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Introduction

Qil 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.



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 QOil

EABP Equivalent Average Boiling Point
AAD Absolute Average Deviation



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:

n
ABP = Z xin,i
i=1

Where x; is either the mass, mole, or volume fraction of the component I; Ty is the boiling
point of the component |; 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]:

n
1 1
CABP = (E) (Z %y:(1,8T,; — 459,67)3)% + 255,37
) i=1
MABP + CABP
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.

MeABP =

Table 1. Use of different average boiling points to calculate other properties [23].

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]:

Tio+ T30 + Tso + T79 + Tog

5

VABP =

10



Where Tio, T30, Tso, T70 and Tgp 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:
SIL = Too — Tho

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

MeABP from VABP and SL as follows:
ABP =VABP — AT
Where ABP can be any of the aforementioned average boiling points, and AT is the

temperature correction for each type of average boiling point and is calculated as:
In(—ATy,) = —3,64991 — 0,02706(VABP — 273,15)%6667 4 5,16387551%25
In(—=ATy) = —1,15158 — 0,01181(VABP — 273,15)%6667 4+ 3,706125L%333

In(—AT,;) = —0,82368 — 0,08997(VABP — 273,15)%*> + 2,45679SL%45

In(—ATy,) = —1,53181 — 0,0128(VABP — 273,15)%6667 4 3,646064SL%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.

11
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Figure 1. ASTM D86 and TBP distillation data for Alaska naphtha [30].

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

12



[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].

13



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.

Table 2. Overview of fractionation types used in the analysis.

Material Type of fractionation Purpose
Shale oil middle | ASTM D2892 in a packed Several rectification processes
fraction column with column height of were carried out to obtain

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.
Vacuum distillation similar to
ASTM D1160

Simple batch distillation in
accordance with ASTM D86.
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narrow boiling range fractions
for testing the accuracy of
finding average boiling points by
thermal analysis.

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.

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



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 | Simple batch distillation in Fractions used to estimate the

fraction accordance to ASTM D86. temperature delay caused by
residence time in the

condenser.
Automotive diesel | Rectification at reduced Three narrow boiling range
fuel pressure in Vigreux column fractions collected at reduced
with 4.2 theoretical plates and pressure to test if the average
reflux ratio of 6:1. 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 lll) 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 Il. 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 pul
(Mettler Toledo ME-51143092) which were in turn closed with a lid with a 50 pm 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
Vogtlin 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 pl capacity (Netzsch DSC-
crucibles 6.239.2-64.5.01) closed with lids with 50 um 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 |, 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.

Table 3. Errors in vapour pressure values (Table 4, Paper I).

Reference CKerror (%) CC error MT  error GrC error
vapour (%) (%) (%)
pressure (Pa)

Compound Trmin Trmax Tmin© Tmax  Tmin Tmax  Tmin Tmax  Tmin  Tmax

Docosane 691 13028 0.4 6.7 83 19.2 4.3 1.6 5.6 12.5
Hexadecane 1544 15529 183 165 98 161 -16 -0.2 30.6 20.0
Resorcinol 1448 17491 106 10.0 19.1 11.2 6.1 7.7 -11.1 -19
Anthracene 7883 24209 46 -16.7 3.8 -15.1 79 -95 391 197
Benzoic acid 2702 24451 -209 -17.9 135 9.8 -114 6.7 =179 -2.9
Nonane 6086 45667 35.7 17.0 269 13.1 -6.4 13.8 435 16.0
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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.

215 -
——— Bigger hole, 20 mg
°U_ 205 1 Pinhole, 20 mg
[J]
2
©
o 195 -
Qo
€
3
S 185 -
£ 7
8 P
&
175 T T T 1
175 185 195 205 215

Environmental temperature, °C

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™ through a pinhole (d=50 um) using
sample masses of 20 mg and 5 mg and a bigger handmade hole (d=200+80 um) using 20 mg
of sample (Figure 2, Paper ll).
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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™* through a pinhole (d=50 um)
and a bigger handmade hole (d=200+80 um) (Figure 4, Paper Il).

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 Il 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 Il and IV. Figure 4
illustrates the difference between the initial vaporization curve and the calculated
condensation curve.
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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 (Figure 7, Paper Il).

From the condensation curve, it was possible to determine the average boiling point in
three different ways:
e Mathematical average of initial and final boiling points
e Temperature at the highest point of the curve
e Weighted average of all data points
Weighted average was calculated using the following equation:

wae =3 (1 () 2 ()

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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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 Il).

(014

Distillation data, °C Average boiling point (deviation), °C
No. Heating rate, °C Sample Viath tical
min" Mass, mg Initial Final TBP Range (E: )ema 'ca Tangent Peak
1 5 10.2 181.5(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 5.0 149 205 182.8 56 180.5 (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 0 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 14.1 199.2 (-2.2) 201.5 (-4.5) 210 (-13)
16 14.3 192 202 197 10 195.5 (1.5) 202.5 (-5.5) 204 (-7)
17 27.9 198.5 (-1.5) 200.5 (-3.5) 208 (-11)

Dev=Trgp — Trs



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.
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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 ).

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 6. Comparison of average boiling points determined by the TG analysis method
proposed in this study and the traditional TBP distillation for wider and narrower boiling
range oil fractions. (Figure 9, Paper Il)

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 Ill 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
M.
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Figure 7. Difference of average boiling points obtained by TG analysis and from ASTM D86
distillation data for gasoline and middle oil (fuel oil, FO and concentrated fuel oil, CFO)
(Figure 1, Paper lll).

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 To) and at the end of the
experiment (final temperature T¢). 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 x; at temperature Ty. Signal fraction x is
calculated from Area(To — Tx)/Area(To — Ts). Using the signal fraction x; (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 x,
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.
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Figure 8. Construction of DSC baseline.

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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Table 5. Comparison of TBP and ABP obtained from TG and DSC analysis for three diesel
fractions. Samples were obtained at 140 mbar.

Rectification DSC TGA

Sample Initial Final TBP,| ABP, Dev, cABP,|Dev, WABP, DEV,

BP,°C BP,°C °C °C °C C C °C °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 1727 -1.2

V3 177 190 183.5| 186 -2.5 184.6|-1.1 1839 04

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 InP — 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.
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Figure 9. InP — 1/WABP for narrow boiling range rectification fractions.

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 InP — 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.

Table 6. Deviation of EABP from TBP.

Deviation from TBP (TBP — EABP), °C
Pressure range,
mbar | Sample1 Sample2 Sample3 Sample4 |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.
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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 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.
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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.

The average boiling points at different pressures (InP — 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 (R?=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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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.
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Figure 12. InP — 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

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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Table 8. Overview of temperature conversion correlations found in literature.

No | Authors Equation Symbols and units Notes Information Ref
1 Maxwell T = 748.1QT P = pressure at which  Equation This  correlation [22]
and 714+ 7(0.3861Q — 0.00051606) boiling  data  is given as was initially  [53]
Bonnell = 6-7633205‘3‘227:12210%0 P if P <2 mmHg available, mmHg found in  developed to [54]
5_994296‘_0_972546gllgg101, ' T = boiling point at [22]. predict the vapour [55]

= T 2663.120-957610g,0P if 2 <P <760 mmHg pressure P, K Correction pressure of pure

_ 6.412631-0.98967910g19 P' if P > 760 mmHg T’ = normal boiling factor F is hydrocarbons and

2770.085-36logy0 P p point corrected to defined with its reliability for

T, = T, + 1.3889F (K,, — 12) 105%10% Kw=12, K N the . same estimating .t.he

F =0, if To < 367 K or if Ku is unknown Tb .= normal boiling equatllon for no.rmal boiling

F = —3.2985 + 0.009T,, if 367 K < Tp < 478 K Eomt, K_ w two different pom’F of petroleum

F = —3.2985 + 0.009T,, if To > 478 K w = atson T, ranges. It fractions is

characterization should also unknown.

factor be noted Generally, as the

F = Correction for that quite Kw of fractions is

fractions with Kw possibly To unknown, the

different than 12 should be calculation is

used when
calculating F
instead of T,
because F
itself is used
to calculate
the Tp value
from Ty'.

carried out with
the assumption
thatKw=12and Tb
=Tb'.

ASTM D1160 and
D5236 standards
also use this
equation for
temperature



(013

Myers
and
Fenske

T(10 mmHg) = 0.8547T (760 mmHg) — 57.7, if 500 K <

T(760 mmHg) < 800 K

T(10 mmHg) = 1.07T(1 mmHg) + 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.

conversion. No F
factor is used in
those standards.

Derived from
vapour  pressure
charts for pure
hydrocarbons.

(56]
(57]

Van
Kranen
and Van
Nes

log,oPr = 3.2041 (1 - 0.998(

T, — 41

1393 -T

T—-41

)

1393 - T,

)

T = boiling point at
pressure P1, K

Pr = pressure at
temperature T, bar
To = normal boiling
point, K

Equation
given as
found in
[22].
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Kollerov 760 T.
In (—) =C (ﬂ -1

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

Tpo = boiling point at
pressure P, °C

Constant Cis
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]



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.

Table 9. Overview of the applicability of correlations from Table 8.

Diesel Middle oil MO heavier Dephenolated

rectification  rectification fraction MO MO phenols

Correlation AD AAD| AD AAD AD AAD AD AAD AD AAD

Maxwell and -1.4 24| =71 8.2 -1.6 16| -30.3 30.3 -1.9 111
Bonnell

Myers and -2.3 41| 5.4 5.4 -0.6 06| -39.7 39.7 9.2 16.1
Fenske

Van Kranes and -0.1 25| -23 3.8 13.8 13.8| -16.0 16.0 12.8 131
Van Nes

Kollerov 36.2 36.2| 11.7 135 -54.1 54.1| -115.8 115.8 -55.0 55.0
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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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Lihikokkuvote
Uudse termilise analiilisi meetodi arendamine kitsaste
keemispiiridega pidevate segude keskmiste keemispunktide

leidmiseks

Kaesolevas t606s uuriti multikomponentsete segude keskmise keemispunkti eksperimetaalse
maadramise voimalusi. T66 eesmark oli leida viis, kuidas véimalikult tapselt maarata keskmisi
keemispunkte olemasolevatele kitsaste keemispiiridega segudele. Tapsemalt olid
uuritavateks segudeks erinevate keemispiiridega kukersiitsest pdlevkivist toodetud
polevkividli fraktsioonid, millele, tulenevalt tema unikaalsest koostisest, naftafraktsioonide
baasil vélja tootatud keskmise keemispunkti madramise meetodid ei sobi.

T606 raames tootati valja uudne meetod keskmiste keemispunktide madramiseks. Meetod
pohineb  termilisel analiisil. Valjatootatud meetod seisnes vdikese koguse segu
kuumutamises suletud anumas, mille kaanes oli vdike auk. Auguga kaane eesmark oli
takistada segu markimisvdarset lendumist anumast enne algkeemispunkti jdudmist. Segu
kuumutati konstantsel kiirusel ning réhul ning saadud termogrammilt (soojusefekti voi
massikao koveralt) leiti koikide katsepunktide kaalutud keskmisena otsitav keskmine
keemispunkt. To6s kirjeldati ka seda, kuidas segu massikao kOverast saada
kondenseerumiskdver, mis vastaks oma sisult destillatsioonil saadavatele kondenseerumise
temperatuuridele. Viljatootatud meetodil saadud keskmisi keemispunkte vérreldi
rektifikatsioonil saadud tdpsete keskmiste keemispunktidega ja leiti, et termilisel analiiisil on
vOimalik saada sellega vorreldava tdpsusega keskmisi keemispunkte, vajades samas
vaiksemat kogust proovi ja olles tunduvalt mugavam.

Antud t606 raames uuriti ka termiliselt ebastabiilseid segusid ning valjatéétatud meetodi
rakendamist madalamatel ststeemi réhkudel, et valtida proovi lagunemist. Tulemuseks oli
metoodika, mis vdimaldas konstrueerida keskmistele keemispunktidele vastava hiipoteetilise
aururdhu kovera, millelt sai ekstrapoleerimise teel leida normaalkeemispunkti.

