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INTRODUCTION

While the oil shale development industry was previously rather specific to
Estonia, international interest in oil shale has increased in recent decades. In
Estonia, oil shale is used as a strategic resource for ensuring the energy security
of the country. The material provides a source of shale oil and is primarily used to
fuel power stations. Kukersite — an Estonian variety of oil shale of industrial
interest — is the main object of this research.

Considerable data on oil shale composition, structure, pyrolysis and
combustion processes are available in the existing literature. Oil shale is a
sedimentary rock consisting of tightly bound minerals and organic materials. The
organic matter within oil shale is of particular research interest because it acts as
the source of electric, shale oil and chemical industry production. The organic
component of oil shale primarily consists of a macromolecular, cross-linked
network called kerogen. In addition to other methods, solvent swelling technique
has been successfully applied to characterize the macromolecular structure of
kerogen from different oil shale deposits across the globe. Solvent swelling
experiments allow one to expose kerogen structural changes that occur during
maturation and to reveal cross-linking and relaxation processes that emerge during
thermal kerogen treatments. Solvent swelling data can be used to determine
kerogen solubility parameters and number average molecular weights between
cross-links. The latter is a required input parameter for the coal devolatilization
model: Functional Group — Depolymerization, Vaporization and Crosslinking
model, FG-DVC model (Solomon et al., 1988). This model may potentially be
used to modify the oil shale industry.

A prevalent experimental method applied in solid fossil fuel (i.e., oil shale and
coal) studies is Green’s volumetric solvent swelling method (Green et al., 1984%),
which has proven to be a useful technique for characterizing swelling behavior of
fossil fuels. The method involves measuring solvent-induced volume changes in
fine-grained samples that are packed into a test tube through centrifugation. The
primary disadvantage of this method is that information on possible changes in
void volume fractions within the sample bed is not provided during the
experiment, and this may lead to quantitatively inaccurate results.

The ongoing study of solvent swelling of Estonian oil shales began in 2006,
and the present work represents the second part of this extensive research project.
The first phase of the research (Savest, 2010) was largely focused on
characterizing structural changes that occur in the kerogen structure under low
temperature treatments. Several fundamental questions surrounding Kukersite
kerogen solvent swelling principles were, however, not studied in detail. It was
found that solvents that can act as electron donors and form hydrogen bonds are
more effective swelling agents than other solvents, but the impact of these specific
solvent—kerogen interactions was not thoroughly studied. Though valuable
qualitative results on Kukersite kerogen cross-link density changes during heat
treatments were obtained, the value of the kerogen number average molecular



weight between cross-links estimated via the classical Flory-Rehner and Kovac
models (Flory, 1953; Kovac, 1978) using solvent swelling data appeared to be
unreasonably low.

Thus, in the present research, in addition to the volumetric test-tube method, a
differential scanning calorimetry-based (DSC-based) method was applied. The
latter method allowed for an evaluation of the potential effect of void volume
fraction change, that may be associated with the common solvent swelling
procedure mentioned above, on swelling results. The latter method also yielded
more accurate quantitative results. Two methods for the determination of swelling
extent (classical volumetric and DSC-based) were used to obtain the most reliable
results.

The primary aim of this research was to evaluate the swelling potential of
Kukersite kerogen by studying the role of specifically interacting (hydrogen-
bonding) solvents. Specifically interacting solvents are examined in detail as they
appear to significantly influence Kukersite kerogen swelling and, as a
consequence, the estimated kerogen number average molecular weight between
cross-links as well.
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LIST OF ABBREVIATIONS AND SYMBOLS

AN Gutmann electron acceptor number

DMF N,N-dimethylformamide

DN Gutmann electron donor number

DSC differential scanning calorimetry

MEK methyl ethyl ketone

NMP N-methyl-2-pyrrolidone

PDMS poly(dimethyl siloxane)

PEA poly(ethyl acrylate)

TGA thermogravimetric analysis

h; the initial height of the centrifuged dry kerogen sample in a test
tube

he the final height of the centrifuged swollen kerogen sample in a
test tube

Q volumetric swelling ratio

Qdmmf volumetric swelling ratio on dry mineral matter free basis

M. number average molecular weights between cross-links

) Hildebrand or total solubility parameter
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1. LITERATURE REVIEW

1.1. Oil shale

Oil shale is a sedimentary rock consisting of organic and mineral materials.
According to one of the latest classifications, oil shale is a solid sedimentary fossil
fuel of 50-90% ash content that produces oil yields of 50-250 L/ton (Alpern and
Lemos de Sousa, 2002). The major component of the organic portion of oil shale
is kerogen — cross-linked macromolecular organic matter that is insoluble in
common organic solvents at room temperature but that can absorb solvents and
swell. In contrast, the soluble organic material is called bitumen.

