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Introduction 
Oil shale is a naturally occurring sedimentary rock consisting of an inorganic matrix, bitumen, 
and an organic part. The organic macromolecular part of shale oil (kerogen) can be turned 
into oil and gas through thermal processing [1] [2] [3]. The production of shale oil (liquid 
crude oil from oil shale) is more costly than the production of conventional oil. However, 
shale oil could be used as an alternative to crude oil once the reserves of the latter start 
running low or crude oil prices rise. In fact, historically, shale oil use has gained attention 
whenever crude oil prices have increased [4] [5]. In some cases, shale oil is preferred to 
petroleum oil due to its specific properties, such as lower pour point [6]. Furthermore, shale 
oil is used for the production of more valuable chemicals, such as phenols (from Kukersite oil 
shale in Estonia [7]. 

Shale oil is obtained from oil shale through pyrolysis, which is the thermal decomposition 
of oil shale in an inert environment at elevated temperatures. In Estonia, two different 
pyrolysis processes – solid heat carrier (Galoter) and internal combustion (Kiviter) [8] [9] [10] 
– are utilized for the production of shale oil. One problem faced when working with oil shale 
and shale oil is the lack of reliable literature data or correlations for predicting oil properties 
[11] [12] [13] [14]. These correlations could in turn be used to model industrial processes for 
producing or refining oil shale [15] [16] [2] [17] [18]. One of the key input parameters for 
correlating properties is the average boiling point of the mixture. 

The present study began as a part of a larger project aiming to measure the properties of 
Estonian shale oil (gasoline and middle oil fractions) with an ultimate goal of correlating 
different properties. Shale oil is a complex continuous mixture with a wide distribution of 
constituents and properties [19] [20] [21]. The aim of the study was to find a way to measure 
the average boiling points of pre-prepared narrow boiling range oil fractions (continuous 
mixtures) as accurately as possible while keeping processing times short and samples small. 
The mixtures we analyzed contained heteroatoms, making the existing simulated distillation 
methods unusable. We also had to take into account the fact that most of the samples we 
would be studying would be fractions collected from distillation processes, meaning that the 
amount of sample required for each experiment would have to be relatively small. The 
method would also have to be universally applicable to samples of different origin (different 
boiling ranges, chemical composition, etc.).  

In the course of developing the method, we also ran into an issue with thermally unstable 
samples. Modifications thus had to be made and different approaches studied to enable 
measuring the average boiling points of samples with boiling ranges above the 
decomposition temperature. 
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Abbreviations 
ABP Average Boiling Point 
WABP Weight Average Boiling Point 
MABP Molal Average Boiling Point 
VABP Volume Average Boiling Point 
CABP Cubic Average Boiling Point 
MeABP Mean Average Boiling Point 
SL Slope 
IBP Initial Boiling Point 
FBP Final Boiling Point 
ASTM American Society for Testing and Materials 
TBP True Boiling Point 
GC Gas Chromatography 
TG Thermogravimetry 
TGA Thermogravimetric Analysis 
DSC Differential Scanning Calorimetry 
CK Calibration Constant 
CC Calibration Curve 
MT Mass Transfer Equation and Diffusion Coefficient  
GrC Group Contribution 
FO Fuel Oil 
cFO Concentrated Fuel Oil 
EABP Equivalent Average Boiling Point 
AAD Absolute Average Deviation 
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1 Literature review 

1.1 Average boiling point 
The boiling point of a pure compound is the temperature at which its vapour pressure is equal 
to the pressure surrounding the compound. However, in case of mixtures, there is no single 
boiling point; they are instead characterized using a variety of temperatures that describe 
the boiling parameters of the mixture – initial boiling point, final boiling point, and boiling 
range. 

Another way to characterize mixtures is to view them as pseudo-components where 
different parameters are viewed as an average value. In this case, the boiling of a mixture is 
characterized by a single temperature, which is called the average boiling point. 
Mathematically, the average boiling point (ABP) of a mixture can be defined as: 

𝐴𝐴𝐴𝐴𝐴𝐴 = �𝑥𝑥𝑖𝑖𝑇𝑇𝑏𝑏,𝑖𝑖

𝑛𝑛

𝑖𝑖=1

 

Where xi is either the mass, mole, or volume fraction of the component I; Tb is the boiling 
point of the component I; and ABP, respectively, the weight, mole, or volume average boiling 
point of the mixture. The different average boiling points can also be defined as WABP 
(Weight Average Boiling Point), MABP (Molal Average Boiling Point), and VABP (Volume 
Average Boiling Point). Two additional average boiling points in use are the cubic average 
boiling point (CABP) and mean average boiling point (MeABP), which are defined as follows 
[22]: 

𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴 = �
1

1.8
� (�𝑥𝑥𝑣𝑣,𝑖𝑖�1,8𝑇𝑇𝑏𝑏,𝑖𝑖 − 459,67�

1
3)3 + 255,37

𝑛𝑛

𝑖𝑖=1

 

𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴 =
𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴

2
 

Average boiling points are often used as an input parameter in correlations. Table 1 
summarizes how different average boiling points are used for calculating other properties. 

 

Average Boiling Point Correlation 
Cubic Average Viscosities 
Molal Average Pseudo-critical temperature, characterization factor, thermal 

expansion of liquid 
Mean Average Molecular weight, hydrogen content, heat of combustion, 

pseudo-critical pressure, molecular weight, specific gravity, 
specific heat 

Weight Average Critical properties 
Volume Average Liquid viscosity, specific gravity 

 
For multi-component mixtures, such as oils, where the components and composition are 

not known, average boiling points have historically been found from ASTM D86 distillation 
data as follows [22]: 

𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴 =
𝑇𝑇10 + 𝑇𝑇30 + 𝑇𝑇50 + 𝑇𝑇70 + 𝑇𝑇90

5
 

Table 1. Use of different average boiling points to calculate other properties [23]. 
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Where T10, T30, T50, T70 and T90 are temperatures at, respectively, 10, 30, 50, 70 and 90 vol% 
distilled. From the distillation data, the slope of the distillation curve can also be calculated: 

𝑆𝑆𝑆𝑆 =
𝑇𝑇90 − 𝑇𝑇10

80
Zhou [24] developed analytical correlations for calculating the WABP, MABP, CABP, and 

MeABP from VABP and SL as follows: 
𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴 − ∆𝑇𝑇 

Where ABP can be any of the aforementioned average boiling points, and ∆𝑇𝑇 is the 
temperature correction for each type of average boiling point and is calculated as: 

ln(−∆𝑇𝑇𝑊𝑊) = −3,64991 − 0,02706(𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴 − 273,15)0,6667 + 5,163875𝑆𝑆𝑆𝑆0,25 
ln(−∆𝑇𝑇𝑀𝑀) = −1,15158 − 0,01181(𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴 − 273,15)0,6667 + 3,70612𝑆𝑆𝑆𝑆0,333 

ln(−∆𝑇𝑇𝐶𝐶) = −0,82368 − 0,08997(𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴 − 273,15)0,45 + 2,45679𝑆𝑆𝑆𝑆0,45 
ln(−∆𝑇𝑇𝑀𝑀𝑀𝑀) = −1,53181 − 0,0128(𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴 − 273,15)0,6667 + 3,646064𝑆𝑆𝑆𝑆0,333 

1.2 Distillation curves 
The boiling point of the lightest components in a continuous mixture such as an oil is called 
the initial boiling point (IBP), while the boiling point of the heaviest compound is the 
final boiling point (FBP). The boiling range of the mixture is the difference between the 
final and initial boiling points. Usually, the wider the boiling range, the more compounds 
mixtures like oils contain. The boiling of oils is characterized by a boiling point curve, usually 
obtained from distillation. There are various types of distillation approaches, both 
standardized and non-standardized [25] [26] [27]. Some of the methods for obtaining 
boiling point curves are described below. 