To6 tulemuseks oli seega uudne meetod, mis vdimaldas tdpselt maarata keskmisi
keemispunkte kiiremini ja mugavamalt ning kasutades vdiksemaid proovi koguseid kui
klassikalised meetodid. Oma olemusel on termiline anallilis universaalne ning kasutatav
erinevate segude puhul, seega on vGimalik kdesolevat meetodid rakendada erinevates
toostusharudes voi laborites.
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The present study was carried out to evaluate the vapor pressures of various 5-methylresorcinol
derivatives using a thermogravimetric analyzer (TGA). In the experiments, 9-12mg of each 5-
methylresorcinol ether or ester was used, which allowed vapor pressures up to 24,500 Pa (on average)
to be determined. The error in the measured vapor pressure values is estimated to be below 13.5% at
vapor pressures lower than 10,000 Pa, while at values between 10,000 and 24,500 Pa it is below
approximately 12%.

The quality of the vapor pressure data was evaluated with anthracene, benzoic acid, docosane,
hexadecane, nonane, and resorcinol as standard compounds using different calculation methods. The
results showed that vapor pressures calculated by the mass transfer equation combined with estimated
binary diffusion coefficients gave the most consistent results for these compounds, with errors always
smaller than 15% (average absolute deviation 6.4%). These results are also consistent with the accuracies
reported in literature for non-isothermal TGA. Therefore, this method could be used for evaluation of
preliminary vapor pressure data as it may give more accurate results than group contribution methods.
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1. Introduction

5-Methylresorcinol is the most abundant water soluble phenol
separated from Estonian Kukersite shale oil during the depheno-
lation process [1]. It has found widespread use in the production of
cosmetic dyes, drugs, fungicides etc. Ethers and esters derived from
5-methylresorcinol received attention even several decades ago [2]
due to the many desirable properties of these compounds. Various
5-methylresorcinol derivatives are expected to be used as
lubricants in machining processes, antioxidants or plasticizers
[2]. For these applications, compounds with low vapor pressures at
elevated temperatures are desired. Vapor pressure is also needed
for evaluating the safety and usability of chemicals. Many different
methods of measuring vapor pressure exist, including the gas
saturation method (107°-1000Pa) [3], Knudsen effusion method
(detection limit up to 1Pa) [4,5], differential scanning calorimetry
(100-2 x 10°Pa) [6,7], headspace gas chromatography (higher
than10~2Pa) [8], optical absorbance spectroscopy in the UV-vis

* Corresponding authors. Tel.: +372 620 2850.
E-mail addresses: oliver.jarvik@ttu.ee (O. Jarvik), rivo.rannaveski@ttu.ee
(R. Rannaveski), eke@rnk.ee (E. Roo), vahur.oja@ttu.ee (V. Oja).
1 Tel.: +372 620 2852.

http://dx.doi.org/10.1016/j.tca.2014.07.001
0040-6031/© 2014 Elsevier B.V. All rights reserved.

range (0.5-350Pa) [9], TGA method (10 to >40,000 Pa) [10,11], just
to name a few.

Often, vapor pressure data are needed in a short timeframe, and
a rough vapor pressure estimation is sufficient. Of the methods
mentioned, TGA stands out as a fast and simple method that
requires only small amounts of sample and has a simple
experimental set-up that is readily available in many laboratories.

One of the first studies that showed the use of thermogravim-
etry to determine vapor pressure was by Gueckel et al. [12]. Since
then, many authors have used TGA to determine the vapor pressure
of awide range of substances through the rate of mass loss (dm/dt).

There are two approaches used to relate the vapor pressure to
the mass loss data obtained from TGA. Firstly, the Langmuir
equation of evaporation [13], and secondly, Fick’s law of diffusion
combined with a mass transfer equation for evaporation through a
stagnant gas layer.

In 1913 Langmuir [ 13] proposed an equation to relate the rate of
evaporation dm/dt to the saturated vapor pressure p in a vacuum
(evaporation in the molecular flow regime):

dm M 2
W:A<2nRr) p M

In this equation, A is the vaporization area, M is the molecular
weight of studied material, R is the gas constant, T is the absolute
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temperature, and p is the saturated vapor pressure. To calculate the
vapor pressure from the rate of evaporation to surrounding gas at
finite pressure, Eq. (1) is rearranged by introducing an empirical
coefficient of vaporization o (=1 in vacuum), which should
account for the changes in ambient pressure from vacuum to finite
pressure:

dm(T\?] [27R)!/?
SN S

In Eq. (2), v contains all the substance specific variables, and k is
usually assumed to be the substance independent constant or
calibration constant which is calculated by calibration with
substances of known vapor pressure [14]. Eq. (2) has different
modifications (for example [15]); however, only the most simple
one, using only empirical « to account for the change from vacuum
to finite pressure, is considered here. The value of k depends on the
experimental setup and conditions and is usually taken as

* a constant value [14,16] - calibration constant (CK) method or
* amolecular weight dependent value [11] - calibration curve (CC)
method.

A common way to overcome the molecular weight dependence
is to use a substance for calibration that has similar properties
(binary diffusion coefficients in the surrounding gas) to the
measured compound [17] and to assure that the conditions are
identical to those used for calibration. A plot of v versus p for the
calibration compound is built, and a k value is found as the slope of
the line and used as is for the compound being studied. In the CC
method, standard compounds with different molecular weights
are analyzed in the same way as with the CK method, and a
calibration curve is obtained by plotting molecular weight versus k
[11]. Based on the molecular weight of the analyte, a value of k can
be obtained from the calibration curve.

The modified Langmuir equation (Eq. (2)) is extensively used
because of its simplicity, and the fact that only molecular weight is
needed to calculate the vapor pressure from the mass loss data
[10,18-20]. However, as stated in several articles [20-22], Eq. (2)
can mostly be used for estimation of the magnitude of the vapor
pressure as the quality of the obtained data is often referred to as
having good, but not precise, agreement with the reference data. Of
course, if calibration compounds are selected appropriately,
accurate experimental values in a narrow temperature range
may be obtained.

The second approach for vapor pressure calculation from TGA
mass loss data - Fick’s law of diffusion combined with a mass
transfer equation for evaporation through a stagnant gas layer
(hereby designated as MT method) - assumes that vaporization
(diffusion) takes place from a vessel with a constant diffusion area
through the stagnant gas layer at steady state conditions into the
surrounding environment. Considering the simplifying assump-
tions that are listed by Pieterse and Focke [24] Eq. (3) is obtained:

hRT dm
P=AbMdc ®

Here, D is binary diffusion coefficient of the substance in the
carrier gas, h is the length of the diffusion path. Other quantities are
as previously defined (Eq. (1)).

Eq. (3) may be used to measure the binary diffusion coefficients
of compounds for which vapor pressure is known [23,25].
However, to calculate vapor pressure the binary diffusion
coefficient must be known, measured, or estimated.

Ideally, vapor pressure measurements by TGA should be
conducted isothermally to meet the assumption of steady state
conditions. However, as shown by Pieterse and Focke [24],
temperature equilibrium in TGA experiments is reached fast,
and continuous heating can be used instead of step-by-step
isothermal heating. Therefore, heating rates around 1-20°C/min
are generally used [14].

To meet the assumption that the partial pressure of the
evaporating substance above the sample pan is zero, a purge gas is
used to remove the sample from the TGA. The optimal purge gas
flow rate is setup and device specific. In different studies, it can be
as low as 25 ml/min [25], or it can be 100 ml/min [14,24] and even
higher [15,26].

Eq. (2) is often used because it is a convenient, easy and fast
method for calculating vapor pressures of unknown substances.
[14,21,22,27,28]. However, as already mentioned, k depends on the
substance. References [11] and [25] have shown that the slope k is
related to the molecular weight, and using a calibration curve
instead of a calibration constant can improve the accuracy of the
results. This is not surprising since comparing Eqs. (2) and (3) show
that the vaporization coefficient not only accounts for the non-
equilibrium pressure above the liquid surface, but also depends on
the binary diffusion coefficient [21]:

D /27M\ /2
azﬁ(%) . )

The TGA method has previously been used for the measurement
of vapor pressures of both plasticizers [14,21] and lubricants [29].
The purpose of this study was to estimate the vapor pressures,
enthalpies and entropies of vaporization of synthesized, oil shale
based 5-methylresorcinol esters and ethers, which is necessary for
evaluating their usability and for material safety data sheets. The
TGA method as well as different approaches for calculating vapor
pressure from TGA data was evaluated to find the best results using
standard compounds. The vapor pressure data obtained for 5-
methylresorcinol derivatives were compared to the values
calculated by the group contribution (GC) method of Rarey and
co-workers [30].

2. Experimental
2.1. Materials

The TGA method was applied to the compounds shown in
Table 1 and in Fig. 1 to estimate the temperature dependence of

Table 1

Names, R-groups, molecular weights and purities of the studied compounds.
IUPAC name R-group Abbreviation Molecular weight Puritiy

(g/mol) (%)

1-Methyl-3,5-bis(2-methylpropoxy) benzene 2-Methylpropyl 2MP 236.35 99.7
1-Methyl-3,5-bis(2-phenylethoxy) benzene 2-Phenylethyl 2PE 33244 99.8
1-Methyl-3,5-bis(propan-2-yloxy) benzene Propan-2-yl P2y 208.30 97.0
3-Methyl-5-(pentanoyloxy) phenyl pentanoate Pentanoyl Pent 292.37 98.9
3-[(2,2-Dimethylpropanoyl) oxy]-5-methylphenyl 2,2-dimethylpropanoate 2,2-Dimethylpropanoyl 22DMP 292.37 99.5
1,3-Dibutoxy-5-methylbenzene Butyl But 236.35 99.5
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their vapor pressures. The compounds were produced by Nano LLC
(Estonia) and were further purified by evaporation of 5-25% of the
initial volume in a vacuum (absolute pressure 0.2 atm, temperature
70°C).

To calibrate the TGA as well as to evaluate the accuracy of the
results, the following compounds were used without further
purification: 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 (Sig-
ma-Aldrich, >99%), diisodecyl phthalate (Merck, 99.5%, mixture of
isomers), pentadecane (Sigma-Aldrich, >99%).

2.2. Experimental procedures

As each previously described method (CK - calibration
constant, CC - calibration curve, MT - Fick’s law combined with
mass transfer equation) has its advantages, they were compared
based on accuracy. For that, measured vapor pressure values were
compared to reference data. Also, the group contribution (GC)
method from Rarey and co-workers [30] was included in the
comparison as it is claimed to have an average relative deviation
below 13.3%, as detected by the authors using different mono-
functional alcohols. From vapor pressure data, enthalpy of
vaporization values was calculated and boiling points estimated.
For the 5-methylresorcinol derivatives, for which vapor pressure is
not known, the accuracy of the results was estimated by comparing
the boiling points at atmospheric pressure measured by differen-
tial scanning calorimetry (DSC) with those obtained by extrapo-
lating the temperatures to normal boiling points (b.p.).
Additionally, vapor pressure values were compared to the results
obtained by the aforementioned GC method.

2.2.1. Calibration constant k (CK method)

The calibration constant was found by plotting the linear part of
the mass loss data (dm/dt) against vapor pressure values (p) as
described in [14]. Dimethyl phthalate was chosen as the calibration
compound because it has a similar b.p. to 5-methylresorcinol
derivatives. The constant obtained was then used with Eq. (2) to
estimate the vapor pressure of the 5-methylresorcinol derivatives
as well as other substances with known vapor pressure data
(docosane, nonane, anthracene, hexadecane, resorcinol, and
benzoic acid) in order to evaluate the method.

