-SAFT). PC-SAFT based method which was first developed by Gross and Sadowski, (Gross & Sadowski, 2001) has advantage over cubic equation of state in which takes into account the interactions that occur between molecules of the mixture and on contrary to cubic Equation of States in which, the knowledge of critical properties is not required. This equation was primarily developed to model non-associating fluids and system with long-chain molecules such as polymers. In this approach, pure fluids are considered as hard-spheres (or segments). For PC-SAFT equation, the non-associating model parameters to characterize the fluids are segment number (m), segment dimeter (σ) and segment energy parameter (ε/k) and these parameters are obtained by fitting experimental vapor pressure and liquid density data. Applicability of this method is investigated better for pure compounds than undefined complex mixtures such oils.

While such modelling and developments were mostly proposed for petroleum fractions, shale oils were not received much consideration for this purpose. Models developed for petroleum unlikely be applicable to shale oil (Zachariah S Baird et al., 2017; Zachariah Steven Baird et al., 2015; R Rannaveski & Listak, 2018; Rivo Rannaveski, 2018) since the compositions and structures of petroleum and shale oil are different. While the applicability of different petroleum correlations could be assessed for various shale oil deposits, modelling of Kukersite shale oils were of concern of this work.

In summary, measured experimental data for Kukersite shale oil narrow boiling pseudocomponents were employed to develop correlations that could be used to calculate PC-SAFT parameters. These models primarily presented for gasoline fractions up to 180 °C, and then extended to all shale oil fractions up to 500 °C. 

1.6 [bookmark: _Toc115790528]Conclusions

Based on literature review the following conclusions could be drawn:

· Shale oil has been studied in lesser extent compared with crude oil and therefore, available data were found to be much less.

· The availability of vapor pressure data of shale oil-related products or mixtures are no exception as well.

· The correlations for crude oil vapor pressure data were also studied in larger scale and thus the application of some of these correlations for various properties of shale oils is yet to be assessed.

· Despite correlations for Kukersite shale oil developed over five decades ago, the necessity to introduce new model including much larger number of experimental data could be necessary.

· Simple yet robust model with larger number of fractions is continuously valued. In addition, the model given is non-cubic equation of state which is presented differently compared with those published earlier.

1.7 [bookmark: _Toc115790529]Objectives

It was noted that the Kukersite shale oil properties data were available in a much smaller set, date back to decades ago, and are mostly not systematic. Moreover, a more robust model to predict the properties of Kukersite shale oil using a larger dataset was also of interest. Previous correlations were simple yet only covered much smaller range of oil properties.

The limited availability of Kukersite shale oil properties data and oil by-products in addition to having a predictive model to estimate the properties of shale oil fractions have led to the aim of the thesis to meet several research objectives. 

Therefore, the objectives of the thesis are to:

· Provide thermodynamic and physical properties for narrow boiling Kukersite shale oil gasoline fractions. In addition to evaluating the applicability/suitability of several petroleum vapor pressure correlations to shale oil fractions. 

· Generate vapor pressure data for pyrolysis oil-derived phenolic compounds for wide range of pressures by DSC.

· Assess the possibility of these pyrolysis oil-derived phenolic compounds to be used as model compound for modelling phenolic compounds of shale oil.

· Develop a correlation to model Kukersite shale oil gasoline fractions using 
PC-SAFT equation of state

· Extend the development of the model used for shale oil gasoline to all available fractions using PC-SAFT equation which includes the non-associating parameter correlations for aromatic compounds.

This method allows for estimation of Kukersite shale oil properties which could further be considered to develop property prediction method for oil shales from different origins.




[bookmark: _Toc115790530]Experimental and modelling

In this section, pure compounds and oil mixtures used for analysis were listed and preparation of these compounds were described. Experimental procedure developed for vapor pressure measurements, were described and methods used for development of correlations were explained.

1.8 [bookmark: _Toc115790531]Materials

In this work, several compounds were used for measurements as part of experimental studies.

[bookmark: _Toc110423016][bookmark: _Toc115790532]Pure compounds

List of pure compounds used for studies as well as pure compounds used for performance check of the instruments, supplier, CAS RN., chemical formula, molecular weight, purity, and the purpose were provided in Table 1. For analysis, all pure compounds used as received with no further purification. The purity of 5-methylrescorcinol, biphenyl and 
4-ethyl-2-methoxyphenol were measured by Gas chromatography (GC). The reported purities for Toluene and Benzene were also given in Table 1.

[bookmark: _Toc110423017][bookmark: _Toc115790533]Shale oil-derived compounds

Narrow boiling Kukersite shale oil gasoline fractions were obtained from wide Estonian Kukersite shale oil gasoline fraction using distillation method. The wide fraction of shale oil gasoline used in this study produced through Galoter process. While for the first article, wide gasoline fractions distilled for measurements, considerably more narrow boiling range fractions were used for modelling. This was done to meet the objective of third article as more data were needed for developing a model. The additional fractions that have been previously distilled as part of the goal of other project, used in here so that the more properties data fitted for the correlations. Additional wide Kukersite samples used for third article studies were taken from different Eesti Energia plants within 2 years when the bigger project was ongoing. Therefore, the properties of narrow boiling fractions obtained from wide fractions, were measured earlier and used for to model the Kukuesite shale oil fractions. 

Table 2 report the measured thermohysical properties of the narrow gasoline fractions (Initial and final boiling points of each fraction, percent distilled, refractive index, densities and molecular weight) used to validate the petroleum vapor pressure correlations. Initial boiling point and end boiling point of distillation temperature range refer to the temperature that first and final drop of specific fraction collected. It was so that the final distillation temperature of earlier fraction is identical to initial distillation temperature of subsequent fraction. These fractions numbered in increasing routine so that former fractions represent the lighter fractions and first fractions of each distillation denote the lightest fraction of respective distillation.