1.2.1 ASTM D86 
ASTM D86 (or Engler) distillation [28] is one of the simplest distillations methods that has 
historically been used for describing the boiling point curve of oils. However, this method is 
not suitable for very light gases or heavy compounds. ASTM D86 distillation is carried out at 
atmospheric pressure and temperatures at 0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 95 and 
100 vol% recovery are usually determined and the distillation curve constructed based on 
that data. The final boiling point at 100% is usually not accurate. Decomposition can 
significantly affect the results of analyzing thermally unstable samples such as shale oils. 
Furthermore, low degrees of separation and system specific phenomena which will be 
further discussed below also affect the accuracy of the average boiling points obtained with 
this method. 

1.2.2 True Boiling Point (ASTM D2892) 
Another issue with ASTM D86 distillation is that, even though it is fast, the degree of 
fractionation obtained is low. The components in the mixture are thus not thoroughly 
fractionated and the distillation curve does not actually represent the true boiling point curve 
of the sample. To obtain an accurate representation of the boiling range, one has to use a 
distillation process with at least 15 theoretical plates and a reflux ratio of 1:5 or higher [29]. 
Figure 1 illustrates the difference between a distillation curve obtained from ASTM D86 
distillation and a TBP curve using ASTM D2892 distillation. However, compared to the ASTM 
D86 distillation method described above, this method is much more time consuming and 
costly. As with ASTM D86, thermally unstable samples tend to decompose at higher 
temperatures and the longer experiment time affects the results even more than with 
ASTM D86.  
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1.2.3 Distillation at reduced pressures (ASTM D1160) 
To overcome the decomposition of the sample at higher temperatures, distillations can be 
carried out at reduced pressures [31]. Several correlations exist for calculating atmospheric 
equivalent temperatures from data gathered at other pressures for petroleum oils; however, 
no such reliable correlations exist for shale oil.  
 

1.2.4 Simulated distillation (ASTM D2887) 
A trend in the recent years has been to simulate distillations using other types of methods of 
analysis. One of these is gas chromatographic analysis [32] of oils where the individual 
components are separated in the GC column, each peak corresponding to a different 
compound in the mixture. The retention times of the peaks are then compared to the 
retention times of reference compounds. The area under the peak is proportional to the 
amount of the component (wt%) reaching the detector. A boiling point curve can thus be 
generated based on the wt% and boiling temperatures of different compounds. Additionally, 
the composition of oils can be analyzed as well. However, this method is applicable to 
petroleum fuels consisting only of hydrocarbons but cannot be used when analyzing oils 
containing organic groups comprising heteroatoms. Interactions between the GC column and 
heteroatoms affect the retention times of such compounds, making the simulated distillation 
results inaccurate. 

1.2.5 Other methods 
Thermogravimetric analysis has been used in the past to analyze the volatility of petroleum 
fuels [33] [34] and coal pyrolysis products [35], and it has been found that thermal analysis, 
in principle, is suitable for studying oils. [36] [25] [37] also investigate the use of a 
thermogravimetry-based continuous Knudsen effusion method for analyzing the 
vaporization of heavy oils and tars under high vacuum conditions. However, no systematic 
approach for evaluating the boiling ranges or average boiling points of continuous mixtures 
exists to this day. 

1.2.6 Distillation interconversion 
Different researchers have worked on developing empirical correlations for converting 
temperatures between different distillation types for petroleum products since the early 
20th century [38]. However, all such correlations have been based on experimental data 
obtained without any standardized procedures or apparatus. The development of different 
boiling curve analysis methods enabled researchers to develop more accurate correlations 

0 50 100
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Figure 1. ASTM D86 and TBP distillation data for Alaska naphtha [30]. 
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[22] [39] [40]. Today, it is possible to find correlations for the interconversion of distillation 
types for petroleum fractions from a number of authors, making it possible to assess boiling 
ranges of samples more accurately even using the more simplified ASTM D86 distillation, 
rather than TBP distillation. The downside is that no such reliable correlations exist for shale 
oil. This required us to develop a reliable method for measuring accurate average boiling 
points for mixtures for analyzing the properties of narrow boiling range shale oil fractions 
obtained at reduced pressures. 

1.3 Thermal analysis 
To develop a novel method for determining the average boiling points of mixtures, we used 
the measuring principles (pinhole in the lid covering the crucible, small sample size, and slow 
heating rate) from the ASTM E1782 method for determining vapour pressure by thermal 
analysis [41] [42] [43] as our starting point. This method is applicable with either 
thermogravimetric analysis (TGA) or differential scanning calorimetry (DSC), although DSC is 
usually preferred. [44] presents a summary of studies where DSC has been used to measure 
vapour pressure. In [44], the authors also expand the method to the measurement of vapour 
pressure of narrow boiling oil fractions, further corroborating the universal nature of thermal 
analysis. 

In this study, the majority of the development has been done using TGA. However, a part 
of the analysis also concentrates on the DSC and shows how the proposed method can be 
used with either device. 

1.3.1 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) is a method of thermal analysis where the mass of a 
sample is continuously measured while the temperature of the sample changes over time. 
Even though TGA can be used to study a range of different phenomena, such as absorption, 
desorption, solid-gas reactions, etc., it was used here to study the vaporization of oils [45] 
[46] [47].  

1.3.2 Differential scanning calorimetry 
Differential scanning calorimetry (DSC) is another method of thermal analysis where heat 
effect of the sample relative to the reference are measured. There are two types of DSC 
devices: heat flux DSC and power compensation DSC. In heat flux DSC, the heat flow to the 
sample and reference is kept constant and the difference between temperatures is 
measured. In case of power compensated DSC, the sample and the reference are placed in 
separate furnaces and their temperature difference is kept constant. The power difference 
required to keep the temperature difference constant is proportional to the heat flow [48] 
[49]. DSC is mainly used to detect the endothermic and exothermic effects of a sample and 
can be used to study parameters such as phase transition temperatures and the temperature 
dependancy of enthalpy [49].  
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2 Experimental part 
The experimental section of this thesis further describes the development of the thermal 
analysis method for determining the average boiling points of continuous mixtures. This 
section describes the preparation of samples for obtaining the pre-prepared narrow boiling 
range fractions we used for evaluating the applicability and accuracy of the methods in 
question. The focus is mainly on the development of the thermogravimetric method. 
However, we also investigate the use of DSC to carry out similar experiments and explain how 
the DSC experiments differ from the TG method.  

2.1 Materials 
2.1.1 Pure compounds 
To evaluate the applicability of thermogravimetry for measuring vapour pressure, following 
compounds were used: resorcinol (Sigma-Aldrich, purity 99%), hexadecane (Fisher Chemical, 
98%), nonane (Sigma-Aldrich, 99%), benzoic acid (British Chemical Standards, 99.93%), 
anthracene (Sigma-Aldrich, >99%), docosane (Sigma-Aldrich, 99%), dimethyl phthalate 
(Sigma-Aldrich, >99%), diisodecyl phthalate (Merck, 99.5%, mixture of isomers), and 
pentadecane (Sigma-Aldrich, >99%). The chemicals were used without further purification. 