2.2.2. Calibration curve (CC method)

Two calibration substances (pentadecane and dimethyl phthal-
ate) were chosen that had their Antoine constants reported in the
literature. The third calibration compound used was diisodecyl
phthalate (Supplementary data). For these substances, a calibra-
tion constant k was measured as described in Section 2.2.1. The
calibration curve was then obtained by plotting molecular weight
versus the calibration constant k. From the calibration curve, the
coefficient k was obtained using the molecular weight of the
analyte. In this way, by using Eq. (2), the vapor pressures of the
substances mentioned in Section 2.2.1 (for evaluating the method)
and of the 5-methylresorcinol derivatives were obtained.

Supplementry material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.tca.2014.07.001.

2.2.3. Mass transfer equation and binary diffusion coefficient (MT
method)

For vapor pressure calculation using the MT method, Eq. (3) was
used. The binary diffusion coefficient in the purge gas (nitrogen)
was calculated using the method provided by Fuller et al. [as cited
in [31]] since experimental values are largely unavailable.
Densities for the calculation of the length of the diffusion path

were obtained from Yaw [32]. For 5-methylresorcinol derivatives
these were measured using an Anton Paar DMA 5000M density
meter and extrapolated using linear extrapolation to vapor
pressure measurement temperatures. Vapor pressure was then
calculated using Eq. (3). The accuracy of the results here depends
on the accuracy of the binary diffusion coefficient values, densities,
and temperature measurement. The error of the binary diffusion
coefficient can usually be up to 4% (AAD, as estimated in [31]),
which may influence the vapor pressure value by more than 5%.
The temperature dependence of binary diffusion coefficient was
estimated by the equation D = Dy(T/Ty)". The value of the constant
nusually varies from 1.5 to 1.75 [33]. We have used the value of 1.75
throughout the calculations.

2.3. Experimental apparatus and conditions

A modified DuPont 951 TGA was used. There were two K-type
thermocouples placed near the sample pan. Purge gas (99.999%
nitrogen) flow was controlled using a Vogtlin red-y flow controller.
Oven temperature was controlled by a Cole-Parmer Digi-Sense
temperature controller. Data were acquired with a National
Instrument USB 6210 data acquisition card and recorded in
Labview 8.0. For recording the sample temperature, a Labfacility
L200 temperature monitor was used. The sample pan, with inner
diameter of 4.9 mm and inner height of 4.2 mm, was made of Al,O5.
The initial mass of the sample was usually between 9 and 12 mg.

Experiments were carried out at constant heating rate of 15K/
min. A purge gas (nitrogen) flow rate of 200 ml/min was used.
Comparison of the mass loss data at purge gas flow rates of 100,
200, 300, and 400 ml/min showed that the rate of evaporation
remained constant above 200 ml/min.

Due to the setup, the actual sample temperature is unknown
since the thermocouple is placed as close to the sample pan as
possible but is not in direct contact with the sample pan. With the
calibration constant and calibration curve methods, it is not
necessary to know the actual temperature of the sample as the
temperature difference is taken into account during calibration, as
long as the position of the thermocouple is not changed. However,
when using the combined Fick’s law and mass transfer equation,
the exact sample temperature needs to be measured. For that,
calibration substances (dimethyl phthalate - DMP, pentadecane,
and diisodecyl phthalate - DIDP) were used and the measured
temperature was corrected by matching the calculated vapor
pressure (Eq. (3)) with the reference vapor pressure data (DMP for
[34], pentadecane for [35], for DIDP see Supplementary data) in
Mathcad (version 15.0) software. The measured temperature was
plotted against the calculated temperature to obtain the tempera-
ture calibration curve shown in Fig. 2.

Analysis of the temperature calibration method shows that it
may give significant error in the temperature reading. For DMP the

R
O/

O CH

R

Fig.1. Chemical structure of 5-methylresorcinol derivatives. R-groups are shown in
Table 1.
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Fig. 2. Calibration curve for calculating the sample temperature from measured
temperatures in the vicinity of the sample pan using dimethyl phthalate (O),
pentadecane (A) and diisodecyl phthalate ([1]). The number of data points is
reduced to present more clearly the results.

Dashed line Tcalcutated = Tmeasured-

Solid line Teajcutatea=—7.799 x 10~ x T easurea + 1.628 X Treasurea — 137.4.

average absolute deviation (AAD) was 1.6 K, for pentadecane 2.3 K
and for DIDP 2.2 K. For older TGA models, temperature calibration
is usually carried out with the aid of Curie point standards.
However, the lack of availability of the Curie point standards in the
range used in the study permitted their use.

Boiling temperatures of the 5-methylresorcinol derivatives
studied were measured using a Netzsch 204HP Phoenix differen-
tial scanning calorimeter (DSC). Purities of the 5-methylresorcinol
derivatives were assessed by high pressure liquid chromatograph
(Waters 2695 separation module) equipped with a PDA detector
(Waters 996) and SunFire C18 column (Waters, bore size 100A,
particle size 3.5 wm, inner diameter 4.6 mm, length 150 mm) at
25°C. Samples were eluted using a mixture of LC-MS grade
acetonitrile (Merck Lichrosolv) and methanol (Merck Lichrosolv)
(70/30, v/v) as the mobile phase at the flow rate of 0.700 ml/min.
Compounds were prepared in the mobile phase at concentrations
ranging from 0.15 to 0.25 mg/ml.

3. Results and discussion
3.1. Method evaluation

The TGA method for vapor pressure measurement is usually
reported to be applicable in the pressure range from several pascal
[36] to approximately 40,000 Pa [11], although in most cases the
upper limit is close to 20,000 Pa. The accuracy of these results is
reported differently by different authors. In some works
[25,27,28,37,38] deviation (relative or absolute) from reference
vapor pressure data is reported. Other works report relative or

Table 2

absolute deviation from enthalpy of vaporization or sublimation
[18,20,22], sometimes the difference between extrapolated boiling
points from vapor pressure data and reference boiling point is also
estimated [38]. In numerous works, the accuracy is not shown atall
[14,27,28,39].

The results show that the accuracy of the vapor pressure values
calculated by different procedures lay within the same range: for
the CK method it is usually below 20% [10,16], for the MT method
(Eq. (3) or a similar equations), it is mostly below 15% [10,33,37]. It
is also shown that measurements under isothermal conditions give
slightly better results compared to non-isothermal conditions [10].
The errors of the values of enthalpy of vaporization or sublimation
are considered to be below 10% [21,22], similar relative errors may
be attributed to the extrapolated boiling point values if error
calculations are based on temperatures expressed in degree celsius
[38]. These results reported by different authors suggest that the
TGA method for vapor pressure or for enthalpy of vaporization
measurements cannot be considered highly accurate. Rather, the
method can be used for vapor pressure estimation purposes.

Several compounds with different structures, boiling points,
and molecular weights were used to evaluate the different
methods used to calculate vapor pressures, enthalpies of
vaporization, and boiling points (b.p.) at atmospheric pressure
from TGA mass loss data (Table 2).

The results shown in Table 3 were obtained from the Clausius-
Clapeyron equation (Eq. (5), consistent with the units in tables) by
plotting 1/T against In(p) in the temperature range shown in
Table 2 in MS Excel. The slope of the linear trendline equation
allowed the enthalpy of vaporization (in kJ/mol) and the entropy of
vaporization [in J/(molK)] to be calculated:

AS 1000 x AH
In(p) = R RT (5)

The data reported here are an average of at least two
measurements. The results indicate that the CK and MT methods
give the smallest AAD from reference enthalpy and entropy of
vaporization data while the GC method [30] gives the highest
deviation. The deviation of the enthalpy of vaporization from
reference data by +2 kJ/mol is considered to be acceptable or even
good for TGA measurements [26]. The AAD of the results obtained
by the MT and CK methods for the standard compounds are close to
these limits although, for several compounds (anthracene and
nonane) the deviation is large for all methods used. Still, the
differences between the methods may be considered rather small,
and none can be considered superior to the others.

The CK method gives the most accurate values for the enthalpy
of vaporization for resorcinol and benzoic acid since they have
similar binary diffusion coefficient values in nitrogen over the
temperature range used (Eq. (4)): for dimethyl phthalate it varies
from 1.14 x 107> to 1.47 x 107> m/s? (420-487 K), for benzoic acid
from 1.32 x 10~ to 1.59 x 10~> m/s? (420-475 K), and for resorcin-
ol from 1.60 x 10> to 2.04 x 10> m/s? (427-490 K).Boiling points

Characteristics and temperature ranges for the compounds used for the evaluation of the methods.

Compound Molecular b.p. AH References Temperature range

weight (K) (kJ/mol) (J/mol K) (K)

(g/mol) N — R

b.p. AH and AS Min. Max.

Docosane 310.60 641.8 80.47 2238 [40] [34] 475 555
Hexadecane 226.44 560.3 64.07 2118 [41] [41] 425 487
Resorcinol 110.11 551.2 68.80 2216 [42] [43] 427 490
Anthracene 178.23 613.2 58.55 190.8 [40] [34] 504 548
Benzoic acid 12212 522.8 66.43 2239 [40] [45] 420 475
Nonane 128.25 423.8 42.02 195.3 [46] [44] 342 396
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Table 3
Deviation of boiling points, enthalpies and entropies of vaporization obtained by different methods from reference data (Table 2) in the studied temperature range (shown in
Table 2).
Compound CK cc MT GC
Deviation Deviation Deviation Deviation
b.p. AH AS b.p. AH AS b.p. AH AS b.p. AH AS
Docosane 81 1.79 3.8 -0.2 3.46 8.0 13.0 -0.76 -12 5.5 191 4.5
Hexadecane 13 —-0.59 0.3 -19 2.00 5.6 74 0.40 0.8 43 —3.98 —6.4
Resorcinol 0.8 —0.18 0.5 26 —2.57 —4.3 1.0 0.47 1.6 43 2.50 4.6
Anthracene 14.8 —10.53 —20.5 13.2 -9.35 -18.2 10.7 -9.02 —17.2 0.5 -13.16 —22.1
Benzoic acid 9.0 0.75 0.2 14 -125 -18 -2.9 5.36 11.9 23 427 8.6
Nonane -12 —5.32 -11.9 -0.8 —-3.62 -8.0 -78 4.39 12.3 14 -8.33 -19.7
AAD 5.8 3.2 6.2 34 3.7 7.6 7.2 34 75 31 5.7 11.0

CK - calibration constant; CC - calibration curve; MT - mass transfer equation and diffusion coefficient; GC - group contribution of Rarey and co-workers [30].

Deviation = reference data - calculated data.
b.p. in (K), AH in kJ/mol, AS in J/mol K.

calculated by the Clausius-Clapeyron equation using the enthalpy
of vaporization values obtained are over- or under-estimated by as
much as —1.2-14.8K by the CK method, —1.9-13.2K by the CC
method, —7.8-13.0K by the MT method, and 0.5-5.5K by the GC
method. The average absolute deviation of the GC method is
expected to be low, as the method uses boiling point as one starting
parameter. It cannot be expected that extrapolation outside the
temperature range where the parameters of the Clausius—
Clapeyron equation are determined, gives exact boiling points.
The reason is that enthalpy of vaporization is a temperature
dependent property and the maximum temperatures where
current measurements were made are, on average, 60K lower
than the boiling points. Still, with reservation, it can be said that
the closer the calculated boiling point is to the reference value, the
better the agreement between the enthalpies of vaporization.
Based on the data, it may be concluded that calculating boiling
point values does not adequately describe the accuracy of the
methods. However, as this data is usually available, it can be used
as a starting point to estimate the accuracy of the TGA method.
The sample mass used in the experiments allowed vapor
pressures to be determined in a temperature interval of 50-60 K.
Vapor pressure values at the lowest (Tpyi,) and highest (Tiax)
measurement temperatures (shown in Table 2) deviate from the
reference value by close to 43% in the worst case (Table 4). AADs of
vapor pressures for different methods in the studied temperature
ranges are as follows: CK - 14.6%, CC - 13.8%, MT - 6.4%, and GC -
18.4%. For some of the studied compounds, the calculated vapor
pressure values are closer to the reference values, making an
average error smaller. The value of the slope k depends, among
other things, on the molecular weight. Therefore, when using a CC
method, the vapor pressure values obtained with a TGA are more
accurate than the ones obtained by using just one substance for
calibration. On the other hand, when TGA is used just to estimate

the vapor pressure of an unknown sample, using the CK method is
faster, despite the limitations pointed out by Pieterse and Focke
[24]. Nevertheless, of the methods used, the MT method gives the
most accurate results because at higher vapor pressure values the
error for all compounds is always below 15% (Table 4). Considering
the uncertainty of approximately 2 K assigned to the temperature
detection, it may be said that MT method error presented in Table 4
usually lies within the limits of the vapor pressure calculation
uncertainty, which at Ty, is up to 9.5% and at Tpax up to 7.1%.
Additionally, it should be noted that the deviation of the TGA mass
loss data caused a maximum error of +2.6% (1.9% an average)
between the vapor pressure data of parallel measurements.