Another compound, Honeyol (CAS No. 799275-41-5 with Molecular weight of 
142.8 g/mol – measured in the lab), produced by VKG (Viru Keemia Grupp) Company, used for vapor pressure measurement. The water used is distilled and purified in our laboratory. Using gas chromatography technique, compositional analysis of Honeyol showed that 62.4% of this mixture is 5-methylresorcinol, while 11.4% is 4,5 dimethylresorcinol, 9.4% is 5-ethylresorcinol and 6.7% is 2,5 dimethylresorcinol. These compounds take up to around 90% of Honeyol.

Because Honeyol is highly viscous with sticky consistency, it was slowly heated prior to measurement so that the properties are not affected.

[bookmark: _Ref96326955][bookmark: _Toc110423046]Table 1. Pure compounds properties

		Compound

		Supplier

		CAS RN

		Empirical formula

		Molecular weight

(g mol–1)

		Purity (mass %)

		Purpose



		Benzene

		Lachner

		71-43-2

		C6H6

		78.1

		99.9

		Used to evaluate the performance of ERAVAP vapor pressure tester



		Toluene

		Sigma-Aldrich

		108-88-3

		C7H8

		92.1

		99.7

		



		4-ethyl-2-methoxyphenol

		ACROS Organics

		2785-89-9

		C9H12O2

		152.2

		98.6

		Used to provide new sets of vapor pressure data up to atmospheric pressure



		5-methylresorcinol

		VKG

		504-15-4

		C7H8O2

		124.1

		99.9

		



		Biphenyl

		Alfa Aesar

		92-52-4

		C12H10

		154.2

		99.0

		Considered to check the DSC measurement accuracy



		Water

		Purified water in the laboratory

		-

		H2O

		18.0

		Bi-distilled

		





[bookmark: _Ref96327043][bookmark: _Toc110423047]Table 2. Properties of the narrow boiling shale gasoline fractions

		Fraction

		Initial boiling point

		Final boiling point

		Percent recovered

		Refractive Index (20 °C)

		Density (20 °C)

		Molecular weight



		No.

		°C

		°C

		wt%

		

		g cm–3

		g mol–1



		1

		58

		68

		1.2%

		1.4053

		0.7103

		103



		2

		68

		86

		2.1%

		1.4161

		0.7301

		91



		3

		86

		98

		3.1%

		1.4235

		0.7478

		93



		4

		98

		84

		5.4%

		1.4254

		0.7498

		106



		5

		84

		94

		1.4%

		1.4210

		0.7419

		99



		6

		94

		104

		2.3%

		1.4299

		0.7608

		94



		7

		104

		112

		3.6%

		1.4420

		0.7852

		97



		8

		112

		118

		3.7%

		1.4314

		0.7660

		105



		9

		118

		121

		3.9%

		1.4298

		0.7625

		110



		10

		121

		126

		3.2%

		1.4359

		0.7753

		112



		11

		126

		134

		3.8%

		1.4466

		0.7960

		124



		12

		134

		140

		4.4%

		1.4524

		0.8090

		117





Expanded uncertainties (95% level): refractive index = 0.0021, density = 0.0003 g cm–3, molecular weight = 10 g mol–1
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1.9 [bookmark: _Toc115790534]Sample preparation

Technical straight-run gasoline fraction of Estonian Kukersite shale oil was received from Eesti Energia with boiling range from around 40 to 200 °C. The plant uses solid heat carrier technology (Gaolter process). (Elenurm et al., 2008; Golubev, 2003). In this technology, Kukersite shale oil as raw material was used, in which, three wide industrial shale oil fractions were produced: heavy oil, fuel oil and gasoline. 

Technical gasoline fraction (density of 0.7848 g cm–3 at 20 °C) was used in this work for the column distillation. Elemental composition analysis of literature data confirm that around 3% of the technical gasoline fractions consist of heteroatos (likely sulfur and oxygen compounds) (Qian & Yin, 2010; Urov & Sumberg, 1999).

The technical gasoline fraction was then distilled into narrow boiling fractions using distillation column in accordance with ASTM D2892 (ASTM D2892-15, 2015). For the column distillation, a packed distillation column with reflux ratio 6 to 1 and 24 theoretical trays was used. A mercury thermometer was used to measure the temperature at the top of the column, and the accuracy of this thermometer was checked in boiling water to make sure it showed the correct temperatures. The fractions were separated on the basis on the volume collected. Meaning that once around 20 ml of sample was collected, new bottle was used to collect the next sample. To prevent from losing the volatiles, the gasoline vapors and subsequently liquid samples were collected in cooled glass condenser at approximately –10 °C. During the column distillation, there were some difficulties with keeping the temperature stable and at points, the temperature at the top of the column dropped instead of steadily increasing.

For this distillation, the mass percent recovered in each fraction is given in Table 2. Note that to make the curves comparable the average normal boiling points calculated from the vapor pressure data were used instead of distillation temperatures. The drop in temperature for some of the fractions during the column distillation is due to the difficulty in maintaining a stable temperature increase during that distillation.

1.10 [bookmark: _Toc115790535]Methods and procedures

In this section, commercial instruments and methods developed to measure thermodynamic and physical properties of various compounds and procedure described to obtain correlations for Kukersite shale oil fractions were given.

[bookmark: _Toc110423020][bookmark: _Toc115790536]Measurement of properties

Properties of pure compounds and oil fractions were measured by means of different methods. These measurement methods are provided in this section of the thesis.

Density

Density of 4-ethyl-2-methoxyphenol and Kukersite shale oil gasoline fractions were obtained by DMA5000M density meter (Anton Paar GmbH). For gasoline fractions, Standard uncertainty was 0.00015 g cm–3 and expanded uncertainty (95% level) was estimated to be 0.0003 g cm–3 (Zachariah Steven Baird, 2017).