Two types of oil shale are found in Estonia — Kukersite and Dictyonema.
Kukersite — the main object of the present research — is the oil shale variety of
industrial interest due to its higher organic matter content and oil yield. Kukersite
oil shale deposits were formed in Middle-Late Ordovician age (Hints et al., 2007).
The mineral component of Kukersite oil shale largely consists of carbonates —
58.2% calcite, 12.6% dolomite. It also contains sandy-clay minerals — 11.8%
quartz, 10.0% illite, 4.0% feldspar, and 3.4% pyrite (Bondar and Koel, 1998). The
organic component of Kukersite oil shale is believed to be formed primarily from
extinct marine photosynthetic microorganisms of a single type (Lille, 2003%).

Kukersite kerogen is a highly aliphatic macromolecule of high oxygen content.
A two-dimensional model of Kukersite kerogen was proposed by Lille et al.
(2003%). The designed model of kerogen with an empirical formula of
C421Hg33044S4NCl and a mass of 6581 amu is presented in Figure 1. Table 1 shows
the typical elemental composition of Kukersite kerogen. Based on H/C and O/C
atomic ratios, Kukersite kerogen is classified as Type I/II kerogen according to
the van Krevelen diagram (Vandenbroucke and Largeau, 2007). The distribution
of oxygen in Kukersite kerogen is presented in Table 2. It is evident that the
oxygen component is largely composed of hydroxyl and ether functional groups
(approximately 70%). Due to high concentrations of oxygen-containing functional
groups that can form hydrogen bonds, a significant number of non-covalent cross-
links (mainly hydrogen bonds) can be found in Kukersite kerogen in addition to
covalent cross-links.

Figure 1. Two-dimensional model of Kukersite oil shale kerogen (Lille et al., 2003%).
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Table 1. Elemental composition of Kukersite kerogen (Urov and Sumberg, 1999).

Average . .
Element content, vgv % Atomic ratio
C 77.3
H 9.8 H/C 1.52
(0] 10.8 o/C 0.10
N 04 N/C 0.004
S 1.7 S/C 0.008

Table 2. Distribution of oxyge

n in Kukersite kerogen.

. Average content, % of oxygen
Functional group
(Lille, 2003%) | (I'yoeprpuu, 1966)

Hydroxyl | —-OH 42 29.4
Ether -O- 27 40.0
Ester —-0C(=0)- 17 16.0
Carbonyl >C=0 14 133
Carboxyl —C(=0)OH 1.3

Total 100 100.0

1.2. Solvent swelling studies on solid fossil fuels

The solvent swelling technique is commonly used for the characterization of solid
fossil fuel macromolecular structures, i.e., oil shale kerogens and coals. The
technique allows for the determination of kerogen and coal solubility parameters
and number average molecular weights between cross-links and allows for
changes in cross-link densities to be tracked.

At swelling equilibrium, the free energy change for solvent-macromolecule
interactions (i.e., solvent dissolution in the macromolecule) is balanced by the
elastic restoring force of the macromolecular network (Larsen and Li, 1994). The
swelling extent in a system that follows regular solution theory is determined by
a match between the material and solvent Hildebrand solubility parameters. The
Hildebrand or total solubility parameter is defined as the square root of the
cohesive energy density. The swelling maximum should occur in a solvent with a
Hildebrand solubility parameter that is equal to the material solubility parameter.
The latter is used for the determination of kerogen and coal solubility parameters.
However, the swelling limits of cross-linked materials, such as kerogen and coal,
are determined by the network cross-link density: a higher cross-link density
corresponds with a more rigid network and, as a result, a lower capacity to swell.

Drawing from regular solution theory, which assumes an absence of strong
specific interactions between solvents and macromolecules, the Flory-Rehner and
Kovac swelling models were developed (Flory, 1953; Kovac, 1978). The Flory-
Rehner equation can by applied for the estimation of number average molecular
weight between cross-links:

13



1/3 1
V1Uz/ p—3V1V2p

In(1-vy)+v,+xv3

M, =—- (1)

where M is the number average molecular weight between cross-links, V; is the
solvent molar volume, v, is the volume fraction of a polymer at equilibrium
swelling, p is the polymer density, and y is the Flory-Huggins interaction
parameter.