Fig. 3 compares the vapor pressure data calculated by the MT
method with reference data. There is a fair agreement between the
reference and calculated data (middle points deviate up to 7%).
However, as can be seen, the estimated temperature measurement
error of £2K could have a great influence on the measurement
accuracy. In addition to temperature measurement, the accuracy of
the estimated diffusion coefficient affects the vapor pressure
results, as the method of Fuller et al. is reported to have an average
absolute error of 4%, although errors as great as 25% are not
unusual [31]. Considering an average absolute error estimated
from vapor pressure data for the compounds used for method
evaluation (calculated using data in Table 4) of approximately 4% in
the vapor pressure range below 10,000 Pa (average 4700 Pa) and
approximately 5% in the vapor pressure range over 10,000 Pa
(average 18,000Pa), and uncertainties in temperature measure-
ment, it can be concluded that vapor pressure values could deviate
from the measured values by 13.5% and 12.1% in the vapor pressure
range below and above 10,000 Pa, respectively. Therefore, it can be
said that the deviation of calculated vapor pressure values from
reference data (Table 4), as also shown on Fig. 3, would still be
within the limits of approximately +15% reported in literature by

Table 4
Errors in vapor pressure values.
Compound Reference vapor pressure CK error CC error MT error GC error
(Pa) (%) (%) (%) (%)
Timin Tinax Timin Timax Tiin Tinax Tiin Tmax Tiin Tmax
Docosane 691 13,028 0.4 6.7 8.3 19.2 4.3 1.6 5.6 12.5
Hexadecane 1544 15,529 183 16.5 9.8 16.1 -16 -0.2 30.6 20.0
Resorcinol 1448 17,491 10.6 10.0 19.1 11.2 6.1 77 —111 -19
Anthracene 7883 24,209 4.6 -16.7 3.8 -15.1 79 -9.5 39.1 19.7
Benzoic acid 2702 24,451 -20.9 -17.9 135 9.8 -11.4 6.7 -17.9 -2.9
Nonane 6086 45,667 35.7 17.0 26.9 131 —6.4 13.8 43.5 16.0

CK - calibration constant; CC - calibration curve; MT - mass transfer equation and diffusion coefficient; GC - group contribution [30].
Error=100 - calculated data/reference data x 100%.
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Fig. 3. Deviation of vapor pressure values calculated by MT method from reference
vapor pressure data. Shown are data for docosane (O) and resorcinol (@). Solid and
dashed lines (resorcinol and docosane, respectively) show deviation caused by
temperature measurement error.

several authors [10,33,37]. To sum up, the accuracy of the vapor
pressure measurement from TGA mass loss data by MT method is
caused by temperature calibration and by secondary calculations
(diffusion coefficient and density).

3.2. Vapor pressures of 5-Methylresorcinol derivatives

As evaluation of different calculation procedures showed the
most accurate results were obtained using the MT calculation
procedure. Mass loss data from the TGA for 5-methylresorcinol
derivatives were taken, and the same calculation procedure was
carried out as was used for the evaluation compounds. The
accuracy of the results was estimated by comparing the calculated
boiling points to those measured by DSC. The consistency of the
obtained vapor pressure values and enthalpies of vaporization was
checked by comparing them to GC method [30]. Obtained
enthalpies and entropies of vaporization are shown in Table 5.
Vapor pressures for the studied compounds were measured, on
average, in the range of 1600-24,500 Pa.

By comparing the MT and GC methods and considering the
AADs of the enthalpies and entropies of vaporization of the
standard compounds in Table 3, it can be said that the magnitudes
of the values calculated from TGA mass loss data by MT method are
correct. Additionally, the AAD of b.p. measured by the MT method
is smaller for the 5-methylresorcinols than for standard com-
pounds (5.6 and 7.2K, respectively), giving confidence that the
calculated values are good estimates of the real values. The AAD of
b.p. calculated using the GC method of Rarey and co-workers [30]
is larger for the 5-methylresorcinols than for the standard
compounds shown in Table 3. Boiling points calculated by the

Table 5
Enthalpies and entropies of vaporization of the 5-Methylresorcinol derivatives by
MT and GC methods.

Compound/abbreviation ~Temperature range ~ AH As

(K) (kJ/mol) [J/(mol K)]

Timin Timax MT GC MT GC
But 421 515 66.47 5892 216 203
2PE 507 572 84.23 70.76 227 206
P2Y 419 479 6219 5596 213 202
Pent 464 560 7939 75.68 226 220
2MP 444 506 7155 6128 225 205
22DMP 456 535 68.90 6813 213 212

MT - mass transfer equation and diffusion coefficient; GC - group contribution
[30].

Table 6
Calculated boiling point deviation from DCS data.

Compound/ DSC boiling point  Boiling point accuracy Deviation
abbreviation (K) (K) (K)

MT GC
But 554.75 +0.4 13 24
2PE 648.75 9.0 3.6
P2y 532.05 18 5.7
Pent 615.15 36 3.2
2MP 564.65 114 25
22DMP 591.95 64 33

MT - mass transfer equation and diffusion coefficient; GC - group contribution
[30].
Deviation =reference data - calculated data.

GC method are constantly lower, as was also observed with the
standard compounds. Also, the MT method gives constantly lower
boiling points (Table 6), which might be caused, among other
things, by the accuracy of the temperature calibration and by
extrapolation of the vapor pressure outside the studied tempera-
ture range using the Clausius-Clapeyron equation.

The GC method of Rarey and co-workers [30] is reported to give
errors of 16% for esters and 9.1% for ethers in the pressure range up
to 10kPa, and in the pressure range above 10 kPa 7.5% for esters and
3.9% for ethers. The accuracy of the MT method does not depend on
the type of compound, and as already estimated by evaluation of
the methods, is approximately 13.5% in the vapor pressure range
below 10,000 Pa (average 4700 Pa) and approximately 12.1% in the
vapor pressure range over 10,000 Pa (average 18,000 Pa). However,
for standard compounds, the GC method gave rather poor results
(Table 4) with AAD of 24.6% in the lower pressure range and 12.2%
in the higher pressure range.

Vapor pressure curves for 2PE (highest boiling point) and P2Y
(lowest boiling point) obtained by MT and GC methods are shown
in Fig. 4. For other 5-methylresorcinol derivatives ,these can be
placed in-between the curves shown according to their boiling
points (Table 6). Tetradecane and tricosane were chosen for
comparison as they have molecular weights and boiling points that
are similar to P2Y and 2PE, respectively.

From Fig. 4, it can be seen that in case of 5-methylresorcinol
derivatives the agreement between the MT and GC methods is not
good. Vapor pressure values obtained by the GC method in the
temperature ranges, shown in Table 5, are mostly higher than those
of the MT method (except 22DMP), giving an average relative error
as large as 19.7%. At vapor pressure values below 10,000 Pa (based
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Fig. 4. Vapor pressure curves of tetradecane (+, data from Ref. [47]) and tricosane
(x, data from Ref. [47]), and of 2PE (A) and P2Y (O) by MT (filled symbols) and GC
methods (no fill). Error bars show calculation error caused by temperature
detection in the MT method.
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on the MT method), the relative difference between the calculated
values obtained by the two methods is 24%, while at higher vapor
pressures values it is 13%. Based on the estimated errors, it is more
likely that the results obtained by the MT method represent the
true values.

4. Conclusions

Different calculation procedures were applied for vapor
pressure calculation from TGA data. Measurements with standard
compounds showed that the TGA method cannot be considered an
accurate vapor pressure measurement method, although in some
cases it may give accurate results. Rather, it can be considered a fast
method to estimate a vapor pressure curve that requires only a
small amount of sample and a readily available setup.

There did not appear to be a large difference between the
calculation procedures used by different authors, although the
combination of mass transfer equation and binary diffusion
coefficient (MT method) yielded slightly better results compared
to other two calculation methods and the group contribution
method of Rarey and co-workers [30].

Based on the TGA mass loss data, vapor pressure for six 5-
methylresorcinol derivatives in the average range of 1600-
24,500 Pa was determined that could be used on material safety
data sheets. It was estimated that the error in vapor pressure values
measured using the MT method is £13.5% at vapor pressure values
below 10,000Pa and +12% at vapor pressure values exceeding
10,000 Pa, which is consistent with the results reported in
literature for the TGA technique. Errors in enthalpy of vaporization
values calculated from the vapor pressure data are estimated to be
below 9%. Thus, the TGA method could be useful as a preliminary
method for vapor pressure estimation.
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Abstract A new alternative experimental method is pro-
posed to determine mass average boiling points (WABP) of
oils with narrow boiling ranges. The method was devel-
oped to evaluate the atmospheric boiling points of uncon-
ventional oil fractions in a convenient and fast manner
while using only a small amount of sample (<20 mg). The
method is based on conversion of the differential mass loss
curve from thermogravimetric analysis (TG) into a boiling
(or condensation) curve of the vaporized species (narrow
fractions as pseudocomponents). From the latter, the
WABP is then calculated. The differential mass loss curve
is measured during the vaporization of oil through a pin-
hole with a diameter of 50 pm. In this regard, the method is
similar to the approach used in the ASTM E1782 standard
(Standard Test Method for Determining Vapor Pressure by
Thermal Analysis). The fractions used to develop the
method were obtained from rectification of a shale oil that
was rich in phenolic compounds. For evaluation of the
results, the average boiling points calculated from TG were
compared with the average boiling point values (TBP)
obtained from rectification results (calculated as the aver-
age of the initial and final temperatures of the cut). For
evaluating the method’s accuracy, 17 fractions with narrow
boiling ranges (boiling ranges from 5 to 20 °C) and 12
wider fractions (boiling ranges from 20 to 56 °C), that were
obtained by combining the closest narrow fractions, were
used. The average deviation of the boiling points calculated
using this TG method was 0.8 °C (absolute average devi-
ation 1.9 °C), and the maximum deviation was 4.5 °C

> Vahur Oja
vahur.oja@ttu.ee

Department of Chemical Engineering, Tallinn University of
Technology (TUT), Ehitajate tee 5, 19086 Tallinn, Estonia

(with only 2 points deviating from the TBP values more
than 4 °C).

Keywords Thermogravimetry - Narrow boiling range
fraction - Average boiling point - Unconventional oil -
Shale oil

List of symbols

Ty Mass-, volume- or molar average boiling
point of the mixture (°C)

Xijx Respectively the mass-, volume- or mole
fraction of component i, j, k

dm/dt Rate of mass loss (mg min~")

Introduction

Petroleum oils and oils obtained from solid materials (oil
shale, biomass, and coal) are continuous mixtures with
compositions that vary significantly. One method for
characterizing the mixtures is using average parameters,
where a narrow boiling range fraction is viewed as a single
pseudocomponent and is described by its average param-
eters. One commonly used average parameter is the aver-
age normal boiling point of the mixture, which is used as
an input parameter in correlations used to predict other
thermodynamic properties (empirical methods of determi-
nation). There are five different average boiling points that
are used [l, 2]—volume average boiling point, mass
average boiling point (referred to in this text as WABP, a
commonly used abbreviation), molar average boiling point,
cubic average boiling point and mean average boiling
point. Different average boiling points are used in different
correlations and for determining different characteristics

@ Springer
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[3]. However, for fractions with narrow boiling ranges,
these different boiling points are considered equal [4].