However, the expanded uncertainty for 4-ethyl-2-methoxtphenol was 0.00005 g cm–3. Considering the purity of this compound, the expanded uncertainty (95% level) was 0.0001 g cm-3. The performance of density meter was checked with air and distilled water before and after each measurement. This ensured that the instrument is clean prior to experiment and therefore the accuracy is high. The difference between measured and reference value does not exceed 0.00005 g cm–3.

Molecular weight

The average molecular weight was either measured by cryoscopy method according to ASTM D2224 (ASTM D2224, 1983) or measured using vapor pressure osmometry technique. In cryoscopy measurement, benzene was used as solvent. The method was described thoroughly by Järvik and Oja (Järvik & Oja, 2017). The uncertainty increased with molecular weight, and for the samples given here, the 5 g mol–1 standard uncertainty (10 g mol–1 expanded uncertainty k = 2) was recorded.

The number average molecular weight of Honeyol was measured using KNAUER 
K-7000 vapor pressure osmometer (Wissenschaftliche Gerätebau Dr. Ing. Herbert KNAUER GmbH, Germany). Distilled water used as solvent and expanded uncertainty was about 7%.

Refractive index

Abbemat HT refractometer (Anton Paar GmbH) at wavelength 589.592 nm was used to measure the refractive index at 20 °C. The performance check was done before and after measurement and for this purpose, distilled water was used. For gasoline samples, 
the expanded uncertainty (95% level) was found to be 0.0021.(Zachariah Steven Baird, 2017) Due to high volatility of first few gasoline fractions, and therefore, constant change of RI value, the estimation of average values obtained were taken. 

Boiling Point

The average boiling point of gasoline fractions obtained from distillation in which arithmetic mean of temperature calculated when first and final drop of the fraction collected. The boiling point uncertainty was estimated to be 1 °C.

[bookmark: _Toc110423021][bookmark: _Toc115790537]Vapor pressure measurement

Several vapor pressure of pure compounds as well as Honeyol were measured using Differential Scanning Calorimetry (DSC). Vapor pressure of Kukersite gasoline fractions were measured using ERAVAP. The detailed experimental procedure is provided below.

ERAVAP vapor pressure tester

Vapor pressure was measured with ERAVAP (Eralytics GmbH) and 4 to 1 vapor-liquid ratio according to the ASTM D6378 standard (ASTM D6378-10, 2016). This commercial analyzer measures temperature and pressure of up to 120 °C and 1000 kPa, respectively. Prior to measuring the vapor pressure of gasoline fractions, the instrument was cleaned using vacuum pump. This procedure was repeated before each gasoline fraction experiment. Moreover, the instrument reliability was assessed by measuring vapor pressure of toluene and benzene. The values were then compared to those from references for Benzene (Ambrose et al., 1990; Boublik et al., 1984; Connolly & Kandalic, 1962; Dreisbach, 1955; Wilhoit & Zwolinski, 1971) and Toluene (Dean, 1992; Dreisbach, 1955; Wilhoit & Zwolinski, 1971; Willingham et al., 1945). Based on this data, the vapor pressure standard uncertainty was obtained to be 0.3 kPa.

Differential Scanning Calorimeter (DSC)

Vapor pressure of phenolic compounds were measured using Netzsch 204HP Phoenix high pressure Differential Scanning Calorimeter (DSC), in accordance with standard test method ASTM E 1782 “Standard test method for determining vapor pressure by thermal analysis” (ASTM, 2003). To increase the accuracy of pressure measurement, another pressure controller (Brooks instrument Model 5866) and pressure sensor (Omegadune Inc., model PX409-150 AUSB) were connected to the system. The pressure sensor has 0.008% full-scale error. For pressure monitoring, in general two sensors were connected to the outlet and inlet of the system so that the pressure drop could be recorded. 
The observed pressure drop value can be considered for final pressure analysis. 
The significance of minor pressure loss can contribute to likely major calculation error when very low vapor pressure experiments were of interest.

As DSC system shown in Figure 1, for measurement of vapor pressures in vacuum, the system was equipped with membrane vacuum pump (vacuum-brand PC 3001 Vario) with variable motor speed controller CVC 3000. Overall, several modifications were done to better observe the behavior of the system. Vacuum sensor MKS Baraton (type 626B) was added to the outlet of the system to measure the pressure of DSC cell. The calibration of the sensor was performed in metrological center to ensure reliable results. Vacuum sensor has operating range of 0.0133–130 kPa. The accuracy of reading was specified to be 0.25%.

The distance between the outlet pressure sensor and DSC cell was 47 cm and measured pressure drop was 0.003 kPa at atmospheric conditions. The inlet and outlet tubes of DSC cell were modified and immersed in 2L ballast tank cooling fluid connected with Huber CC250 chiller in order to trap the vaporizing samples in the system. Temperature of cooling bath was monitored by Thermocouple thermometer to be not higher than –39 °C.

Experimental vapor pressure carried out within the pressure range between 1 kPa and atmospheric pressure. The heating rate was 5 K min–1. Hermetically sealable 40 µl aluminum pan, which had 50 µm laser drilled pinhole lid was used to place the sample inside the furnace. Inert gas (Nitrogen) with 99.999% purity was used as purge gas for 20–30 min before each experiment to eliminate the possibility of air presence and oxidation in the system during experiment. This procedure was followed during vacuum experiments as well. The nitrogen flow rate was 40 ml min–1. the sample used for the measurements were between 1–5 mg for pressures between 5–101.3 kPa and 3–10 mg for pressures between 1–5 kPa.

The DSC performance test was done using distilled water (Wagner & Pruß, 2002) and biphenyl (99% purity, CAS RN. 92-52-4) (Chipman & Peltier, 1929; Chirico et al., 1989; Garrick, 1927). In this regard, for vapor pressure experiments above 5 kPa, crucibles with 50 µm pinhole lid were used. However, for experiments below 5 kPa, the lid hole was manually enlarged to as much as 180 µm for very low vapor pressure measurements. This recommendations was provided to in order to obtain better curve from DSC analysis software (Brozena, 2013; Butrow & Seyler, 2003).