2.1.2 Narrow boiling range oil fractions 
For the analysis, we used shale oil middle fraction (boiling range about 170 to 465 °C) and 
shale oil gasoline fraction (boiling range about 55 to 175 °C) produced from Estonian 
Kukersite oil shale by Galoter process and automotive diesel fuel. An overview of the 
different fractionation processes carried out for different samples and what they were used 
for is provided in Table 2. 
 

Material Type of fractionation Purpose 
Shale oil middle 
fraction 

ASTM D2892 in a packed 
column with column height of 
0.86 m and diameter of 3.5 cm. 
Spiral prismatic packing with 
length of 3 mm, diameter of 2.5 
mm and wire diameter of 0.24 
mm was used as the packing. 
The number of theoretical 
plates was found to be 24. 

Several rectification processes 
were carried out to obtain 
narrow boiling range fractions 
for testing the accuracy of 
finding average boiling points by 
thermal analysis.  

 Vacuum distillation similar to 
ASTM D1160  

Vacuum distillation was used to 
fractionate shale oil middle oil 
into narrow boiling range 
fraction in a manner that would 
facilitate obtaining higher 
boiling range fractions than 
distillation at atmospheric 
pressures. 

 Simple batch distillation in 
accordance with ASTM D86. 

ASTM D86 distillation was used 
to obtain narrow boiling range 
fractions (compared to the 
initial sample) of shale oil in a 

Table 2. Overview of fractionation types used in the analysis. 
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more convenient manner. These 
fractions were also used for the 
section of this study where we 
analyze the difference between 
ASTM D86 and TG boiling points. 

Shale oil gasoline 
fraction 

Simple batch distillation in 
accordance to ASTM D86. 

Fractions used to estimate the 
temperature delay caused by 
residence time in the 
condenser. 

Automotive diesel 
fuel 

Rectification at reduced 
pressure in Vigreux column 
with 4.2 theoretical plates and 
reflux ratio of 6:1.  

Three narrow boiling range 
fractions collected at reduced 
pressure to test if the average 
boiling point obtained from 
thermal analysis would match 
the average boiling point 
obtained from distillation in 
vacuum.  

 

2.1.3 Sample preparation 
As explained above, this study started as a part of a larger project seeking to develop 
correlations relating different properties to each other. To obtain the data necessary to 
develop such correlations, we first had to produce the samples and then measure the 
parameters used in correlations as accurately as possible. 

From the methods used for separating continuous mixtures – ASTM D86, D1160 and ASTM 
D2892 –, we initially chose ASTM D86, as it is faster, more convenient, and requires a smaller 
sample to carry out than the other two separation methods. However, because of the 
thermal instability of shale oil, we eventually had to carry out fractionation in vacuum (similar 
to ASTM D1160) as well. 

It was initially assumed that the average temperature based on the initial and final 
temperature of the fraction obtained from ASTM D86 distillation would characterize average 
boiling point of the sample accurately enough. However, further research revealed (as a part 
of Paper III) that the ASTM D86 distillation curve would differ from the true vaporization 
curve due to partial condensation of the sample in the neck of the flask, lower level of 
separation, and the liquid holding capacity of the condenser [50]. That is the reason why TBP 
curves start at a lower temperature and end at a higher temperature than ASTM D86 
distillation curves (as seen in Figure 1) and why the average temperature cannot characterize 
the actual average boiling point. Even though different correlations have been developed to 
convert ASTM D86 distillation curves into TBP distillation curves, no actual information could 
be found about how much the real average boiling point would differ from the ASTM D86 
average boiling point for narrow boiling range fractions. As a result, we faced the necessity 
to develop a new, previously nonexistent method for measuring the actual average boiling 
point of the narrow boiling range fractions we obtained from the fractionation of shale oil. 

2.2 Development of the method 
2.2.1 Equipment 
2.2.1.1 Thermogravimetric analysis  
The TG experiments carried out in this study were conducted using a Du Pont Instruments 
951 Thermogravimetric Analyzer with improved temperature measurement system. The 
modifications done to the equipment are described in detailed in Paper I. The experimental 
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procedure and parameters are discussed in Paper II. Varying sample masses of 5–20 mg were 
used. Experiments at reduced pressures required using smaller samples to avoid the 
development of overpressure in the crucible. We used crucibles with a capacity of 160 µl 
(Mettler Toledo ME-51143092) which were in turn closed with a lid with a 50 µm pinhole 
(Mettler Toledo ME-51140832). In the experiments at reduced pressures, Vacuubrand 
PC3001 Vario and CVC 3000 were used to control the pressure and Vacuubrand VSP 3000 to 
measure the pressure value. The temperature measurement accuracy of this system was  
±2 °C. Heating rates of 5 to 20 °C/min were used, with the majority of experiments being 
carried out at 10 °C/min. The flow rate of the carrier gas was kept at 200 ml/min using a 
Vögtlin red-y flow controller. No buoyancy effect was observed at the experimental 
conditions used in this study.  
2.2.1.2 Differential scanning calorimetry 
The DSC system used in this study was the Netzsch DSC 204 Phoenix, which is described in 
[44]. Vacuubrand PC3001 Vario and CVC 3000 were used to control the pressure in the system 
and a Omegadune Inc. model PX409- 150AUSB pressure sensor it was used for pressure 
measurements. Unlike the TG experiments, the ASTM E1782 standard was followed more 
closely in these experiments. Therefore, we used crucibles with a 40 µl capacity (Netzsch DSC-
crucibles 6.239.2-64.5.01) closed with lids with 50 µm holes (Netzsch DSC-lids 6.239.2-
64.801). The thermocouples in the device were calibrated using metal melting point and the 
vacuum sensor was calibrated by Metrosert AS. The measuring accuracy for temperature was 
±0.4 °C and for pressure, better than 1.8%. 
 

2.2.2 Vapour pressure measurements using the established TG method 
Different approaches of thermal analysis were tested during the course of the development 
of the method. We initially used open crucible thermogravimetry to measure vapour 
pressures of pure substances. This approach is a well-established and tested method of 
measuring vapour pressure of pure substances based on their rate of mass loss [51] [52]. In 
Paper I, several previously developed methods for obtaining vapour pressure from TGA mass 
loss data were used and compared. Vapour pressures were experimentally determined for 
docosane, hexadecane, resorcinol, anthracene, benzoic acid, and nonane using calibration 
constant (CK), calibration curve (CC), mass transfer equations, diffusion coefficient (MT) and 
group contribution (GrC) methods. The absolute average deviation (AAD) of vapour pressure 
for different methods were found to be: CK – 14.6%, CC – 13,8%, and MT –6.4%. It should be 
noted that a temperature detection uncertainty of ±2 K could cause an error of 7–9% in the 
vapour pressure measurements. A summary of the deviations for different compounds at 
highest and lowest measured temperatures using different methods is presented in Table 3. 
 

Compound 

Reference 
vapour 
pressure (Pa) 

CK error (%) CC error 
(%) 

MT error 
(%) 

GrC error 
(%) 

Tmin Tmax Tmin Tmax Tmin Tmax Tmin Tmax Tmin Tmax 

Docosane 
Hexadecane 
Resorcinol 
Anthracene 
Benzoic acid 
Nonane 

691 
1544 
1448 
7883 
2702 
6086 

13028 
15529 
17491 
24209 
24451 
45667 

0.4 
18.3 
10.6 

4.6 
–20.9 

35.7 

6.7 
16.5 
10.0 

–16.7 
–17.9 

17.0 

8.3 
9.8 

19.1 
3.8 

13.5 
26.9 

19.2 
16.1 
11.2 

–15.1 
9.8 

13.1 

4.3 
–1.6 

6.1 
7.9 

–11.4 
–6.4 

1.6 
–0.2 

7.7 
–9.5 

6.7 
13.8 

5.6 
30.6 

–11.1 
39.1 

–17.9 
43.5 

12.5 
20.0 
–1.9 
19.7 
–2.9 
16.0 

Table 3. Errors in vapour pressure values (Table 4, Paper I). 
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2.2.3 Application of thermogravimetry for assessing boiling point distribution 
This initial work was carried out to familiarize ourselves with the TG method and test our 
equipment. In the course of these analyses, we found a way to measure temperature as 
accurately as our equipment allowed and this later carried over when we further 
developed the way of measuring ABP using TGA.  