The aforementioned average boiling points can be cal-
culated from true boiling point (TBP) distillation curves
[5]. According to a recommendation in the ASTM D2892
standard [6], the TBP data (curve) can be obtained from a
batch rectification in a column with at least 15 theoretical
plates and a reflux ratio of 5. This method requires both
large sample sizes and is time consuming. For thermally
unstable samples, rapid decomposition at high tempera-
tures makes it impossible to carry out a complete distilla-
tion at atmospheric pressure. To overcome this difficulty,
distillation can be carried out in a vacuum (ASTM D1160)
[7] or by a different procedure (ASTM D86) [8]. For pet-
roleum oils, there are empirical correlations for the con-
version of boiling points measured at lower pressures to
normal boiling points [5] and conversion of boiling points
obtained by ASTM D86 distillation to TBP values [2].

As there are no such correlations for unconventional
oils, the aim of this work is to develop a method to
experimentally determine average boiling points of narrow
boiling range fractions by using thermogravimetric analy-
sis (TG), performed at atmospheric pressure. Using TG for
the evaluation of vaporization of wide boiling range pet-
roleum fractions [9, 10] and coal pyrolysis products [11]
has been studied before, and it has been found that, in
principle, TG is a suitable method for such research.
Moreover, the TG would allow small sample sizes
(<20 mg) and short residence times of the sample at high
temperatures.

In the current article, we suggest an alternative method,
which would allow TG to be used to assess the average
normal boiling points (mass average boiling point
(WABP)) of narrow boiling range fractions of continuous
complex mixtures (oils). When creating the method, the
principle behind the ASTM E1782 standard (Standard Test
Method for Determining Vapor Pressure by Thermal
Analysis) [12] was used as a starting point. With ASTM
E1782, the substance is heated at a constant heating rate
and the boiling point is determined based on the onset
vaporization temperature of the main portion of the sub-
stance through a pinhole (<125 pm) at a given pressure.
This method is for determining the vapor pressures of pure
substances; however, it has also been extended to deter-
mining the vapor pressure and boiling points of oil frac-
tions with narrow boiling ranges [13]. It is also important to
note that most articles are based on using a differential
scanning calorimeter (DSC) and only few are based on TG
[14, 15]. Reference [13] summarizes all work available for
measuring vapor pressure by DSC as of 2014. Note that
different approaches are usually used instead of ASTM
E1782 when TG is applied to evaluate vapor pressures of
pure substances [16, 17].

@ Springer

The current article further develops the TG methodology
based on the assumption that, under certain experimental
conditions (heating rate, sample mass), the differential
mass loss curve roughly parallels the boiling point distri-
bution of the fraction (mixture). In this case, onset and end
temperatures, determined by tangents, should approxi-
mately correspond to the boiling range of a mixture. Then,
it should be possible to obtain the average boiling point of
the mixture from the thermal curve (mass loss curve).

Experimental
Materials

Narrow boiling range oil cuts were obtained from distil-
lation of a shale oil middle fraction (boiling range of about
170465 °C). The shale oil, which is an alternative syn-
thetic crude oil, was produced from Estonian Kukersite oil
shale by an industrial oil shale retorting unit based on the
Galoter process [18]. Oil shale is a sedimentary rock con-
taining organic matter mostly in the form of an insoluble
macromolecular material called kerogen, which has a
highly cross-linked structure [19, 20]. To produce synthetic
crude oil from oil shale, the kerogen is thermally decom-
posed in a self-generated inert environment using a process
called retorting [21, 22]. Due to the structure of Kukersite
kerogen, the shale oil from Kukersite oil shale has a highly
phenolic character [23, 24].

For obtaining cuts with narrow boiling ranges, the fuel oil
was separated into fractions by rectification in accordance
with the ASTM D2892 standard. For separation, a packed
column with 24 theoretical plates and a reflux ratio of 6:1 was
used. Wire spirals that were 3 mm long and 2.5 mm in
diameter, made from wire with a 0.24-mm diameter, were
used as the packing material. The packing itself was 0.86 m
in height, and the column diameter was 3.5 cm. The arith-
metic average of the temperatures for the first and last drop of
a given cut, measured at the top of the column, provide the
actual average boiling point of the fraction [5]. This is the
boiling point used in correlations as the true boiling point [2].

In the current article, the oil samples used are catego-
rized as either narrow or wide boiling range fractions. It
should be noted that the definition proposed by [2],
according to which narrow boiling range fractions are
defined as mixtures where the main part of the mixture
(10-90 %) has a boiling range of up to 80 °C, has not been
followed. Instead, in this paper, narrow boiling range
fractions have boiling ranges of <10 °C. Accordingly, the
rectification cuts were collected so as to have boiling ran-
ges of 5-10 °C. To get fractions with wider boiling ranges,
the closest narrow cuts were mixed according to the pro-
portions in which they were distilled during rectification.
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The average boiling points of these fractions were then
found as the arithmetic average of the temperatures for the
first drop of the first cut and the last drop of the last cut
mixed.

Decane, the material used to view pure compound
behavior under the given experimental conditions, had a
purity of at least 99 % (Sigma-Aldrich). It was used
without additional purification.

Measuring system

A DuPont 951 thermogravimetric analyzer (TG), as descri-
bed in [17], was used for determining the average boiling
points of fractions at atmospheric pressure. With this con-
figuration, the accuracy of measuring the temperature is
42 °C, which is affected by the accuracy of the thermo-
couples (k-type, diameter of 0.21 mm) and their location for
a given experiment. The thermocouples were not moved, and
they were located about 1 mm from the side of the measuring
capsule. With this placement, the temperature measured by
the thermocouples was slightly higher than the actual tem-
perature of the sample in the capsule, which is a result of heat
transfer and the heat capacity of the mixture.

The sample was placed in a hermetically sealable 100-pL
aluminum capsule (Mettler-Toledo). Capsules were sealed
with aluminum lids (Mettler-Toledo) that had 50-um diam-
eter pinholes. This differs somewhat from the ASTM E1782
method, where the recommended capsule capacity is 40 pL.
The sample size used was about 4 times larger than recom-
mended in the standard (20 mg instead of 5 mg). The larger
sample size was needed to achieve accurate results with our
TG, which was a low-performance device that gave noisy
data when the sample size was smaller. Thus, a smaller
sample size could be used with a better TG. In addition, some
comparative vaporization experiments were carried out
using lids with handmade holes (diameter of about
200 + 80 um) bigger than the hole size recommended in the
ASTM E1782 standard (<125 pm).

The vaporization of the sample through a hole was
measured at a constant heating rate in a nitrogen flow of
200 mL min~". The heating rates applied were between 5
and 20 °C min~". For smoothing the TG data and creating
a differential mass loss curve, Netzsch Proteus Thermal
Analysis software was used, and these mass loss curves
were normalized by area to improve graphic comparability.

Results and discussion

Assumptions and conversion to condensation curve

It is assumed that at a certain temperature and time in the
vaporization process, the portion of the mixture that exits

the capsule has a vapor pressure equal to atmospheric
pressure. This means that the mass loss curve obtained
when heating the sample at a specific rate matches the
boiling point distribution of the mixture.

It is important to note that the boiling points measured
by a TG are for the mixture remaining in the pan as the
more volatile components are progressively vaporized.
Thus, it gives a boiling point distribution of the progres-
sively less volatile mixture remaining. TBP data, however,
gives the boiling point distribution of the vaporized com-
pounds. This is because in a TBP distillation, the temper-
ature is measured at the top of the rectification column,
where the vaporized portion condenses and is collected.
Therefore, the TG method described here gives what we
will call a boiling point curve, which is based on the
remaining mixture, and TBP distillation gives what could
be termed a condensation curve.

The assumption that the mass loss curve matches the
boiling point distribution is not valid when one substance,
or multiple substances with similar boiling points, domi-
nates in the mixture. Also, the boiling range of the mixture
must be wide enough and the sample size small enough for
the vaporized portion to be able to exit the capsule quick
enough. For such a case, two important conditions for
obtaining a boiling curve of the remaining mixture during
vaporization have been fulfilled—the substances exit the
mixture at the boiling point given by a certain mixture
composition and components exit without a delay.

In short, the following assumptions were made:

1. At a certain temperature and time in the vaporization
process, the portion of the mixture that exits the
capsule has a vapor pressure equal to atmospheric
pressure;

2. the mass loss curve through a pinhole matches the

boiling point distribution of a mixture if the sample
size is small enough and the boiling point range is wide
enough for the vaporized portion to be able to exit the
capsule quick enough.

Analysis of temperature profiles

Figures 1-4 present temperature profiles occurring during
sample vaporization through 50-pum diameter pinholes (5
and 20 mg samples, bold lines) and bigger handmade holes
with diameters of about 200 + 80 um (20 mg sample, thin
line). It should be noted that the handmade holes are bigger
than the hole size given in the ASTM E1782 standard
(<125 um). The sample range for this study was selected
to be 5-20 mg: The minimum was due to the low perfor-
mance of the TG setup used, and the maximum was chosen
because larger sample sizes make it difficult to fulfill the
conditions explained in the previous paragraph. The bigger

@ Springer



1682

R. Rannaveski et al.

195 1

— Bigger hole, 20 mg
8 190 4 Pinhole, 20 mg
aE.w — —Pinhole, 5 mg -
= Furnace temperature
5 1851
o
g
8
° 180 4
o
]
w175 4
170 T T T T 1
170 175 180 185 190 195

Environmental temperature/°C

Fig. 1 Decane (normal b.p. 174.2 °C) temperature curves during its
evaporation with a heating rate of 5°C min~' through a pinhole
(d = 50 pm) using sample masses of 20 and 5 mg and a handmade
bigger hole (d = 200 £ 80 pm) using a 20 mg of sample

holes were made to be big enough for the sample that
vaporizes within a time unit to be able to exit the capsule,
but at the same time small enough for the vaporization to
take place at the boiling point (the sample does not evap-
orate significantly before reaching its boiling point, as
happens with an open crucible). The linearized environ-
mental temperature (gray dashed line) in these figures was
obtained by taking the temperature measurements of a
thermocouple close to the sample, and linearizing the
values based on the part where no other thermal effects
were present besides the effect due to the liquid’s heat
capacity.