The temperature calibration was performed according to the manufacturer’s recommendation using tin, indium, zinc, bismuth, and lead in normal conditions and operating conditions for both samples’ calibration measurements were similar. For each sample, the measurement was carried out at least twice to verify the repeatability or more if the difference between the obtained boiling points from thermoanalytical curve exceeded 0.1 K. 
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[bookmark: _Ref96328282][bookmark: _Ref96327138][bookmark: _Toc114579886]Figure 1. Modified DSC for vapor pressure measurement
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Applicability of vapor pressure measurements

Techniques used to measure the vapor pressure of phenolic compounds and gasoline fractions were evaluated prior to experiment. For narrow boiling range gasoline fractions, static vapor pressure tester ERAVAP was used and vapor pressure of phenolic compounds was measured by differential scanning calorimeter (DSC) Performance of these instruments was assessed using several pure compounds. Table 3 provides general information regarding all the compounds used with objective of performance check for vapor pressure instruments. Reference data were rather correlated from the references or Antoine equation constants provided in the references, were used.

As shown in Figure 2, data are in good agreement with references. Average absolute relative deviation for all references is independently below 1%. For most of the compounds, references with various measurement techniques were used. For distilled water, cubic equation of state introduced by Wagner & Pruß, was used. The uncertainty of the equation of state withtin experimental range in the reference article was reported to be about 0.02%. For the compound, while all absolute devations are below or around 0.1 kPa, the vapor pressure measurement error for experiment at atmospheric condition was around 1.5 kPa. And, as a matter of convneince, this point just reported in here and removed from the figure.

Among all experimental data compared for biphenyl, the maximum deviation from the references were seen for atmospheric pressure which shows deviation of less than 0.4 kPa. However, consdiering the rest of data points of this compound, the deviations fall below 0.1 kPa except three data points where the error is approximately 0.15 kPa on average. 



On the other hand, most of vapor pressues ARD% were about 0.30% for toluene and 0.55% for benzene and most of the references used in here, reported only the Anotine equation constants. The absolute error values for these compounds is maximum 0.3 kPa. Figure 2 presents the absolute deviation of measured DSC and ERAVAP vapor pressures. Because the error values for benzene and toluene for all the references, one common reference selected for comparison in Figure 2. 
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[bookmark: _Ref96327288][bookmark: _Toc110423048]Table 3. Pure compounds used for performance evaluation of vapor pressure measurement methods

		Pure compounds

		Measurement range in the article (kPa)

		Reference

		Average absolute relative deviation (ARD %)

		Explanation for reference



		Differential Scanning Calorimetry (DSC) – II article



		Distilled water

		49.88 – 100.92

		(Wagner & Pruß, 2002)

		0.47%

		EoS based on selected data



		Biphenyl

		0.90-100.40

		(Chirico et al., 1989)

		0.71%

		Ebulliometric method



		

		

		(Chipman & Peltier, 1929)

		0.44%

		Modified isoteniscope-manometer method



		

		

		(Garrick, 1927)

		0.31%

		Modified manometric method



		ERAVAP vapor pressure tester – I article



		Benzene 

		24.1-135.8

		(Dreisbach, 1955)

		0.30%

		Antoine Eq. from API data



		

		

		(Boublik et al., 1984)

		0.31%

		From reported extrapolated data of (Ambrose, 1981)



		

		

		(Wilhoit & Zwolinski, 1971)

		0.30%

		Antoine Eq. from data



		

		

		(Ambrose et al., 1990)

		0.30%

		Ebulliometric



		

		

		(Connolly & Kandalic, 1962)

		0.30%

		Static method



		Toluene

		18.6-54.1

		(Dreisbach, 1955)

		0.56%

		Antoine Eq. from API data



		

		

		(Wilhoit & Zwolinski, 1971)

		0.55%

		Antoine Eq. from data



		

		

		(Dean, 1992)

		0.56%

		Antoine Eq. from data



		

		

		(Willingham et al., 1945)

		0.55%

		Static method
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[bookmark: _Ref96327362][bookmark: _Toc114579887]Figure 2. Deviation plot for vapor pressure of pure compounds used for performance check. ∆P is the difference between experimental pressure and reference pressure: [∆P = Preference – Pmeasurement]

Overall, these insturments showed reliable results to perform vapor pressure measurment for narrow boiling range gasoline fractions as well pyrolysis oil phenolic compounds.

[bookmark: _Toc110423023][bookmark: _Toc115790538]Data processing 

Measured samples and compounds were fitted and deviation of experimental were checked with literature values when available. 

Data analysis

Experimental vapor pressure data of phenolic compounds were fitted to a tested against Antoine equation:

		

		(2.1)





Where A, B and C are Antoine parameters, T is temperature (K), P is vapor pressure (kPa), R is gas constant and ∆Hvap is vaporization enthalpy (kJ mol-1) And, vaporization enthalpy (ΔHvap) at normal boiling point is calculated from the slope of linear Clausius-Clapeyron regression of ln(P) vs 1/T plot:

		

		(2.2)





In order to determine Antoin equation constants, POLYMATH software was used.







For shale gasoline fractions, integrated form of the Clausius-Clapeyron equation was used. Therefore:

		

		(2.3)





or,

		

		(2.4)





Where A and B are Antoine parameters, T is temperature (K), P is vapor pressure (kPa), R is gas constant and ∆Hvap is vaporization enthalpy (kJ mol–1). These parameters were obtained from linear regression equation plotted for each fraction. (R = 8.314 J mol–1 K–1).

Error analysis

Relative deviation and average absolute relative deviation (ARD) of experimental data are expressed as below.

Relative deviation:

		

		(2.5)





Average relative deviation:



		

		(2.6)





Where,  represents experimental value measured,  is reference value and n is number of experiment data points.