However, the open crucible method proved to be inadequate for determining the average 
boiling points or boiling ranges of mixtures. At the same time, Siitsman, et al. [44] applied 
DSC and closed crucible (pinhole) to narrow boiling range gasoline fractions. They found that 
the ASTM E1782 standard, usually used for obtaining vapour pressure curves for pure 
substances, could also be used with narrow boiling range mixtures. 

From this development by Siitsman, et al., we started looking into using lids with a pinhole. 
However, the conventional setup for the ASTM E1782 standard (sample and crucible sizes, 
heating rates, etc.) would still have to be studied. We carried out a set of different exploratory 
experiments using a similar setup to a thermogravimetric analyzer but without a scale to 
determine when overpressure developed in the closed crucible and what kind of parameters 
would have to be used to avoid it. 
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Figure 2. Temperature curves for the narrowest oil fraction (boiling range from 189 to 193 °C) 
during evaporation with a heating rate of 5 °C min–1 through a pinhole (d=50 μm) using 

sample masses of 20 mg and 5 mg and a bigger handmade hole (d=200±80 μm) using 20 mg 
of sample (Figure 2, Paper II). 
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Figure 2 and Figure 3 illustrate the development of overpressure in the crucible using 
different samples. In Figure 2, we used a single fraction obtained from rectification with a 
narrow boiling range. In this case, overpressure developed even when using a small amount 
of sample (illustrated by the temperature curve deviating from the linear line). However, 
when using a mixture of five sequential rectification cuts (Figure 3), no deviation from the 
linear line appeared when using 5 mg of sample. Furthermore, when using a larger amount 
of sample (20 mg), the temperature profiles for a bigger handmade hole and a pinhole act 
similarly within the temperature measuring accuracy of the system. Paper II further describes 
the effects of the width of the boiling range on the development of overpressure in the 
crucible.  

These experiments showed that the use of correct experimental parameters enables 
carrying out these experiments with no overpressure developing in the capsule. This, in turn, 
means that the part of the sample that boils at a certain temperature at atmospheric pressure 
leaves the capsule before the next temperature is reached. Therefore, the differential mass 
loss curve (mass loss rate curve) obtained through thermogravimetric analysis would 
correspond to the boiling point distribution of the sample. However, this hypothesis would 
still have to be proven by comparing average boiling points obtained from TG analysis to TBP 
of fractions obtained from rectification. 

2.2.4 Obtaining TBP equivalent data from thermal analysis 
When carrying out thermal analysis, mass loss and temperature inside the chamber are 
recorded for the sample being vaporized. Therefore, the temperature dependence of the 
mass loss we obtain would follow the boiling of the mixture. However, if TBP distillation is 
used, temperatures are recorded at the top of the column where the sample condenses. It 
was thus important to convert the TG vaporization curve into a condensation curve that 
would resemble the condensation temperatures we would see when carrying out 
rectification. How this conversion was carried out is discussed in Papers II and IV. Figure 4 
illustrates the difference between the initial vaporization curve and the calculated 
condensation curve. 
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Figure 3. Temperature curves for evaporation of 20 mg of the widest oil fraction (boiling 
range from 160 to 201.7 °C) with a heating rate of 5 °C min–1 through a pinhole (d=50 μm) 

and a bigger handmade hole (d=200±80 μm) (Figure 4, Paper II). 
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From the condensation curve, it was possible to determine the average boiling point in 

three different ways: 
• Mathematical average of initial and final boiling points 
• Temperature at the highest point of the curve 
• Weighted average of all data points 

Weighted average was calculated using the following equation: 

𝑊𝑊𝐴𝐴𝐴𝐴𝐴𝐴 = ��𝑇𝑇𝑖𝑖 �
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Once we had a way of theoretically simulating the distillation process, we had to validate 
the accuracy of this method. For this purpose, two rectifications of shale oil middle oil were 
carried out at atmospheric pressure below the decomposition temperature following the 
ASTM D2892 standard. The narrow boiling range fractions obtained from the TBP distillation 
where then analyzed using thermogravimetric analysis. Experimental conditions were varied 
to obtain optimum conditions. Based on previous experience, it was assumed that the results 
would be affected by experimental conditions (sample mass, heating rate) and sample 
properties (boiling range).  

 
Table 4 summarizes the effects of experimental parameters, sample properties, and different 
ABP determination methods on the results.  
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Figure 4. Comparison of the measured ‘boiling’ and constructed ‘condensation’ curves for an 
oil fraction with a boiling range from 149–205 °C. The boiling curve was measured with a 

heating rate of 5 °C min–1 (Figure 7, Paper II). 
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No. Heating rate, °C
min–1 

Sample 
Mass, mg 

Distillation data, °C Average boiling point (deviation), °C 

Initial Final TBP Range Mathematical 
(Eq. ) Tangent Peak 

1 5 10.2 

149 205 182.8 56 

181.5 (1.3) 184 (–1.2) 186 (3.2) 
2 10 9.8 182.8 (0.0) 189 (–6.4) 190 (–12.7) 
3 20 10.8 190.6 (–7.8) 199 (–16.2) 199 (–16.2) 
4 

10 

5.0 180.5 (2.3) 186 (–2.7) 191 (–8.2) 
5 10.0 183.6 (–0.8) 189 (–5.7) 188 (–5.2) 
6 32.6 185.1 (–2.3) 197 (–14) 204 (–21.2) 
7 21.7 183.1 (–0.3) 187 (–3.7) 196.5 (–13.7) 
8 15.6 164 205 185.5 41 181.9 (3.6) 187 (–1.8) 191 (–5.5) 
9 21.6 170 202 184.8 32 185.1 (–0.3) 193 (–8.2) 204.5 (–19.7) 

10 19.0 164 192 178.2 28 177.1 (1.1) 182 (–4.1) 188 (–9.8) 
11 20.5 164 182 173.7 18 176.1 (–2.4) 181 (–7.3) 187 (–13.3) 
12 18.1 183 192 187.3 9.5 187.6 (–0.3) 194 (–6.5) 199 (–11.7) 
13 20.2 170 177 173.5 7 174.0 (–0.5) 178 (–4) 188 (–14.5) 
14 17.6 177 182 179.5 5 182.7 (–3.2) 184 (–4) 193.5 (–14) 
15 14.1 

192 202 197 10 
199.2 (–2.2) 201.5 (–4.5) 210 (–13) 

16 14.3 195.5 (1.5) 202.5 (–5.5) 204 (–7) 
17 27.9 198.5 (–1.5) 200.5 (–3.5) 208 (–11) 

Dev=TTBP – TTG 

Table 4. Evaluation of the determination of weight average true boiling points using the method developed in this study (mathematical method). Values 
from the tangent and peak methods, based on calculated condensation curves, are shown for comparison (Table 1, Paper II). 
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2.2.5 Heating rate, sample mass and boiling range analysis 
Effects of the heating rate were assessed using a sample with a boiling range of 149 to 205 °C 
and a mass of 10 mg. Heating rates of 5, 10 and 20 °C/min were tested (Table 1, rows 1–3). 
Condensation curves corresponding to the different heating rates are shown in Figure 5. 
Heating rates of 5 and 10 °C/min gave a similar ABP value (within temperature measuring 
uncertainty). The least accurate result was obtained when using a heating rate of 20 °C/min. 
The larger difference from TBP at 20 °C/min could have been caused by two factors: 
temperature equilibrium not being reached due to excessive heating rate, and overpressure 
developing in the capsule due to the sample vaporizing too fast. 10 °C/min was chosen as the 
heating rate for further analysis to minimize the effect of decomposition of samples. 