Figure 1 presents the behavior of a pure substance (de-
cane of 99 % purity, normal b.p. 174.15 °C [25]). When
using a lid with a bigger hole with 20 mg of sample (thin
solid line), it is evident that the pure substance boils at a
constant temperature, indicating a constant pressure or no
development of overpressure in the capsule. Due to the
large sample size, the sample cannot fully exit the capsule
at the moment when the temperature reaches its boiling
point causing horizontal deviation from the linear line of
temperature change (gray dashed line) depicted on the
drawing. As long as there is enough sample left in the
crucible, there is a delay. To avoid this temperature delay,
the vaporization must happen in a theoretical situation
where the sample amount is infinitesimal so that the sample
could vaporize at the exact moment when its temperature
reaches the boiling point. When using a lid with a 50-um
diameter pinhole, the situation is somewhat different, as is
apparent in Fig. 1 (bold solid line for 20 mg of sample and
bold dashed line for 5 mg of sample). All of the sample
that evaporates in a given time period cannot exit through a
small hole, which leads to the development of overpres-
sure, and therefore, a resulting increase in sample tem-
perature (boiling point).
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Figures 2—4 present the behavior of oil fractions with
various boiling ranges. Figure 2 shows the behavior of the
narrowest boiling range oil fraction (boiling range of about
5 °C). As a narrow boiling range fraction consist of com-
pounds with similar boiling points, the sample behavior in
Fig. 2 is seen to be qualitatively similar to the behavior of
pure substances. Most importantly, in the sample boiling
range, the 20-mg sample temperature curve from evapo-
ration from the pinhole is situated above the sample tem-
perature curve from evaporation from the bigger hole.
However, as the fraction can be characterized by a boiling
point distribution, an observable difference is seen in the
Fig. 2. For a capsule with a bigger hole, the sample tem-
perature does not remain constant in the boiling range of
the sample. It increases with the environmental tempera-
ture due to an increase in the boiling temperature of
remaining oil as lighter components evaporate. For exam-
ple, comparing the behavior of the 20 mg samples in
Figs. | and 2, it can be seen that the maximum deviation
for a pure substance is well over 10 degrees Celsius, but
remains under 10 degrees for the narrow boiling range
fraction. Figure 3 presents temperature profiles of a frac-
tion with a somewhat wider boiling range (boiling range of
about 20-22 °C), created by combining three sequential
rectification cuts. From Fig. 3, it can be seen that, unlike
pure substances and narrow boiling range mixtures, in the
boiling range of the sample, the 20 mg sample temperature
curve from evaporation through a pinhole is situated below
the curve for the bigger hole. Also, due to the wider boiling
range, both these lines deviate less from the linear line than
in the previous cases. For vaporization of the 5 mg sample,
there was no measurable deviation from the linear line
using either capsule, and thus, these curves were left out of
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Fig. 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~"' through a pinhole (d = 50 pm) using sample masses of
20 and 5 mg and a handmade bigger hole (d = 200 & 80 pm) using a
20 mg of sample
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Fig. 3 Temperature curves for evaporation of 20 mg of an interme-
diate width oil fraction (boiling range from 180.0 to 201.7 °C) with a
heating rate of 5 °C min~! through a pinhole (d = 50 um) and a
handmade bigger hole (d = 200 £ 80 um)

Fig. 3 for clarity. Figure 4 shows the experimental tem-
perature profiles for the fraction with the widest boiling
range (boiling range of about 40-42 °C) created by com-
bining five sequential rectification cuts. Even though the
temperature profile of the bigger hole is still above the
pinhole, both lines act similarly, i.e., they are within the
measurement accuracy of the system. This indicates that no
significant overpressure develops when using a lid with a
pinhole, and the sample temperature corresponds to the
boiling point of the sample.

Again, when using 5 mg of the sample and a 50-pm
pinhole, there was no visible deviation from the linear line
(for the clarity of the figure, it has not been shown
graphically in Fig. 4). If there is no deviation from a linear
line, it could be assumed that at time t and temperature T,
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Fig. 4 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~"' through a pinhole (d = 50 pm) and a handmade bigger
hole (d = 200 £ 80 pm)

when the sample is at its boiling point for the composition
at that time, the respective part of the mixture with an
infinitesimal mass in comparison with the full mass of the
sample is vaporized. At the next measuring point (at the
next temperature and moment of time), the next part of the
mixture that creates the given vapor pressure exits. Such
behavior lasts until the sample runs out.

Analysis of differential mass loss curves

Figures 5 and 6 show differential mass loss occurring
during sample vaporization through 50-um diameter pin-
holes. Figure 5 presents differential mass loss curves for
decane, the pure compound used to evaluate its vaporiza-
tion under the experimental conditions. This visibly left-
skewed curve seen in Fig. 5 is a typical mass loss curve
shape observed in ASTM E1782 (Standard Test Method for
Determining Vapor Pressure by Thermal Analysis) exper-
iments for pure compounds. The differential mass loss
curve indicates that a small amount of sample leaves the
capsule before the boiling point (preboiling) followed by a
smoothly increasing mass loss rate at temperatures above
the boiling point. The vaporization of the sample is delayed
to temperatures above its normal boiling point and is
accompanied with the development of overpressure, and
therefore, results in an increase in the sample temperature.
At the same time, the difference between the sample
temperature and environmental temperature outside the
capsule will continue to increase when using a constant
heating rate, which will increase the vaporization rate
(mass loss rate) of the sample. When the sample runs out,
there is a relatively sudden drop.

Figure 6 shows differential mass loss curves for vapor-
ization through a pinhole for two selected oil fractions with
a sample mass of 20 mg. The TG vaporization curve of the
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Fig. 5 Differential mass loss curves for vaporization of 20 mg of

decane through a 50-um opening with a heating rate of 5 °C min~'
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Fig. 6 Differential mass loss curves for vaporization of 20 mg of a
narrower and wider boiling range oil fraction through a 50-pm
opening with a heating rate of 5 °C min™"'

narrower boiling fraction, with a boiling range of 9.5 °C,
(solid line in Fig. 6) is still somewhat left skewed. This
indicates the existence of the previously described situation
where vaporization of the sample is delayed to tempera-
tures above the normal boiling point. The differential mass
loss curve of the wider fraction, with a boiling point range
of 56 °C (dashed line in Fig. 6), resembles a Gaussian
distribution and, unlike the narrow boiling range fractions
(the solid line), no left skewing is seen. Looking back at the
temperature profiles in Fig. 4, the fraction with a similar
width still showed a small deviation from the linear line
visible when 20 mg were used, but due to the Gaussian
distribution observed, it can still be assumed that the dif-
ferential mass loss curve represents the boiling point dis-
tribution of the sample (i.e., the variation in the boiling
point of the oil remaining in the sample pan as volatile
components leave). It is worth noting here that the boiling
point distributions of oil fractions obtained by rectification
are known to resemble a Gaussian bell curve [26] and that
of fractions obtained by ASTM D86 distillation have been
shown to be asymmetric (right skewed, lognormal or
Weibull), as shown by [27].

This comparison of shapes suggests again that during
TG analysis, the differential vaporization curve of the
sample could be close to that of the boiling point distri-
bution of the remaining mixture. It could occur when
sample size and heating rate are chosen correctly and the
mixtures studied have wide enough boiling ranges for the
components to be able to exit the capsule quickly. For a
sufficiently small sample size and wide enough boiling
range, the part of the mixture with a vapor pressure equal to
the environmental pressure will fully exit the capsule.
‘When monitoring the sample temperature, there is no dif-
ference between the linear temperature change line and the
sample temperature, as the part of the sample that boils at a
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certain temperature has exited the capsule before the next
temperature is reached. Thus, the condition that the dif-
ferential mass loss curve corresponds to the normal boiling
point distribution could have been fulfilled. In this situa-
tion, every point on the continuously measured TG dif-
ferential mass loss curve corresponds to the mass fraction
of the mixture, or pseudocomponent, that boils at the given
temperature.

Mathematical conversion of the differential mass
loss curve to the condensation curve

If the mass loss curve follows the boiling point distribution
of the remaining oil, the loss of mass measured during the
TG analysis occurs at a temperature is equal to the boiling
point of the remaining oil. Thus, here this curve will be
called the boiling point curve of a mixture. However, as
mentioned, the true boiling point curve of oils (from which
average boiling points are calculated) is not the boiling
point curve of a progressively less volatile oil residue, but
is instead a property of the distilled portion. The average
boiling temperature of a vaporized and then condensed
narrow boiling range cut is calculated using the conden-
sation temperatures of the initial and final drops of the cut
in the rectification column condenser. Therefore, it was
necessary to convert the boiling point curve obtained from
TG analysis to a curve that more closely resembled the
vaporized fraction’s condensation temperature curve
obtained during distillation. In order to do that, the boiling
point additivity rule of the mixture was considered,
according to which the boiling point of the mixture is
related to the boiling points of its components [2].

n
Ty=Y T (1)
i=1

where T, is the mass-, volume- or molar average boiling
point of the mixture, x; is, respectively, the mass-, volume-
or mole fraction of component i in the mixture, and 7; is the
boiling point of component i.

When separating the sum of Eq. (1) into 2 parts and
defining the vaporized fraction or component as j with
boiling temperature Tj, for which the fraction in the mix-
ture is xj, we can express the boiling temperature of the
mixture as follows:

n
Tb = Tij =+ Z Tkxk (2)
k=j+1
Ty is the boiling temperature of component k and xy is the
fraction of component k in the mixture. We define the
remaining mass fraction as >}, x. T is the tempera-
ture measured at the observed point and Ty the temperature
measured at the next point. We then calculate the
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condensation temperature of the vaporized portion using
Eq. (3).

n
To — 2 kit Tk

T =
J X
Xj

3)

Using Eq. (3), we can construct a continuous conden-
sation curve from the mass loss curve (boiling point curve).
The difference between the continuous condensation curve
and the original boiling point curve depends on the sample
and its boiling kinetics. For the mixture shown in Fig. 7, it
is apparent that the calculated condensation curve differs
significantly from the boiling curve. The difference is
caused by the fact that at lower temperatures, compounds
with lower boiling points vaporize from the liquid phase
and their fraction in the vapor phase is larger than in the
liquid phase.

As shown, a continuous condensation curve can be
constructed from the TG mass loss curve, which allows the
average boiling point of the fraction to be calculated as a
mathematical average from the condensation curve using
Eq. (4).

-3 (1) [y )

Assessing the accuracy of the methodology
and applying it to fractions obtained by ASTM
D2892 and vacuum distillations

When assessing the suitability of this method, it was
expected that the results received should have an accuracy
similar to correlations suggested by [28, 29] for petroleum
oils for the conversion of ASTM D86 temperatures to TBP
values. In the first reference, according to the author, the
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Fig. 7 Comparison of the measured “boiling” and constructed
“condensation” curves for an oil fraction with a boiling range from
149 to 205 °C. The boiling curve was measured with a heating rate of
5 °C min~"

average absolute errors at different distilled volume per-
centages are from 12.2 (21.9 °F) to 2.3 °C (4.2 °F) and for
the 50 % volume point, the average error is 2.6 °C
(4.7 °F). In the second reference, the average difference
between actual and calculated TBP values fell between
11.7 (21 °F) and 3.4 °C (6.1 °F), differing for the 50 %
volume point by 3.4 °C (6.1 °F) on average, with a maxi-
mum error of 13.9 °C (25 °F).

Based on the aforementioned analysis, it can be expec-
ted that the average boiling points obtained by TG are
influenced by the sample mass, heating rate, and boiling
range of the mixture. Table | summarizes an assessment of
the influence of these parameters. In Table 1, in addition to
the mathematical average method proposed in this study,
the average boiling points calculated as the arithmetic
average of the initial and final boiling points of the frac-
tions and average boiling points determined as the peak
maximum of a condensation curve are presented for com-
parison. The onset and end of boiling are determined with
tangents (analogous to the ASTM EI1782 standard as
described earlier). Table 1 shows that determination of the
average boiling point by the mathematical average method
(Eq. 4), where all the mass loss values and temperature
values were considered, gave the most accurate results.
Determining the average boiling point based on the peak
temperature of the curve appeared to be the least accurate,
as it only gives an accurate result if the boiling point dis-
tribution has a Gaussian bell shaped curve and the mass
loss curve precisely corresponds to the boiling point dis-
tribution. Therefore, when describing the accuracy of the
method from this point forward, the results received with
the mathematical average method, the method developed in
this study, will be used.