Furthermore, measured gasoline fraction data were compared with several vapor pressure correlations using root mean square error (RMSE) and the absolute deviation between calculated value and measure value denoted with r:

		

		(2.7)



		

		(2.8)





Where n is number of data points and  and  are predicted and measured values, respectively.

[bookmark: _Toc110423024][bookmark: _Toc115790539]Kukersite shale oil modelling

Detailed data analysis presented by Gubergrits (Gubergrits et al., 1989) was the main source to be considered for analysis of chemical classes of compounds for shale gasoline fractions. This procedure was thoroughly described in article III. In general, each chemical class of compound were separately estimated for different temperature range (from 
40 to 150 °C and from 150 to 180 °C). The Mass percent values were estimated such that they are consistent with the FTIR analysis (Zachariah Steven Baird, 2017). Having estimated these properties, the amount of each class of compound was fitted to boiling point and density values. The result of the fitting were correlations that can be used to estimate the composition of a fraction based on its density and boiling point.

In short, the amount of each chemical class of compound were separately estimated for different temperature range. From around 40 °C to 150 °C and from 150 °C to 180 °C. The Mass percent values were estimated such that they are consistent with the FTIR analysis (Zachariah Steven Baird, 2017). This Analysis was done on data obtained for narrow boiling range fractions. Having estimated these properties, the amount of each class of compound was fitted to boiling point and density values. The result of the fitting were correlations that can be used to estimate the composition of a fraction based on its density and boiling point.

Correlation for neutral oxygen compounds were fitted using literature parameters for pure compounds. Having considered generalized equation for n-alkane suggested by Gross and Sadowski (Gross & Sadowski, 2001) and correlation for 1-alkene proposed by Ghosh et al. (Ghosh et al., 2003). These Three correlations were fitted to experimental shale oil data to develop PC-SAFT non-associating parameters correlations. Therefore, the correlations for aromatic and phenolic classes of compounds obtained by fitting all data to correlations.


[bookmark: _Toc115790540]Results and discussions

In this section, approaches that described earlier, were applied in which, data were either experimentally measured such as vapor pressure gasoline fractions or collected using the properties of all available fractions that had been distilled for the objective of model development.

1.11 [bookmark: _Toc115790541]Evaluation of petroleum correlations for shale oil gasoline fractions

Vapor pressure experiments carried out for broad range of temperature and static vapor pressure device was used for measuring the vapor pressure of gasoline fractions. There are several correlations and methods that have been widely used to measure the vapor pressure of petroleum fractions. For vapor pressure prediction, the commonly used methods are correlations or graphs. Correlations usually require basic properties of compounds. The applicability of the use of correlations may also be extended to narrow boiling fractions (or pseudocomponents) (M R Riazi, 2005).

Several existing correlations are available to predict the vapor pressure of petroleum fractions. Some of these correlations require information regarding pseudocritical properties such as correlations proposed by Lee and Kesler (B. I. Lee & Kesler, 1975), or Ambrose and Walton (Poling et al., 2000), or modified Riedel equation (Tsonopoulos, C, Heidman, J L, & Hwang, 1986; Wilson et al., 1981).

In the article I, three correlations were selected to calculate the vapor pressure of Estonian Kukersite shale oil narrow boiling gasoline fractions. Correlation proposed by Van Nes and Van Westen (Van Nes & Van Westen, 1951) is the simplest form of vapor pressure correlation with accuracy of 1% for pure hydrocarbons. Correlations suggested by Wilson et al. (Wilson et al., 1981), Maxwell and Bonnell (MB) (Maxwell & Bonnell, 1955, 1957), and modified MB  suggested by Tsonopoulos et al. (Maxwell & Bonnell, 1957) and are another alternatives that were chosen for calculation of vapor pressure of gasoline fractions. It has been seen that when the modified Maxwell and Bonnell correlation used, the error was about 4.6% (Tsonopoulos, C, Heidman, J L, & Hwang, 1986) These correlations were selected because of their simplicity in which input parameters were easy to measure or calculate.

Table 4 provides the calculated root mean square error (RMSE) of each correlation.



[bookmark: _Ref96327622][bookmark: _Ref96327616][bookmark: _Toc110423049]Table 4. RMSE of correlations used for vapor pressure prediction of shale oil gasoline fractions

		Correlation

		RMSE (%)

		Reference



		Van Kranen and Van Westen

		3.4

		(Van Nes & Van Westen, 1951)



		Maxwell and Bonnell

		2.9

		(Maxwell & Bonnell, 1955, 1957)



		Modified Maxwell and Bonnell

		2.9

		(Tsonopoulos, C, Heidman, J L, & Hwang, 1986; Wilson et al., 1981)









In general, it was seen that behavior of these correlations are comparable to each other while, the estimated vapor pressure value difference between these correlations is not significant, Maxwell and Bonnell as well as modified Maxwell and Bonnell correlation showed slightly better performance compared with Van Kranen and Van Westen. However, possibly one advantage of Van Kranen and Van Westen is that the correlation could be immediately used when only normal boiling point of the fraction is available and hence, no further parameter or properties is required for quick calculation of vapor pressure. While, for vapor pressure prediction using the other two correlations, specific gravity (or density) is needed. Moreover, Van Kranen and Van Westen showed also high accuracy of vapor pressure estimation when used for temperature near boiling points and this deviation increased when temperature exceeds normal boiling point. While, other correlations showed great accuracy for temperature around boiling point, the simplicity of Van Kranen and Van Westen correlation could also be advantage for quick prediction of vapor pressure at temperatures close to the boiling point of the fraction. 

In general, it was observed that when these correlations are used to estimate the vapor pressure of shale oil gasoline fractions, the relative error is about 5%. Therefore, these correlations could be collectively used to estimate the vapor pressure of these types of oil.