The Flory-Rehner model was adapted by Kovac for studying solvent swelling
in coals. The assumption of a Gaussian distribution in the chain lengths between
cross-links was removed and a new parameter, N, was introduced. The resultant
Kovac’s equation is as follows:

. Vlv;/3p+N_1V1v2_1/3p

In(1-vy)+v,+xv3

M, = )

where N represents the number of repeating units between cross-link points.

The solvent swelling technique and Flory-Rehner and Kovac swelling models
were first broadly applied for the study of coals and later utilized for a number of
oil shale kerogens.

1.2.1. Review of solvent swelling studies on solid fossil fuels

Fields of application for solid fossil fuel solvent swelling and example references
to the available literature are summarized in Table 3.

Table 3. Fields of application for solid fossil fuel solvent swelling. The author’s
publications are shown in italic.

Field Qil shale Coal
Estimation of number Ballice, 2003 Ballice, 2004
average molecular weight | Larsen and Li, 1994 Larsen and Green, 1985
between cross-links Larsen and Li, 1997¢ Larsen and Shawver, 1990
Article IT Lucht and Peppas, 1987*
e Model of solid fossil e Solomon et al., 1988

fuel devolatilization

Cross-link density change:

during maturation Kelemen et al., 2006
Larsen and Li, 1997°¢
Larsen et al., 2002
during thermal treatment | Kilk et al., 2010 Nomura and Thomas, 1998
at prepyrolysis Article I Solomon et al., 1990
temperature regions

14



in pyrolysis residue

Ballice and Larsen,
2003

Nomura and Thomas, 1998
Solomon et al., 1990

during oxidative
weathering

Liotta et al., 1983

Determination of
solubility parameter

Larsen and Li, 1994
Larsen and Li, 1997¢
Savest et al., 2007
Article I; Article I1

Ballice, 2004
Kirov et al., 1967

Effects of preswelling on
extractability and
liquefaction

Amemiya et al., 1989
Hu et al., 2000

Kiraz et al., 2004
Larsen et al., 1997

Fundamental questions:

Effects of kerogen type
or coal rank

Ballice, 2003
Larsen and Li, 1997°
Shadle et al., 1989

Larsen and Li, 1997°
Shadle et al., 1989

Impacts of specific Article IV Green and West, 1986
interactions Suuberg et al., 1994
Szeliga and Marzec, 1983
Effects of solvent steric | Article IV Green and West, 1985
properties Ndaji and Thomas, 1995
Swelling kinetics Murata et al., 2008
Otake and Suuberg, 1989;
1997; 1998
Swelling in binary solvent | Article I Green and Larsen, 1984°
mixtures Article Il Yun and Suuberg, 1998
Article V Jones and Prawitasar, 1995

Estimation of the
number of hydrogen-
bond cross-links

Larsen et al., 1996

The major outcomes of published solvent-swelling studies on oil shales across
different deposits are presented in Table 4. The kerogens types according to the
van Krevelen diagram (Vandenbroucke and Largeau, 2007) and experimental
methods applied are also noted. With one exception, all of the studies used the so-
called test-tube method. This method is described in detail in section 1.2.2.

Kerogen swelling behaviors can be divided into two major types. Non-polar
kerogens interact equally with H-bonding (i.e., hydrogen-bonding) and non-H-
bonding solvents, and these systems follow regular solution theory fairly
consistently. More polar kerogens with high O/C ratios swell considerably better
in H-bonding solvents than in non-H-bonding solvents presumably due to specific
interactions between H-bonding solvents and kerogen.

The solvent swelling technique is commonly applied for the determination of
kerogen cross-link density and solubility parameters. Table 5 provides number
average molecular weights between cross-links estimated through the Flory-

15



Rehner and Kovac models (see Equations 1 and 2). The literature data on
determined Hildebrand solubility parameters of kerogens are listed in Table 6. It
is evident that solubility parameter values remain within the range of 19.4—

24.3 MPa'”.

Table 4. The major outcomes of published solvent swelling studies on oil shales.

Oil shale Solvent
under swelling Major outcomes Reference

examination method
Green River | Volumetric | Swelling behavior roughly follows Larsen and
(Type 1), “test-tube regular solution theory and appears to be | Li, 1994
Colorado, method” independent of hydrogen-bonding. High
USA kerogen cross-link density.
Uinta Basin | Volumetric | The cross-link density increases at early Larsen and
(Type I), “test-tube maturation, remains roughly constant at Li, 1997¢
USA method” approximately 20-80% maturation and

increases sharply above 80% maturation.