Testing the effect of sample size on the results showed that using 5 to 30 mg of sample were 
all comparably precise being within 3 °C of TBP values (Table 4, rows 2, 4–7). 

Sample properties (boiling range of the sample) were assessed by mixing together 
different rectification fractions to obtain samples with different boiling ranges. Table 1, rows 
8–17 show that the method is well-suited for samples with varying boiling ranges.  

From this analysis, it was possible to determine that the optimal heating rate was 
10 °C/min and the optimal sample size about 10–30 mg. Sample boiling range had 
no considerable effect on the accuracy of the method within our tested boiling point 
range (up to 56 °C based on rectification data). 

Once the optimal conditions were determined, we carried out a TG analysis for the 
mentioned TBP distillation fractions and compared the results to the TBP values. All the data 
points are presented in Figure 6. 
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Figure 5. Condensation temperature distribution as a function of heating for an oil fraction 
with a boiling range of 149–205 °C (Figure 8, Paper II). 
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Comparison of the calculated ABP values to TBP temperatures showed that the average 
deviation was 0.8 °C (absolute average deviation 1.9 °C) and maximum deviation was 4.5 °C 
(with only 2 points deviating from the TBP values by more than 4 °C). 

This demonstrates that the TG method is suitable for determining the average boiling point 
of narrow boiling range fractions obtained from rectification while the ABP values remained 
below the decomposition point of shale oil.  

 

2.3 ASTM D86 delay 
After ensuring that the TG method was accurate and gave results similar to TBP values, the 
method was used to measure the average boiling points of narrow boiling range cuts 
obtained from ASTM D86 distillation. This allowed us to carry out a faster and more 
convenient fractionation process and still be able to obtain accurate average boiling points 
for these fractions. It also allowed us to evaluate how much the average temperature of a 
fraction collected from ASTM D86 distillation deviated from the true average boiling point of 
this fraction. A comparison of ABPs showed that the ABP obtained by the TG method was 
always lower than the one from ASTM D86 distillation (Figure 7). The difference between 
these two temperatures also depended on how narrow boiling range the fractions had– 
fractions with a narrower boiling range (such as shale oil gasoline with boiling ranges of  
5–15 °C in width) differed less than ones with wider boiling range (shale oil middle oil 
fractions with boiling ranged of 20–25 °C). While analyzing the reasons for such deviation, it 
was postulated that it could be caused by the residence time in the condenser. The 
temperature measured inside the distillation flask continues to increase while a part of the 
sample leaves the flask, condenses in the condenser, moves through the condenser and is 
collected, and this delay results in a difference between the measured temperature and 
actual condensation temperature of the drop.  

A visual experiment described in Paper III was carried out to estimate the residence time 
of a drop in the condenser. Based on the properties (mainly viscosity) of the sample, the 
residence time was found to be around 41 to 72 seconds. When taking into account the 
average heating rates of the ASTM D86 distillations we carried out (around 10–20 °C/min), a 
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residence time of 41 to 72 seconds could cause a temperature delay of about 8 to 25 °C. The 
absolute average deviation between the ABPs found in TG and ASTM D86 was 11.9 °C for 
narrow boiling range fractions and 21.2 °C for fractions with wider boiling range. Figure 7 also 
shows that the deviation between these temperatures does not remain constant but rather 
fluctuates. This could be caused by the changes in heating rate in order to keep the collection 
speed constant. A more detailed description of the experiment and results is found in Paper 
III. 

 

 

2.4 Obtaining equivalent atmospheric boiling point from experiments at 
reduced pressures 
2.4.1 Development of the method 
While using the TG method to determine the average boiling points of shale oil fractions that 
were obtained from vacuum distillation, we ran into a problem when analyzing fractions with 
higher ABP (>400 °C). Shale oil samples started to decompose around these temperatures, 
which affected the mass loss rate curve that we would obtain from thermogravimetric 
analysis. It was clear that these results would not be accurate because the curve that we got 
no longer corresponded to the boiling point distribution of the original sample. 

To counteract the decomposition phenomenon, we investigated a way to carry out the 
thermogravimetric analysis at reduced pressures and then extrapolate the results to 
atmospheric pressure, giving us an Equivalent Average Boiling Point (EABP). 

At this point, we started testing if DSC could be used in a similar fashion. The difference 
between this work and the studies conducted by Siitsman, et al. [44] is that they analyzed the 
initial boiling point of the sample, whereas the focus of this study is on the average boiling 
point. 

While the TG method is straightforward, measuring mass loss over a range of temperature, 
one would have to account for the heat effects and baseline shift due to changes in heat 
capacity when using DSC. As a result, in addition to converting the vaporization temperatures 
into condensation temperatures, such as with the TG analysis, we would also have to 
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construct a proper baseline which would account for the vaporization of the sample in the 
sample pan. 

In constructing the baseline, we can only account for the difference between the value of 
the baseline at the beginning of the experiment (initial temperature T0) and at the end of the 
experiment (final temperature Tf). We therefore must go through multiple sets of calculations 
as the baseline forms. In the first iteration, it is necessary to sum all the signal values and find 
the portion of the signal value of every data point x1 at temperature Tx. Signal fraction x is 
calculated from Area(T0 – Tx)/Area(T0 – Tf). Using the signal fraction x1 (as (1 – x1)) and the 
difference between the baseline heights, it is possible to construct the initial baseline 
(Iteration 1). The idea behind constructing the baseline is finding the amount of sample that 
has vaporized at every data point and its effect on the change in baseline. For Iteration 2, we 
subtracted the initial baseline from the DSC signal values (value of the baseline at every data 
point). We repeated the calculation described for Iteration 1, found new signal fractions x2 
where index 2 denotes the signal fractions for Iteration 2, and constructed another baseline 
using these. Figure 8 illustrates how the baseline changed through multiple calculations and 
eventually stabilized (Iteration 3 and 4 coincide). Changes in heat of vaporization were not 
considered at first. However, the temperature dependence of heat of vaporization was found 
for the samples in question using the same DSC experiments and the correction was included 
in the results. Overall, when analyzing the results, two different DSC results are given in this 
study – ABP, which is not corrected for change in heat of vaporization, and cABP, which also 
includes the correction. 

Furthermore, it had to be shown that the boiling point we get from thermal analysis at 
reduced pressures would behave in a similar fashion to experiments at atmospheric pressure: 
we had to prove that the mass loss rate curve or DSC signal (thermal effect) would still 
correspond to the boiling point distribution. 