[bookmark: _Toc110423027][bookmark: _Toc115790542]Watson Characterization factor

One of the most commonly used characterization methods are Watson characterization factor (Kw). Here, the characterization factor of shale oil gasoline fractions was plotted against average boiling point of gasoline fractions. This factor correlates specific gravity and normal boiling point of oil fractions and it could be used to predict the specific gravity or density of oil at 15.5 °C when the Kw value is available. Moreover, it is helpful parameter to classify petroleum fractions and crude oil type (M R Riazi, 2005). Average boiling point in here refers to the average temperature of distillation data. 

Generally, Watson characterization factor (Watson K) helps to define oil fractions. 
This factor has been applied to conventional crude oil in the past decades. Watson K range is usually from 10 to 13 and high Watson K refers to more paraffinic and less aromaticity of the structure of the compound while high Watson K value denotes decrease in aromaticity. On the other hand, Kukersite shale oil is rich in aromatic compounds and therefore, by increase in boiling temperature, it is expected that aromatic content increases. Therefore, it could be the reason for such steep downward trend which is shown in figure below. In Figure 3, this trend was shown for calculated Kw value of each gasoline shale oil fractions (Article I).

Overall, while the correlations for crude oils were seen to be applicable to shale oil fractions, Watson factor could simply emphasize on that by observing similar behavior in Watson K change for both shale oil and crude oil fractions. 



[bookmark: _Ref96327719][bookmark: _Toc114579888]Figure 3. Watson characterization factor for gasoline fractions

1.12 [bookmark: _Toc115790543]Phenolic compounds in pyrolysis oil

Vapor pressure of two pure compounds extracted from pyrolysis oil, 5-methylresorcinol and 4-ethyl-2methoxyphenol, as well as a phenolic mixture as shale oil by-product were measured by Differential Scanning Calorimetry technique up to atmospheric pressure. The measured data and other calculated properties are available in article II.

Using this technique, the ln(P) as a function of reciprocal T for these fractions provided good linearity of at least R2=0.9994. Therefore, normal boiling points of these compounds obtained from the fit. Among these compounds measured, very few data for 
5-methylresorcinol could be found in the literature. The previous vapor pressure measurements were made at lower temperature range from 322. K to 338.1 K (Ribeiro da Silva & Lobo Ferreira, 2009). It was concluded that because in our work measurement was done at higher temperature, the comparative enthalpy of vaporization was expected to be lower in which the logical trend was seen to be followed (Article II). Information regarding these data is provided in Table 5.

[bookmark: _Ref96327965][bookmark: _Toc110423050]Table 5. Properties data for 5-methylresorcinol available in the literature 

		Reference

		Information 



		(Ribeiro da Silva & Lobo Ferreira, 2009)

		Mass-loss Knudsen effusion method was used for vapor pressure measurement. The experimental conditions are 322.2–328.1 K and 0.153–0.935 Pa. The calculated pressure at T = 293.15 K is (1.5 ±1.4) 102 and ∆Hvap at normal boiling point is approximately 102.4 kJ mol–1



		(Weast et al., 1989)

		Normal boiling point is Tb = 562.7 K



		(Stephenson & Malanowski, 1987)

		For temperature range 402–468 K, Enthalpy of vaporization at normal boiling point was reported to be ∆Hvap = 76.6 kJ mol–1



		Our work

		DSC technique was used (∆Hvap (Tb) = 69.6 kJ mol–1, 
Tb = 564.4 K)







Phenolic compounds in shale oil are in abundance. However, the richness of these compounds is dependent on the type of oil and process used. Many phenolic fractions were separated from Estonian Kukersite shale oi (Järvik et al., 2021) and properties of these compounds were compared with phenolic compound used in article II (Honeyol, 
4-ethyl-2-methoxyphenol and 5-methylresorcinol). Phenolic fractions were separated from shale oil following the method suggested by Kogerman. In brief, benzene was added to shale oil followed by 10% sodium hydroxide (NaOH)) solution in order to make the phenol part separable. Lastly, distilled water was added to oil to remove NaOH (Kogerman, 1931).

In article II analysis, fractions with boiling point of up to 620 K were used. It was seen that 4-ethyl-2-methyoxyphenol could possibly be used as model compound for this type of pyrolysis oil due to having similar properties. Figure 4 graphically describes the possibility of the use of 4-ethyl-2-methyoxyphenol to perform as model compound. 
This compound was shown in orange. This could also be looked upon so that the compound located within the margins of the trendline associated with all fractions. 
In Figure 4, all phenolic fractions extracted from Estonian Kukersite shale oil.





[bookmark: _Ref96328047][bookmark: _Toc114579889]Figure 4. Behavior of molecular weight of 4-ethyl-2-methoxyphenol (orange dot) as well as phenolic fractions extracted from Kukersite shale oil as a function of average boiling point

For simplicity, a polynomial correlation was developed for phenolic fractions. This was done in order to evaluate the applicability of phenolic compounds to behave as model compound for phenolic fraction pyrolysis oil. For this, empirical correlation, R2 was seen to be approximately 0.98.

		

		(3.1)





Where, MW is molecular weight in g mol–1 and ABP is average boiling point of phenolic compounds in Kelvin. The average absolute relative deviation of correlation was found to be less than 5%. However, with few data points, the relative deviation (RD%) reached as high as 12%.

[bookmark: _Toc110423029][bookmark: _Toc115790544]Applicability of Estonian Kukersite shale oil model

As explained in the methods and procedure section as well as article III, phase behavior modelling of shale oil gasoline samples was done using PC-SAFT equation of state. Experimental vapor pressure and liquid density of gasoline fractions were used to fit 
non-associating parameters. The average absolute relative deviation of the fit was near 11%. 

The composition of each class of compound for gasoline fractions were estimated up to 180 °C. Although Kukersite shale oil is rich in phenolic compounds the FTIR analysis of the samples showed that these compounds appear in fractions at normal boiling temperatures around 200 °C. Therefore, possibility of very small presence prior to this temperature was negligible for current analysis. In general, for shale oil fractions, with increase in boiling temperature, the amount of olefin and paraffin decreases, while aromaticity follows reverse fashion. This relies partly on the increase in phenolic compounds which was observed for temperature above 200 °C approximately.