For assessing the effect of the heating rate, a shale oil—
fuel oil fraction with a boiling range of 149-205 °C was
used. The sample weighed approximately 10 mg and
heating rates of 5, 10, and 20 °C min~' were applied.
Corresponding condensation curves (converted from dif-
ferential mass loss curves by Eq. 4) are shown in Fig. 8. It
can be seen that the higher the heating rate, the higher the
temperatures where the sample exits the capsule. The
average boiling points for the specified mixtures calculated
from the condensation curves are listed in Table |
(rows 1-3). The results obtained with heating rates of 5 and
10 °C min™" coincide comparatively well with the rectifi-
cation results. The biggest deviation from actual values
appeared when heating the sample at 20 °C min~'. This is
because with such a high rate of heating, the sample cannot
exit the capsule and a delay appears (causing overheating
and a pressure increase in the capsule). For shale oils, it is
important to remember that they are unstable at higher
temperatures, and therefore, a higher rate of heating is
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Table 1 Evaluation of the determination of mass average true boiling points using the method developed in this study (mathematical method)

1

No.  Heating rate/°C min~ Sample mass/mg

Distillation data/°C

Average boiling point (deviation)/°C

Initial Final TBP Range  Mathematical — Tangent Peak

1 5 10.2 149 205 1828 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 1855 41 181.9 (3.6) 187 (—1.8) 191 (=5.5)
9 21.6 170 202 1848 32 185.1 (—0.3) 193 (—8.2) 204.5 (—19.7)
10 19.0 164 192 1782 28 177.1 (1.1) 182 (—4.1) 188 (—9.8)
11 20.5 164 182 1737 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 1735 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)

Values from the tangent and peak methods, based on calculated condensation curves, are shown for comparison

Dev = Trgp — TG
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Fig. 8 Condensation temperature distribution as a function of heating
for an oil fraction with a boiling range of 149-205 °C

preferred. As a result, the heating rate of 10 °C min~' was
chosen as the optimal rate for further experiments.
Experiments with different sample sizes (about 5, 10,
20, and 30 mg) heated at the rate of 10 °C min~! showed
that in all cases, the results are relatively precise, differing
from the rectification values by <3 °C (Table I, rows 2,
4-T7)—the most precise result was equal to the TBP data (at
a sample size of 9.8 mg). Sufficiently, accurate results, as
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compared to TBP values, were also obtained with larger
sample sizes (with 21.7 mg, the difference from TBP data
was 0.3 °C). When applying TG analysis to mixtures with
different boiling ranges (using a heating rate of
10 °C min_]) (Table 1, rows 8-17), it could be seen that
the method can relatively accurately determine the average
boiling points of a wide range of mixtures. In all cases, the
difference between the average boiling points calculated
from a TG condensation curve and the TBP values was
below 4 °C (the maximum difference was 3.6 °C), and the
minimum difference was 0.3 °C. Such fluctuations can be
explained by the accuracy of temperature measurement for
the given system. For example, measuring a fraction with a
boiling range of 192-202 °C (average boiling point
197 °C) using different sample sizes (Table 1, row 15-17)
gave the average boiling point value of 197.7 °C and a
standard deviation of 1.9 °C. This means that the average
temperature is accurate regardless of whether the shape of
the vaporizing curve is similar to that of a pure substance
(as was shown to be the case with narrow boiling range
fractions in Fig. 6). From the results, it can be concluded
that the optimal heating rate for determining the average
boiling point of oil during TG analysis is 5-10 °C min ™"
and a suitable sample size is about 5-20 mg, or slightly
higher. The error in determining an average normal boiling
point via the condensation curve data for the mixtures
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Fig. 9 Comparison of the average boiling points determined by the
TG analysis method proposed in this study and the traditional TBP
distillation for wider and narrower boiling range oil fractions

Table 2 Evaluation of the determination of mass average true boiling
points using the method developed in this study (mathematical
method) and comparison of WABPs obtained from rectification data
and TG analysis for fractions not shown in Table 1

No. TBP/°C TG/°C Dev/°C
1 164.0 162.7 12
2 174.0 170.3 3.7
3 182.8 181.3 1.5
4 208.5 208.1 0.4
5 215.1 214.7 0.5
6 2212 218.4 2.8
7 239.5 239.1 0.4
8 239.9 237.3 2.7
9 248.5 246.0 2.6
10 257.6 253.2 4.5
11 263.7 261.8 1.9
12 265.0 262.7 2.3
13 271.0 266.9 4.1
14 276.4 275.3 1.1
15 276.9 274.4 2.5
16 282.0 281.9 0.1
17 288.6 291.3 —2.7

A sample mass of about 10-30 mg and heating rate of 10 °C min~"

were used

specified in Table 1 was —0.6 °C (average error for abso-
lute values was 2.0 °C), which is within the limit of the
temperature measuring accuracy of our system. Table |
includes selected results so that the effects of different
parameters (rate of heating, sample size, and boiling range)
on determining the average boiling point would be
numerically described.

Figure 9 graphically depicts the comparison of average
boiling points obtained by TG with average boiling points

from rectification data for all 29 fractions studied, includ-
ing both the narrow (open points) and wide (solid points)
boiling range fractions measured at previously determined
optimal conditions. Data for 12 of the samples depicted on
Fig. 9 are given in Table 1 (No. 6-17) and data for the
remaining 17 is shown in Table 2. The average deviation of
the normal boiling points calculated using the proposed TG
method was 0.8 °C (absolute average deviation 1.9 °C) and
the maximum deviation was 4.5 °C (with only 2 points
deviating from the TBP values more than 4 °C). At tem-
peratures around 400 degrees, TG shows signs of a multi-
step mass loss occurring, which indicates decomposition of
the sample. Sample decomposition during TG analysis at
approximately 380 °C has also been shown by [30]. As the
oils studied are thermally unstable, this behavior was
expected.

Conclusions

A new TG method for evaluating the boiling ranges of
complex mixtures was proposed in this work. Results
showed that the average normal boiling points calculated
from the condensation curve of TG were close to the TBP
values calculated from distillation data—the maximum
error remained below 5 °C, while the average deviation
was 0.8 °C. For obtaining average boiling points with such
accuracy, capsules with a capacity of 100 pL and lids with
a 50-um hole were used. The optimal heating rate was
found to be 5-10 °C min~", and the optimal sample size
was found to be about 5-20 mg. When choosing the
heating rate, the thermal stability of the sample should also
be considered. It should also be stressed that when using
capsules with different capacities and lids with different
sized holes, the optimal conditions found in this work
might not be suitable.

When developing this method, the aim was to find a way
to accurately determine the true average normal boiling
points of shale oil fractions obtained by ASTM D86 dis-
tillation and vacuum distillation. On average, the achiev-
able accuracy is better than the accuracy of methods used
with petroleum oil for converting ASTM D 86 distillation
temperatures to TBP values. It is important to emphasize
that the proposed method is universal, making it possible to
assess the average boiling points of mixtures/pyrolysis
products of different origins.

In conclusion, it could be said that the TG method
allows relatively accurate evaluation of the average normal
boiling points of mixtures, while being faster and requiring
less sample than traditional methods. Due to relatively fast
experiments, in the case of Kukersite shale oil, the pro-
posed TG-based analysis allows average boiling points to
be determined for shale oil fractions with normal boiling

@ Springer



1688

R. Rannaveski et al.

points up to the point where the sample starts to
decompose.
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ASTM D86 DISTILLATION IN THE CONTEXT OF
AVERAGE BOILING POINTS AS THERMODYNAMIC
PROPERTY OF NARROW BOILING RANGE OIL
FRACTIONS

RIVO RANNAVESKI, MADIS LISTAK, VAHUR OJA”

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

Abstract. The average boiling points (ABPs) of narrow boiling range oil
distillation cuts are important in predicting thermodynamic and physical
properties of oils. Due to convenience, simple batch distillation methods,
either at atmospheric or reduced pressure, are often used to separate shale
oils into fractions, including narrow boiling range fractions, and it has been
attempted to calculate average boiling points directly from the distillation
data. Using wide industrial shale oil fractions from Estonian Kukersite oil
shale and based on ASTM “Standard Test Method for Distillation of
Petroleum Products at Atmospheric Pressure” (ASTM D86), this paper is
aimed to find out how much the average boiling points determined directly
from distillation, as an arithmetic average of the initial and final tem-
peratures of the thermometer during fractions collection, differ from actual
average boiling points (AABPs). The actual average boiling points of narrow
boiling range oil fractions, pre-prepared by the same ASTM D86 distillation,
were measured afterwards using a recently developed thermogravimetric
analysis (TGA) based experimental method, which requires only about 20 mg
of sample. The study indicated that AABPs were always lower than the
respective average values determined directly from ASTM D86 distillation
data.

Keywords: Kukersite oil shale, shale oil, boiling points, correlations,
distillation.

1. Introduction
Shale oils are “synthetic” crude oils produced industrially from solid oil

shale via retorting, i.e. pyrolysis, at about 500 °C [1]. The organic matter in
oil shale is mostly in the form of kerogen, an insoluble crosslinked macro-
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molecular material [2—5], which has to be broken down during the industrial
production of oil. From time to time shale oil has been attracting attention
[5, 6], from regional to worldwide energy communities, due to the large
resources found around the globe [7]. The resources are estimated to be
4,700 billion barrels of oil [8]. Depending on the composition of the parent
oil shale, oil can be rich in various heteroatoms [9] that can cause the
thermodynamic properties to be different from those of conventional
petroleum [10]. However, in the public literature, there is quite little
systematic thermodynamic property information, including thermodynamic
property estimation correlations, available for shale oils. If to somewhat
overgeneralize, then it could be stated that the experimental data on the
physical and thermodynamic properties of shale oils, such as boiling point,
specific gravity and molecular weight, can be found mostly in works that are
not studies about thermodynamic properties, but parts of studies about their
chemical composition and wide technical fractions. Our literature search
indicated that it was more or less valid for all shale oils. For example, in a
recent summary for Estonian Kukersite oil shale derived oils, it has been
shown that the publicly available information is spotty and poorly suitable
for evaluating the applicability of available thermodynamic property pre-
diction methods, even for the simplest approaches based on “undefined”
pseudocomponents [11]. In addition, concerning the thermodynamic
properties and their prediction, there is one possible shortcoming to be
pointed out. In many works, simple batch distillation has been used to
fractionate shale oils to narrow boiling range fractions and it has been
attempted to calculate average boiling points of fractions as arithmetic
averages of the initial and final temperatures of the thermometer during
fraction collection [12, 13]. If this approach results in a substantial error,
then this shortcoming has to be taken into account because average boiling
point is generally the first choice as an input parameter describing molecular
size in property correlations [10, 14].

Our laboratory became interested in this problem during a project that
aimed to develop thermodynamic property correlations, similar in form to
conventional petroleum fuels correlations, for a specific shale oil, the shale oil
derived from Estonian Kukersite oil shale [11, 15]. In the aforementioned
project, a simple batch distillation, such as “Standard Test Method for Distilla-
tion of Petroleum Products at Atmospheric Pressure” (ASTM D86) [16], was
used to separate wide industrial fractions (gasoline fractions, fuel oil fractions)
into narrow boiling range fractions (or cuts), for which accurate average
boiling points were needed to develop thermodynamic property correlations.

Generally, boiling range distributions from distillation can be used to
assess the component distribution and volatility of the sample. In the
petroleum industry, distillation data is used to assess the quality of crude oil
and products [17]. There are various distillation based test methods, both
standardized and non-standardized, developed for practical use [14, 18-20].
One of the simplest and oldest test methods for separation of continuous
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mixtures at atmospheric pressure is ASTM D86 [16]. This method can be
used to quantitatively determine the boiling characteristics of oil products
with volatilities from gasoline to burner fuels. And yet, ASTM D86 is a
simple batch distillation, with vapour being immediately channeled into a
condenser), and therefore, it does not provide the actual boiling range of the
oil. It has been pointed out that the ASTM D86 distillation curve may differ
from the true boiling point (TBP) curve due to the partial condensation of the
sample in the neck of the flask, the low level of separation (lack of true
equilibrium between vapour and liquid) and the poor liquid holding capacity
of the condenser [21]. The boiling point, in terms of distillation, may
correspond to a perfect equilibrium under total reflux conditions. In practice,
to obtain a TBP curve, distillation columns with 15 or more theoretical plates
and high reflux ratios (often 5:1 or higher) are used. ASTM D2892
“Standard Test Method for Distillation of Crude Petroleum (15-Theoretical
Plate Column)” is an example of such a method [22]. Therefore, ASTM D86
distillation curves start at a higher temperature and end at a lower tem-
perature than TBP distillation curves, and present a narrower boiling range
than the true boiling range [23]. Riazi [14] has developed correlations for
conventional petroleum oils that relate to ASTM D86 and TBP temperatures.
The correlations are based on calculating temperatures of one distillation
from those of the other at the same vapourized volume percentages. How-
ever, these correlations are not meant to be applied for the direct calculation
of accurate average boiling points of the narrow fractions collected during
the distillation. Also, no experimental information could be found about how
much ASTM D86 average boiling points differ from the actual average
boiling points of collected fractions.