For this purpose, three fractions were obtained from a rectification process at reduced 
pressures and then analyzed with TGA and DSC at the same pressure. The average boiling 
points at this pressure were compared to the rectification results (Table 5). As these average 
temperatures coincided, it could be assumed that the method was also applicable at reduced 
pressures. 
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Rectification DSC   TGA 

Sample Initial 
BP, °C 

Final 
BP, °C 

TBP, 
°C 

ABP, 
°C 

Dev, 
°C 

cABP, 
C 

Dev, 
C 

WABP, 
°C 

DEV, 
°C 

V1 159 166 162.5 165.9 –3.4 164.7 –2.2 161.5 1 
V2 166 177 171.5 174.2 –2.7 173.1 –1.6 172.7 –1.2 
V3 177 190 183.5 186 –2.5 184.6 –1.1 183.9 –0.4 

Once the measurements at reduced pressures proved viable, we had to check the 
hypothesis that average boiling points could be extrapolated from measurements in vacuum. 
The previously used atmospheric TBP rectification fractions were employed for this. We 
determined the average boiling points for these samples at multiple pressures. As a result, 
we obtained the lnP – 1/WABP curve (weight average boiling point dependency of pressure, 
or average boiling point curve). From this curve, EABP values were found by extrapolating the 
results to atmospheric pressure, after which they were compared to TBP values obtained 
from atmospheric rectification.  

Figure 9 illustrates how the average boiling points found at different pressures behave in 
a similar manner to vapour pressure of pure compounds. The experiments carried out 
showed a change in the behaviour of the samples at pressures below 50 mbar. Below that 
pressure, the data points did not follow the linear trend they should have. It might be possible 
to expand this range to even lower pressures when using different experimental setup (larger 
pinholes, higher heating rate, etc.). However, the analysis presented here was limited to 
pressures above 50 mbar. 

As the goal was to be able to extrapolate atmospheric equivalent average boiling points, 
we tested different ranges to see how they would affect the accuracy of the EABP. Table 6 
shows how EABPs obtained from extrapolation at different pressure ranges deviated from 
the TBP value. It was clear that the accuracy of the extrapolation was affected by the number 
of data points – a higher number would eliminate the random experimental errors and 
increase the accuracy. It should also be noted that extrapolation would be more accurate the 
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closer the chosen range was to atmospheric pressure, as the lnP – 1/WABP is not perfectly 
linear. This would also explain why the EABP values are lower than the TBP temperatures. 
However, because the trend is almost linear, the extrapolated results are similar regardless 
of pressure range and are more strongly affected by random experimental errors. 
Nonetheless, based on these experiments, the absolute average deviation between EABP and 
TBP was found to be 4.6 °C and the maximum deviation to be 8.8 °C. For the sample with 
most data points, the absolute average deviation was 3.2 °C and maximum deviation 4.1 °C.  

 

  Deviation from TBP (TBP – EABP), °C   
Pressure range, 

mbar Sample 1 Sample 2 Sample 3 Sample 4 Sample 4 (DSC) 
50–500 mbar 6.5 4.8 3.9 2.8 2.6 
50–350 mbar 6.5 5.3 2.7 4.6 4.4 
50–200 mbar 8.8 6.5 4.1 5.2 4.4 
50–150 mbar 1.5 5.0 2.1 4.9 - 

TBP, C 239.5 276.9 282.0 288.6 288.6 
WABP, C 238.1 275.9 285.2 291.6 290.9 

 
While the above shows that measurements at reduced pressures could be used to 

extrapolate atmospheric equivalent boiling points, we had yet to test this method out on 
actual mixtures with normal average boiling points above the decomposition temperature.  

 

2.4.2 High boiling point fractions from vacuum distillation 
The next step in the study was to test the applicability of the method to fractions obtained 
from vacuum distillation with normal average boiling points above the decomposition 
temperature of shale oil. For this purpose, we obtained the mass loss curves of different 
fractions. Figure 10 illustrates the mass loss of a shale oil fraction with an expected average 
boiling point around 426.5 °C at 50, 100 and 150 mbar and at atmospheric pressure. The 
measurements at atmospheric pressure indicate a strong thermal decomposition (sudden 
speed variations in the rate of mass loss visible as jumps in the curve). The jumps remain 
visible in experiments at reduced pressures at temperatures above 300 °C. However, at 
reduced pressures, the extent of decomposition is clearly smaller and the obtained curve 
corresponds much more closely to the expected vaporization curve than the experiment 
done at atmospheric pressure. It should also be noted that some changes in the mass loss 
speed could also be due to the composition of the mixture. In that case, the bursts are located 
around the same location on all the thermograms.  
 

Table 6. Deviation of EABP from TBP. 



27 

 

Figure 11 shows similar differential mass loss curves for one previously measured 
rectification fraction with a WABP below decomposition temperature (TBP 276.9 °C). No signs 
of the rapid changes in the rate of mass loss that we saw in Figure 10 are observable. 

 

The average boiling points at different pressures (lnP – 1/WABP) for this sample are shown 
in Figure 12. Looking at the data points obtained at reduced pressures, it is clear that the 
points fall on a linear line (R2=0.9996) as they are supposed to. However, the experiment 
carried out at atmospheric pressure does not fall on the same trend line. If we take into 
consideration that during the decomposition phenomenon, higher boiling point components 
degrade into lower boiling points components, we can expect the atmospheric average 
boiling point to decrease due to decomposition. Previous experiments with samples that did 
not reach decomposition temperatures showed that results at atmospheric pressures 
followed the same linear trend as the experiments at reduced pressures. From this, we can 
conclude that the experimental average boiling point we obtained is too low (the data point 
is situated below the vapour pressure line). The calculated atmospheric equivalent 
temperature from the experiments at reduced pressures in this case was found to be  
454.5 °C, which is 28 °C higher than the experimental results. Similar analysis was carried out 
for four other high boiling point fractions and the results for those can be found in Table 7. 
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Figure 10. Differential mass loss curves for a high boiling points fraction (WABP 426.5 °C) at 
50, 100, 150 mbar and atmospheric pressure showing thermal decomposition at 

temperatures above 300 °C. Curves have been normalized to the same amount of mass. 

Figure 11. Differential mass loss curves for rectification fraction (TBP 276.9 C) at 100 and 
350 mbar at atmospheric pressure showing no signs for thermal decomposition. Curves have 

been normalized to the same amount of mass. 
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The difference between the measured atmospheric average boiling point and the calculated 
one varied from 10 °C to 71 °C. The only common denominator here was that the measured 
values were always lower than calculated. Such fluctuation in the results makes sense when 
taking into account that the extent of thermal decomposition can vary between experiments 
and some fractions could be more prone to decomposition than others. 

 

 

 

 

 

2.5 Evaluation of correlations for converting distillation data obtained at 
reduced pressures to atmospheric equivalent data 
Another way to obtain atmospheric equivalent boiling points is to use correlations for 
converting average boiling points obtained at reduced pressures to ones at atmospheric 
pressure. Previously, different authors have analyzed the applicability of existing correlations 
for the temperature conversions of petroleum oils and they have been found suitable. In this 
study, we test different correlations presented in Table 8 for converting average boiling 
points at reduced pressures to atmospheric equivalent boiling points and then compare the 
results with the extrapolated experimental values given in the previous chapter.  
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Figure 12. lnP – 1/WABP for a shale oil fraction with a high average boiling point and 
calculated EABP. 

Table 7. Deviation between experimental and calculated average boiling points for fractions 
with average boiling points above decomposition temperature. 