Figure 5 presents the trend obtained to explain the behavior of H/C atomic ratio as a function of boiling temperature. In order to evaluate the correctness of estimated compositions, true hydrogen to carbon atomic ratio were fitted polynomial to the normal boiling point of all gasoline fractions. 





[bookmark: _Ref96328112][bookmark: _Toc114579890]Figure 5. Measured hydrogen to carbon atomic ratio as a function of boiling point of all fractions

Hence, for H/C atomic ratio comparison, the correlation below was used.

		

		(3.2)





Where, H/C refers to Hydrogen to Carbon atomic ratio and Tb is normal boiling point of all Kukersite fractions in Kelvin. The R2 for hydrogen to carbon atomic ratio for estimated contents were 0.93. This correlation could be applicable for estimating the atomic ratio of Kukersite shale oil when normal boiling is available.

[bookmark: _Toc110423030][bookmark: _Toc115790545]Property prediction of Kukersite shale oil

Having modeled the properties of lighter portions of Kukersite shale oil fractions (gasoline fractions), the work was extended to the modelling of Kukersite shale oil fractions up to about 450 °C. The properties of fractions with boiling points higher than 180 °C were provided in the work published by (Järvik et al., 2020). In this work, wide fractions were distilled to narrow boiling range fractions and a number of fractions up to 450 °C were collected and the basic properties of these samples were measured. Having considered these data, the study of the modeling of gasoline fractions was extended to consider higher boiling fractions. To do so, the aromatic correlations obtained from the fit compounds were additionally applied to the alkane and 1-alkene correlations. For this, generalized correlations for phenolic compounds were obtained so that, the presence 
of the phenolic compounds could also be considered for modelling of all fractions. 
The correlations for phenolic compounds are as follows:



		(3.3)





 = q01 + q11 

		(3.4)





σi = q02 + q12 

		(3.5)





 = q03 + q13 

		(3.6)





kAB = q04 + q14 

		(3.7)





ɛAB/k = q05 + q15 

[bookmark: _Ref107261926][bookmark: _Toc110423051]Additionally, two more relations were included (equations 3.6 and 3.7) for these types of compounds which correspond to association parameters (association energy and association volume). The error of the fit was seen to be 11.2%. Table 6 implies the coefficients obtained for phenolic compounds from the fit. For modelling of all fractions, binary interaction parameters for all classes of compounds were set to zero except for phenolic compounds in which this value was found through optimization and obtained to be 5.9397. To summarize, correlations for paraffins and olefins are presented in article III equations 2–4, correlations for aromatic were provided in article III equations 6–8 and correlations for phenolic compounds were presented above (equations 3.3–3.7).

Table 6. Coefficients for phenolic compounds present in Kukersite shale oil

		Correlation constants

		Unit

		Phenolic



		q01

		Å

		0.5854



		q11

		

		-0.5913



		q21

		

		



		q02

		mol g-1

		-5.2050



		q12

		

		4.4963



		q22

		

		



		q03

		K

		361.551



		q13

		

		4978.353



		q23

		

		



		q04

		_

		0.3243



		q14

		

		-0.5446



		q05

		K

		49830.1



		q15

		

		-16776.9







It should be noted that the coefficients for alkane and alkene published by Gross and Sadowsky (Gross & Sadowski, 2001) and Ghosh et al. (Ghosh set al., 2003), respectively along with coefficients for aromatics obtained in our work were presented in Article III.

Overall, two separate models were developed for predicting the properties of Kukersite shale fractions. Primarily, fractions with boiling points up to 180 °C were analyzed and furthermore, fractions with boiling points up to 450 °C were taken into account considering the achieved result from low boiling fractions. As a matter of fact, it can be seen that these models could be used to predict the properties of gasoline fractions individually and the results could just be with little difference. 

The models were developed in general in order to observe the behavior of shale oil fractions as a system. In spite of analyzing the behavior of the predicted vapor pressure values (as provided in article III), plotting density curves in a similar manner could also be discussed further as forthcoming investigation. Besides, more studies could be performed in detail in different paths. For instance; the calculations of heat of vaporization or viscosity could be another means to understand the change of these properties for different fractions. Another approach to implement these models is to calculate some properties of a wide gasoline fraction such as gasoline samples that are produced by the oil shale processing plant. 

In a different way, creating a mixture of the different fractions in shale gasoline or possibly fractions with higher boiling points based on the mass fractions obtained 
from the distillations may be cooperative to further calculate the average properties of 
shale gasoline. One example might be calculating how the vapor pressure changes as progressively more and more of the wide fraction is vaporized. 

In a larger scale, the path to creating the model could be the ground for developing a separate model for shale oil of different deposits as well as bio-oil. 




[bookmark: _Toc115790546]Conclusions

In this study, multiple property prediction methods were evaluated or developed to estimate the thermodynamic and transport properties of Kukersite shale oil fractions. 

Results for vapor pressure prediction correlations indicate that once basic characteristics of fractions such as normal boiling point and/or density are experimentally measured, they could be used as input parameters to suitably predict the vapor pressure of Kukersite shale oil fractions. While accuracy of these vapor pressure models was observed to be within few percent, it was found that this accuracy is improved when the property of oil mixture at approximate normal boiling point is required. 

For Kukersite shale oil specifically, using PC-SAFT equation of state, properties of these types of oils could be estimated when several basic properties are available, such as normal boiling point, density and molecular weight. The error for these types of oil was acceptable considering the fact that several industrial wide fractions were obtained within prolonged period of time and also, these fractions were distilled into narrow boiling range fractions using various distillation methods. This could lead to the idea that the presented model would be applicable to diverse range of shale oil samples. Although, the applicability of these samples could be checked for different variety of shale oil samples from other resources, it is likely that it results larger error, possibly because of the structure of Kukersite shale oil, which most probably cannot be widely found in oil shale deposits around the globe. For that, suggestion could be that the initial composition of shale oil fractions to be investigated. The proposed model could be used to estimate the properties and phase behavior of shale oil primarily in Estonia where process design and environmental assessment is of interest.