2. Experimental
2.1. Samples

The samples used in this study were the wide industrial shale oil fractions
from Estonian Kukersite oil shale [11, 15]. The samples were obtained from
Narva Oil Plant of Eesti Energia (Estonia) that uses solid heat carrier
technology [24-26]. As total shale oil has a wide range of properties and
components [27-30], then in industry the oil was divided into wide “straight-
run fractions” as preliminary products [13]. In this study, one gasoline
“straight-run fraction”, four middle oil (fuel oil) “straight-run fractions” and
one artificially modified (concentrated) fuel oil fraction were used. The fuel
oils (FOs) had boiling ranges of about 300 °C and initial atmospheric boiling
points (AtmBPs) of about 200 °C. The percent of fuel oil evaporated during
atmospheric distillations at a distillation temperature of about 350 °C (cut
temperature) was in the range of 30-35 wt%. The gasoline fraction had a
boiling range of about 150 °C and an atmospheric initial boiling point of
about 50 °C. In addition, a concentrated fuel oil sample (cFO) with a boiling
range of also about 150 °C was made. This fuel oil was concentrated by
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carrying out ASTM D86 distillations for one of the middle oil fractions up to
about 350 °C. Four separate distillations for the same middle oil fraction
were performed and the distillates collected were mixed together to get the
concentrated fuel oil sample.

2.2. ASTM D86 distillation or Engler distillation

ASTM D86 distillation was used to separate wide industrial fractions
(gasoline fractions, fuel oil fractions) into narrow boiling range fractions (or
cuts). The ASTM D86 standard gives the user all the information he needs to
carry out the distillation process (system parameters, sample parameters and
experimental conditions) [16]. Here we used a standard setup and experi-
mental procedure. In short, 100 ml of the sample was placed in a 125 mL
glass flask. A gas burner was employed to heat the sample. The vapours were
condensed in a condenser consisting of a 400 mm noncorrosive metal tube
placed in a cooling bath. According to the standard the temperature of the
cooling bath depends on the sample. For shale fuel oil (belonging to Group 4,
according to the standard), the temperature of the cooling bath had to be
0-60 °C. For gasoline fractions (Group 2), the temperature had to be 0-5 °C.
However, here we used tap water at 10 °C as cooling water when carrying out
the fractionation of all samples, including gasoline, so with the gasoline the
standard was not followed exactly. The condensed sample was collected at the
rate of 4-5 mL/min and the rate was kept as constant as possible from the
point at which 5% of the sample had been collected to the moment when only
5 mL of it remained in the flask. The temperature sensor (thermocouple) was
mounted on the neck of the flask where the vapours flowed into the
condenser. An important aspect of the ASTM D86 standard is that it is based
on mercury-in-glass thermometers. When analyzing our results, the tem-
perature correction was carried out according to the standard — the thermo-
couple readings were corrected to match the mercury-in-glass thermometer
response time. The temperature reading should also be corrected to a
pressure of 101.3 kPa. However, as barometric pressure was not measured
during distillations, this correction was not included in the results. The
temperature difference caused by the fluctuation in atmospheric pressure
stayed below 2 °C. The boiling points of the fractions from ASTM D86
distillation were calculated as an arithmetic average of the initial and final
temperatures of the thermometer during fractions collection. The accuracy of
determining the ASTM D86 distillation boiling points was + 1 °C.

2.3. Average boiling point determination by TGA

To determine experimentally average boiling points of pre-prepared narrow
boiling range fractions a recently developed experimental method was used.
The method is based on thermogravimetric analysis (TGA) and requires only
a small amount of sample, about 20 mg [31]. Using this technique it was
convenient to determine weight average boiling points of oils with narrow
boiling ranges in a fast manner [23]. The average deviation of the normal
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boiling points was evaluated to be 1.2 °C (absolute average deviation 2.1 °C)
[31]. The method is based on the measurement principle and procedure
underlying the ASTM E1782 standard “Standard Test Method for
Determining Vapor Pressure by Thermal Analysis” [32]. The standardized
method itself is for measuring boiling points of pure substances at specific
pressures [33], but at our laboratory the first principles of the method were
extended to measuring the vapour pressure and initial boiling points of oil
fractions with narrow boiling ranges [34, 35] and also to determining their
weight average boiling points [31].

3. Results and discussion

In this paper, we present some of our observations based on the experimental
data collected. An attempt is made to answer the following two questions:
(1) How much do the average boiling points from ASTM D86 distillation
differ from those measured afterwards using the TGA method? (2) Could a
useful widely applicable empirical relationship between these two kinds of
boiling points be derived? Hereinafter, the boiling points obtained as
arithmetic averages of ASTM D86 distillation temperatures will be referred
to as ASTM D86 boiling points, and the boiling points of the same fractions
measured afterwards using the TGA method will be called atmospheric
boiling points.

Figure 1 and Figure 3 compare the ASTM 86 boiling points and average
boiling points of six distillations. The figures illustrate a situation where in the
ASTM D86 distillation temperature correction for the mercury-in-glass
thermometer reading is accounted for, and Figure 2 depicts uncorrected
thermocouple based temperature measurements.
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Fig. 1. Difference between the average boiling points obtained by TGA and ASTM
D86 distillation, with the temperature correction for the mercury-in-glass thermo-
meter accounted for. (The abbreviations used: cFO — concentrated fuel oil, FO1—
FO4 — fuel oils of different distillations.)
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Fig. 2. Difference between the average boiling points obtained by TGA and ASTM
D86 distillation using measured thermocouple temperatures. (The abbreviations
used: cFO — concentrated fuel oil, FO1-FO4 — fuel oils of different distillations.)
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Fig. 3. Comparison of the average boiling points obtained by TGA and ASTM D86
distillation, with the temperature correction for the mercury-in-glass thermometer
accounted for. (The abbreviations used: ¢cFO — concentrated fuel oil, FOI-FO4 —
fuel oils of different distillations.)

From Figure 1 and Figure 3 several observations can be made. First, as
expected, the comparison revealed a deviation between those two values,
with ABPs always lower than the ASTM D86 boiling points. Second, it can
also be seen that the difference was smaller for narrow boiling range
technical fractions (in the figures, open circles — gasoline with a boiling
range of 150 °C; open triangles — concentrated fuel oil or cFO with a boiling
range of 150 °C) and larger for wide boiling range fractions (in the figures,
solid points or various fuel oils with boiling ranges of 300 °C). The fuel oil
was concentrated by carrying out four separate ASTM D86 distillations for
the same middle oil fraction up to the same temperature. Then the distillates
collected were mixed together to get “concentrated fuel oil” for another
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ASTM D86 distillation (open triangles in the figures). The final observation
from the data was that there was a considerable scatter of boiling points
among the fractions both from the same distillation and from different
distillations.

Based on the data in Figure 1 and Figure 3, it can be inferred that an
important cause of the difference between ASTM D86 boiling points and
ABPs could be an interplay between the residence time in the condenser and
the heating rate of the sample. While the vapours condensed and moved
through the condenser and were collected, the measured vapour temperature
in the flask continued to increase, resulting in a delay between the measured
vapour temperature and the actual condensation temperature of the drop
collected at the end of the condenser. How fast the liquid flowed in the
condenser depended on viscosity and how fast the vapour temperature in the
flask increased depended on the width of the sample’s boiling range.

Here it is worth mentioning that Huang et al. [19] stated in their work that
the residence time of the distillate in the condenser did not substantially
affect the determination of the boiling point. To prove it, the researchers
carried out experiments with different pure substances and found that the
first drop from the end of the condenser fell when the sample reached its
boiling point. However, unlike pure substances, mixtures do not have a
constant boiling temperature. When carrying out the experiment using a pure
substance, the measured vapour temperature cannot rise as long as there is
enough sample remaining. For mixtures, however, there is a continuous
change in the composition of the mixture while the vapours progress through
the condenser, and during this time period the measured vapour and liquid
temperatures will continue to change. To visually analyze and evaluate the
delay, a system similar to the ASTM D86 setup was constructed and an
experiment was carried out with two pure compounds with different
viscosities — tetradecane and glycerol. A transparent glass pipe, with para-
meters similar to the ASTM D86 condenser (length 400 mm, inside diameter
14 mm, wall thickness 1.5 mm) was placed in a water bath at the same angle
as used in ASTM D86 distillations. The water used for cooling came from
the tap and its temperature was 10 °C. The viscosities of tetradecane and
glycerol at 10 °C were, respectively, 2.92 mPas [36] and 3900 mPas [37].
During the experiment, drops of the oil that was dark in color with a water-
like consistency were injected into the glass cooler through a small pipe and
their flow was visually monitored as it moved through the glass pipe with the
condensing sample. The average flow rate per unit length was recorded.
Based on the experiments carried out with the pure substances, it was
observed that it took the drops on average 41 seconds with tetradecane and
72 seconds with glycerol to move through the condenser with the same
parameters as the condensing tube used in ASTM D86 distillation.

In order to keep the distillation rate within the requirements of the
standard (i.e. sample collection rate of 4—5 mL/min), the rate of heating, in
our experience, was varied between 10 and 20 °C/min. Therefore, the delay
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(or difference between the ASTM D86 boiling point and the actual boiling
point of the collected fraction) would be about 8 to 25 °C (residence time
multiplied by the heating rate) depending on the experimental parameters
(heating rate and sample flow rate). Experimental data in Figure 1 indicates
the difference between ABPs from TGA and ASTM D86 boiling points to be
between 0 and 25 °C (the majority of points deviating between 5 and 20 °C)
when the mercury-in-glass thermometer correction was applied. The
deviation was about 5 to 35 °C (with the majority of points between 10 and
30 °C) when using just the temperatures measured with the thermocouple
(Fig. 2). For technical fractions with narrower boiling ranges (open points)
the absolute average deviation was found to be about 8 °C when using the
corrected thermocouple temperatures, and about 12 °C when using the
uncorrected thermocouple temperatures. For technical fractions with wider
boiling ranges (solid points) the deviations were, respectively, 12.2 °C and
21.2 °C. The deviation seen with oils matched the rough estimate based on
experiments with pure compounds. The deviation close to 0 °C for shale oil
middle oil fractions at higher temperatures (around 300 °C and higher) may
be an experimental error due to the sample decomposition, either while
measuring TBPs with TGA or during the distillation itself.

Figure 1 and Figure 2 reveal a considerable scatter of boiling points, and
so, the distillation process was more complex. For example, there was no
visible trend showing that the difference between ASTM D86 boiling point
and ABP values was bigger for fractions with higher average boiling points,
even though higher boiling fractions had higher viscosities, which in turn
affected their rate of flow in the condenser. Another factor causing the
fluctuating (and often random) behaviour of the results could be the chang-
ing heating rate. When the distillation rate drops too much, the amount of
energy given to the system has to be increased. Quick adjustments to the
flame affect the distillation rate with a delay, due to the time required to heat
the sample, but the rising hot air current could affect the vapour thermo-
couple faster. Also, the deviation was often bigger for the first and last cuts
of the distillation and smaller for the middle cuts (Fig. 1 and Fig. 2) because
the heating rate (temperature change) per unit volume collected has to be
higher at the beginning and end to keep the distillation rate as constant as
possible.

4. Conclusions

To summarize, this work analyzed the difference between the ASTM D86
boiling points and actual average boiling points for continuous oil mixtures.
There was observed a similar trend: the average boiling point found for a cut
by the thermogravimetric method was always lower than the one calculated
from ASTM D86 distillation data (as an arithmetic average of the initial and
final temperatures of the cut). This was shown to be mostly due to an
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interplay between the flow time (residence time) in the condenser and the
heating rate of the sample. However, the fluctuating behaviour of the
deviation makes it difficult to develop a general widely useable equation that
would allow true boiling point values to be calculated accurately for
fractions obtained from ASTM D86 distillation. Therefore, caution should be
exercised when using average boiling point values derived from simple
batch distillation (as an arithmetic average of the reported initial and final
temperatures of the cut) to estimate the thermodynamic properties of the cut
or methods of their prediction.
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