Fraction WABP, C EABP, C Dev, C 
1 426.0 496.9 70.9 
2 426.5 454.5 28.0 
3 427.7 456.9 29.2 
4 430.1 440.0 9.9 
5 435.1 461.7 26.6 
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No Authors Equation Symbols and units Notes Information Ref 
1 Maxwell 

and 
Bonnell 

𝑇𝑇𝑏𝑏′ =
748.1𝑄𝑄𝑇𝑇

1 + 𝑇𝑇(0.3861𝑄𝑄 − 0.00051606) 

𝑄𝑄 = 6.761560−0.987672 log10 𝑃𝑃
3000.538−43 log10 𝑃𝑃

, if P < 2 mmHg 

𝑄𝑄 = 5.994296−0.972546 log10 𝑃𝑃
2663.129−95.76 log10 𝑃𝑃

, if 2 ≤ P ≤ 760 mmHg 

𝑄𝑄 = 6.412631−0.989679 log10 𝑃𝑃
2770.085−36 log10 𝑃𝑃

, if P > 760 mmHg 

𝑇𝑇𝑏𝑏 = 𝑇𝑇𝑏𝑏′ + 1.3889𝐹𝐹(𝐾𝐾𝑤𝑤 − 12) log10
𝐴𝐴

760
𝐹𝐹 = 0, if Tb < 367 K or if Kw is unknown 
𝐹𝐹 = −3.2985 + 0.009𝑇𝑇𝑏𝑏, if 367 K ≤ Tb ≤ 478 K 
𝐹𝐹 = −3.2985 + 0.009𝑇𝑇𝑏𝑏, if Tb > 478 K  

P = pressure at which 
boiling data is 
available, mmHg 
T = boiling point at 
pressure P, K 
Tb’ = normal boiling 
point corrected to 
Kw=12, K 
Tb = normal boiling 
point, K 
Kw = Watson 
characterization 
factor 
F = Correction for 
fractions with Kw 
different than 12 

Equation 
given as 
found in 
[22]. 
Correction 
factor F is 
defined with 
the same 
equation for 
two different 
Tb ranges. It 
should also 
be noted 
that quite 
possibly Tb’ 
should be 
used when 
calculating F 
instead of T, 
because F 
itself is used 
to calculate 
the Tb value 
from Tb’. 

This correlation 
was initially 
developed to 
predict the vapour 
pressure of pure 
hydrocarbons and 
its reliability for 
estimating the 
normal boiling 
point of petroleum 
fractions is 
unknown. 
Generally, as the 
Kw of fractions is 
unknown, the 
calculation is 
carried out with 
the assumption 
that Kw = 12 and Tb 
= Tb’. 
ASTM D1160 and 
D5236 standards 
also use this 
equation for 
temperature 

[22] 
[53] 
[54] 
[55] 

Table 8. Overview of temperature conversion correlations found in literature. 
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conversion. No F 
factor is used in 
those standards.   

2 Myers 
and 
Fenske 

𝑇𝑇(10 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) = 0.8547𝑇𝑇(760 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) − 57.7, if 500 K < 
T(760 mmHg) < 800 K 
𝑇𝑇(10 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) = 1.07𝑇𝑇(1 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) + 19, if 300 K < T(1 
mmHg) < 600 K 

Temperatures in K According to 
[22], this 
method is 
less accurate 
than the first 
correlation; 
it is, 
however, 
more 
convenient 
for quick 
estimations. 
It is also 
noted that it 
should be 
used within 
the specified 
temperature 
ranges. 

Derived from 
vapour pressure 
charts for pure 
hydrocarbons. 

[56] 
[57] 

3 Van 
Kranen 
and Van 
Nes 

log10𝐴𝐴𝑇𝑇 = 3.2041�1 − 0.998 �
𝑇𝑇𝑏𝑏 − 41
𝑇𝑇 − 41

� �
1393 − 𝑇𝑇
1393 − 𝑇𝑇𝑏𝑏

�� 
T = boiling point at 
pressure PT, K 
PT = pressure at 
temperature T, bar 
Tb = normal boiling 
point, K 

Equation 
given as 
found in 
[22]. 

[58] 
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4 Kollerov 
ln �

760
𝐴𝐴
� = 𝐶𝐶 �

𝑇𝑇760
𝑇𝑇𝑝𝑝

− 1� 
P = pressure at which 
boiling data is 
available (mmHg) 
T760 = boiling point at 
760 mmHg, °C 
Tp = boiling point at 
pressure P, °C 

Constant C is 
given only 
for a small 
number of 
pressures. 

Different 
compounds and 
mixtures have 
different C 
constant values. 
For example, to 
convert boiling 
point at 20 mmHg 
to atmospheric 
equivalent boiling 
point, the constant 
C for shale oil was 
5.44 and for 
phenols, 5.67. 

[59] 
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The correlations presented in Table 8 were tested with narrow boiling range diesel and 
shale oil middle oil fractions, shale oil fractions with high boiling points obtained from 
distillation at reduced pressures, and shale oil fractions with higher and lower phenol content 
than normal (dephenolated and with phenols added). Error! Reference source not found. 
summarizes the results of the application of different correlations from Table 8 to these 
samples. The correlations were used to calculate the boiling point of a fraction at atmospheric 
pressure and the results were then compared to the EABP values obtained experimentally as 
described above. Each correlation seemed to work inconsistently, being more accurate for 
some samples and less accurate for others. None of the correlations were great for predicting 
the normal boiling point of dephenolated shale oil middle oil samples. For the three other 
types of samples, AAD values remained between 1 and 17 °C. One predictable result was that 
the three first correlations (with the exception of the one proposed by Kollerov) worked the 
most consistently for diesel fuel. This makes sense, considering that they were designed for 
predicting the vapour pressure/boiling point of petroleum fuels and hydrocarbons. However, 
the unpredictable nature of these correlations when used for shale oil samples showed that 
they would not be reliable for oil derived from Kukersite shale oil. 

Diesel 
rectification 

Middle oil 
rectification 

MO heavier 
fraction 

Dephenolated 
MO MO phenols 

Correlation AD AAD AD AAD AD AAD AD AAD AD AAD 
Maxwell and 

Bonnell 
–1.4 2.4 –7.1 8.2 –1.6 1.6 –30.3 30.3 –1.9 11.1

Myers and 
Fenske 

–2.3 4.1 –5.4 5.4 –0.6 0.6 –39.7 39.7 9.2 16.1 

Van Kranes and 
Van Nes 

–0.1 2.5 –2.3 3.8 13.8 13.8 –16.0 16.0 12.8 13.1 

Kollerov 36.2 36.2 11.7 13.5 –54.1 54.1 –115.8 115.8 –55.0 55.0

Table 9. Overview of the applicability of correlations from Table 8. 
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3 Conclusion 
The aim of this thesis was to find a way to accurately determine the average boiling points of 
pre-prepared narrow boiling range samples obtained through either ASTM D86 or vacuum 
distillation. 

For this purpose, we developed a new thermal analysis method for determining the 
average boiling points for complex mixtures using TGA or DSC. The results showed that either 
method is suitable for boiling point analysis. The ABP values were within 5 ˚C of True Boiling 
Points obtained from rectification at atmospheric pressure. 

Furthermore, we investigated using this novel method for analyzing thermally unstable 
samples. To achieve this, we carried out similar experiments at reduced pressures and 
obtained an ABP pressure dependence curve similar to conventional vapour pressure curve. 
From the pressure dependence curve, it was possible to extrapolate the equivalent 
atmospheric boiling points. Even though the extrapolated boiling points were not as accurate 
for thermally stable samples (maximum deviation 8.8 ˚C), they proved valuable for attempts 
to analyze samples with average boiling points above their decomposition temperatures. 