Finally, the properties of phenolic compounds could be similar to those fractions obtained from distillations. This also hint that these compounds could also be used as model compounds to analyze the behavior of pyrolysis oil. However, it may be advisable to investigate the structure and well along, wider number of basic properties for these model compounds, but some of the compounds obtained from pyrolysis oil appear to be favorable when used for behavior prediction.
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Phase Equilibria of Complex Mixture in the Context of Unconventional Fuel Resources

Predicting various thermodynamic, physical and transport properties of hydrocarbon mixtures is crucial to oil operations and related industries to be used for oil unit design, separation processes etc. While characterization of oil is important, these data are not always widely available or measured, and therefore, developing reliable approaches with suitable accuracy has continuously been requisite for vapor-liquid phase equilibria calculations. Property prediction methods were mostly defined for conventional oils and effectiveness of these methods yet to be thoroughly evaluated for shale oils. Besides, outcome could vary for the reason that shale oil resources are different in composition and other properties. While Estonian Kukersite shale oil has been fairly utilized and studied in the last century, there has been inadequate data for them. Moreover, despite having distinctive structure, applicability of predictive methods for petroleum yet to be investigated or further, separate model to be independently introduced for these types of oils.

The goal of this thesis was to present an additional dataset for Kukersite shale oil and then introduce an additional applicable model, which could be used as predictive tool for these types of oils. This was done using existing correlations that have been previously developed for petroleum, and creating several equations with respect to properties of oil fractions to model Kukersite shale oil.

Therefore, narrow boiling range gasoline fractions distilled from wide fraction as well as several compounds derived from pyrolysis oil were studied. Gasoline fractions were used to evaluate the applicability of vapor pressure prediction correlations and pyrolysis oil derived phenolic compounds were used to observe the relevance of such compounds if they can be used as a model compound for phenolic part of Kukersite shale oil. Using an extensive database of measured Kukersite shale oil properties, PC-SAFT equation of state was develop to model Kukersite shale oil.

This study led to realize that petroleum vapor pressure correlations for light fractions were applicable to shale oil gasoline fractions and furthermore, the developed model for Kukersite shale oil in this work could be used to predict and model the characteristics of shale oil in general with reasonable accuracy.
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Komplekssete segude faaside tasakaalud mittekonventsionaalsete energiaallikate tehnoloogiates

Süsivesinike põhiste multikomponentsete segude termodünaamilisi, füüsikalisi ja transpordiomadusi kasutatakse naftatööstuses ja sellega seotud tööstusharudes erinevate protsesside, sealhulgas separatsiooniprotsesside projekteerimisel. Kuigi nimetatud omaduste teadmine on oluline, ei ole need andmed alati avalikult kättesaadavad või teada. Seetõttu on näiteks faasitasakaalu andmete usaldusväärset hindamist võimaldavate meetodite väljatöötamine jätkuvalt oluline. Meetodid erinevate omaduste hindamiseks on tavaliselt välja töötatud naftafraktsioonide jaoks, mistõttu tuleb nende meetodite sobivust mittekonventsionaalsete õlide puhul põhjalikult kontrollida. Põlevkiviõlide kui mittekonventsionaalsete õlide korral tuleb arvestada sellega, et nende koostis ja omadused olenevad põlevkivi leiukohast. Kuigi kukersiitset põlevkiviõli on viimasel sajandil põhjalikult uuritud ja see on leidnud laialdast kasutust, siis andmed termodünaamilised omaduste kohta on puudulikud. Veelgi enam, kuna kukersiitsel põlevkiviõlil on iseloomulik koostis, siis naftafraktsioonidel põhinevad ennustusmudelite rakendatavust tuleb veel uurida ja enamasti tuleb seda tüüpi õlide jaoks võtta kasutusele eraldi mudelid.

Käesoleva doktoritöö eesmärgiks oli luua kukersiitse põlevkiviõli omaduste kohta täiendav andmestik ning nende andmete abil pakkuda välja mudelid, mida saaks kasutada seda tüüpi õlide omaduste hindamiseks. Mudelid loodi kas varem nafta jaoks välja töötatud korrelatsioonide põhjal või töötati välja olekuvõrrandid kukersiitse põlevkiviõli modelleerimiseks.

Mudelite koostamiseks uuriti nii laia keemispiiriga bensiinifraktsioonist destilleerimise teel saadud kitsaste keemispiiridega bensiinifraktsioone kui ka mitmeid pürolüüsiõlides esinevaid ühendeid. Bensiinifraktsioone kasutati aururõhu hindamiseks kasutatavate korrelatsioonide rakendatavuse kontrollimiseks. Pürolüüsiõlis leiduvaid fenoolseid ühendeid kasutati hindamaks selliste ühendite kasutatavust kukersiitse põlevkiviõli fenoolse osa modelleerimist võimaldavate mudelühenditena (pseudokomponentidena). Kasutades kukersiitse põlevkiviõli omaduste mõõtetulemuste andmebaasi, töötati välja PC-SAFT olekuvõrrand kukersiitse põlevkiviõli modelleerimiseks.

Töö tulemusena jõuti järeldusele, et nafta kergete fraktsioonide jaoks välja töötatud aururõhkude hindamiseks kasutatav korrelatsioon sobivad ka põlevkiviõlist saadud bensiinifraktsiooni aururõhkude hindamiseks. Lisaks, käesolevas töös väljatöötatud mudelit kukersiitsele põlevkiviõlile saab kasutada selleks, et mõistliku täpsusega arvutada põlevkiviõli omadusi üldiselt.
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