In conclusion, the thermal analysis method developed in this thesis is suitable for 
accurately measuring the average boiling points of narrow boiling range fractions while 
requiring smaller samples and being faster than conventional methods. Furthermore, the 
novel method proposed here is universal and suitable for mixtures of different origins. 
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Abstract 
Developing a novel method for using thermal analysis to 
determine average boiling points of narrow boiling range 
continuous mixtures 
The aim of this study was to investigate methods for determining the average boiling point 
of multi-component mixtures. The goal was to find a method for determining the average 
boiling points of pre-prepared fractions with narrow boiling ranges that were to be used to 
construct empirical correlations for calculating thermodynamic and physical-chemical 
properties of shale oil. 

In the course of the study, we developed a method for calculating average boiling points 
using thermal analysis. The main principle of this method was vaporizing a small amount of 
sample in a crucible covered by a lid with a pinhole. The purpose of the lid with a pinhole was 
to stop the sample from evaporating substantially before reaching the initial boiling point. 
The sample was heated at a constant heating rate and pressure and the thermogram (heat 
effect or mass loss) was used to calculate the average boiling point as a weighted average of 
all data points. In the study, we also describe how to convert vaporization curves obtained 
from evaporating the sample into condensation curves that would more closely resemble the 
temperatures obtained from a distillation process. Compared to conventional methods, it 
was found that thermal analysis gives comparable results to the average boiling points 
obtained from True Boiling Point distillation while requiring a smaller sample and being 
substantially more convenient. 

To measure the average boiling points of thermally unstable samples, the method was 
expanded to be usable at different pressures. As a result, we developed a way to construct 
hypothetical vapour pressure curves corresponding to average boiling points from which we 
could extrapolate the atmospheric equivalent boiling point.  

The study thus resulted in a novel method for determining the average boiling points of 
mixtures faster and more conveniently than conventional methods. At its core, thermal 
analysis is universally applicable to mixtures of different origins. This means that the method 
described here could be used in different industries or laboratories for analyzing the boiling 
characteristics of mixtures.  
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Lühikokkuvõte 
Uudse termilise analüüsi meetodi arendamine kitsaste 
keemispiiridega pidevate segude keskmiste keemispunktide 
leidmiseks 
Käesolevas töös uuriti multikomponentsete segude keskmise keemispunkti eksperimetaalse 
määramise võimalusi. Töö eesmärk oli leida viis, kuidas võimalikult täpselt määrata keskmisi 
keemispunkte olemasolevatele kitsaste keemispiiridega segudele. Täpsemalt olid 
uuritavateks segudeks erinevate keemispiiridega kukersiitsest põlevkivist toodetud 
põlevkiviõli fraktsioonid, millele, tulenevalt tema unikaalsest koostisest, naftafraktsioonide 
baasil välja töötatud keskmise keemispunkti määramise meetodid ei sobi.  

Töö raames töötati välja uudne meetod keskmiste keemispunktide määramiseks. Meetod 
põhineb  termilisel analüüsil. Väljatöötatud meetod seisnes väikese koguse segu 
kuumutamises suletud anumas, mille kaanes oli väike auk. Auguga kaane eesmärk oli 
takistada segu märkimisväärset lendumist anumast enne algkeemispunkti jõudmist. Segu 
kuumutati konstantsel kiirusel ning rõhul ning saadud termogrammilt (soojusefekti või 
massikao kõveralt) leiti kõikide katsepunktide kaalutud keskmisena otsitav keskmine 
keemispunkt. Töös kirjeldati ka seda, kuidas segu massikao kõverast saada 
kondenseerumiskõver, mis vastaks oma sisult destillatsioonil saadavatele kondenseerumise 
temperatuuridele. Väljatöötatud meetodil saadud keskmisi keemispunkte võrreldi 
rektifikatsioonil saadud täpsete keskmiste keemispunktidega ja leiti, et termilisel analüüsil on 
võimalik saada sellega võrreldava täpsusega keskmisi keemispunkte, vajades samas 
väiksemat kogust proovi ja olles tunduvalt mugavam. 

Antud töö raames uuriti ka termiliselt ebastabiilseid segusid ning väljatöötatud meetodi 
rakendamist madalamatel süsteemi rõhkudel, et vältida proovi lagunemist. Tulemuseks oli 
metoodika, mis võimaldas konstrueerida keskmistele keemispunktidele vastava hüpoteetilise 
aururõhu kõvera, millelt sai ekstrapoleerimise teel leida normaalkeemispunkti.  

Töö tulemuseks oli seega uudne meetod, mis võimaldas täpselt määrata keskmisi 
keemispunkte kiiremini ja mugavamalt ning kasutades väiksemaid proovi koguseid kui 
klassikalised meetodid. Oma olemusel on termiline analüüs universaalne ning kasutatav 
erinevate segude puhul, seega on võimalik käesolevat meetodid rakendada erinevates 
tööstusharudes või laborites. 
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Appendix 

Paper I 
Järvik, O.; Rannaveski, R.; Roo, E.; Oja, V. (2014). Evaluation of vapor pressures of 
5-methylresorcinol derivatives by thermogravimetric analysis. Thermochimica Acta, 590, 
198−205. 
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 J��
���
��
 ����
 ������
 �����
 ��
 ����
 ��

 ���������	
 ���
�����	�
�
����

�
����
�
����
��
��
���
����
��
�
����
���

������
���	
�
���
��	�
������	
�������̀j
 ST#U
 �������

 Z̀!̀
 I��
 
�����
 
���
���̀kl
 mnopqrstouqn��������
���
��	��
��
���
����
���	��	�
\���

�������
���	������
����
 �
��
 ����	��	
 v���
����
 �����
 ���
 ��
�	�
 ���
 �����	�������	
�
�����
w#x̀
K�
���
���	�
\�����
���
���
�	
���
�
�������	
����������
�����
�
����
��	�������
%)1̀
����
�
�	�
����
�
��
����
�
����������
���
��	��

�������
����	���	
���	
����
��
�������
���
wSx���
��
���
��	�
����
����
�
���
����
��
�����
������	��̀
!�
������������
���
��	��
 ��
��������
 �
�
 �a������
 ��
 ��
 ����
 �����
���	��
 �	
 �����	�	�
 �
��������
 �	���a���	��
 �

 ��������Y�
�wSx̀
O�

�����
����������	��
������	��
\���
��\
����

�
����
��
����������
 �����
���
��
 �
�
 ����
��̀
 !���

 �
����
�
 ��
 ����
 	�������

��������	�
���
������
�	�
���������
��
���������̀
��	�
�����
�	��������
 ��
 �����
�	�
 ����

 �
����
�
 �a����
 �	�����	�
 ���
 �������
����	
 ������
 ]#Ty�c#TTT
d�_
 wex�
 v	����	
 �������	
 ������]��������	
�����
��
��
#
d�_
wU��x�
�����
�	����
���		�	�
����
����
�]#TTcS
z
#Tid�_
 wi�Rx�
 ���������
 ���
 ��
������
����
 ]�����
���	#TySd�_
 w{x�
 �������
 ����
��	��
 �����
������
 �	
 ���
 |!c���


�	��
]T̀�ce�T
d�_
wbx�
 Ĵ I
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Paper II 
Rannaveski, R.; Järvik, O.; Oja, V. (2016). A new method for determining average boiling 
points of oils using a thermogravimetric analyzer: application to unconventional oil fractions. 
Journal of Thermal Analysis and Calorimetry, 126 (3), 1679−1688. 
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Paper III 
Rannaveski, R.; Listak, M.; Oja, V. (2018). ASTM D86 distillation in the context of average 
boiling points as thermodynamic property of narrow boiling range oil fractions. Oil Shale 
[forthcoming]. 





���������	�
��
	��������	������	���������� ������
�
��
��������������������� ������!"�����
��
������ �#�
��
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