The kerogen solubility parameter remains

constant during maturation.
Paris Basin Volumetric | The cross-link density increases during Larsen et
Toarchian “test-tube | maturation while the kerogen solubility al., 2002
kerogen method” parameter remains constant.
(Type ID),
France
Rundle Volumetric | Compared to non-polar Green River Larsen and
(Type ), “test-tube | kerogen, polar Rundle kerogen swelling | Li, 1997°
Australia method” is affected to a higher degree by specific

interactions between kerogen and H-

bonding solvents.
Rundle Volumetric | Through examinations of swelling data, a | Siskin et
(Type D), “test-tube solvent system that effectively moistens al., 1989
Australia method” and isolates kerogen from aqueous

solutions during oil shale enrichment

procedures was identified.
Goyniik Volumetric | Swelling behavior roughly follows Ballice,
(Type 1), “test-tube | regular solution theory. The number 2003
Beypazari method” average molecular weights between
(Type 1D), cross-links calculated for Type I and
Turkey Type II kerogens are found to be only

slightly different.
Char Volumetric | Cross-link density slightly decreases with | Ballice and
obtained “test-tube | an increase in the pyrolysis final Larsen,
through method” temperature, and pyrolysis time has a 2003
Goyniik small effect. Regular solution theory is
pyrolysis not followed.
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Fushun Volumetric | H-bonding solvents are identified as the Liu et al.,
(Type 1D), “test-tube most effective swelling agents. Swelling | 2011
China method” ratios decrease after pyrolysis.
Draupne Volumetric | An extended Flory-Rehner and regular Ertas et al.,
(Type 1D), “test-tube solution theory model framework allows | 2006
North Sea method” for the prediction of kerogen swelling in

solvent mixtures.
Marine Volumetric | A successful application of a model Kelemen et
shales (Type | “test-tube framework developed in a previous paper | al., 2006
1), method” (Ertas et al., 2006) for predicting
hydrogen- kerogen-swelling behavior. Lower
rich coaly swelling ratios in Type IIIC kerogens
shales (Type than in Type II kerogens are associated
IIC) with higher maturation levels. Weak

temperature dependence is found for

swelling in the range of 30-150°C.
Oil shales Gravi- Type II kerogen swelling is lower than Shadle and
from metric that of Type I due to higher aromaticity Khan,
different method levels and thus more rigid structures. 1989
deposits Type I kerogen swelling is more rapid
across the than those of Type II and III.
USA

Table 5. Number average molecular weights between the cross-links, M., of different

kerogens.
. Flory- | Kovac | Kovac | Kovac
Qil Shale Reh;);r N=1 N=2 N=3 Reference
Green River Larsen and Li, 1994
42% mineral 242 866 620 537
38% mineral 238 879 630 547
17% mineral 207 817 590 514
5.2% mineral 215 808 581 505
Uinta Basin Larsen and Li, 1997°¢
<5% maturation 2000
20% maturation 1300
35% maturation 1400
80% maturation 1400
100% maturation 300
Goyniik 247 933 678 593 Ballice, 2003
Beypazari 208 790 576 504 Ballice, 2003
Kukersite 229 861 621 541 Savest, 2010
Dictyonema 83 373 274 241 Article 11
Paris Basin M. decreases with maturity Larsen et al., 2002
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Table 6. Hildebrand solubility parameters, o, for oil shale kerogens.

Total solubility
Oil Shale parameter, § d Iz/lethf’d f.f Reference
MPa'” | (cal/em’)”? etermination
Green River 19.4-20.5 9.5-10 Solvent swelling. Larsen and
(Type D), 19.4 9.5 Calculated using Li, 1994
Colorado, USA Siskin’s structure and
van Krevelen’s
method.
Uinta Basin Solvent swelling. Larsen and
(Type I), USA Li, 1997¢
<5% maturation 19.4 9.5
20% maturation 19.4 9.5
35% maturation 20.5 10
80% maturation 20.5 10
100% maturation 19.4 9.5
Rundle 20.5 10 Solvent swelling. Larsen and
(Type D), 20.3 9.9 Calculated using Li, 1997°
Australia Siskin’s structure and
van Krevelen’s
method.
Goyniik 20.0-21.1 | 9.8-10.3 | Solvent swelling. Ballice,
(Type ), Turkey 2003
Beypazari 20.0-21.1 | 9.8-10.3 | Solvent swelling. Ballice,
(Type 1), Turkey 2003
Draupne 24.3 11.9 Optimum fit of Ertas et al.,
(Type 1D), experimental swelling | 2006
North Sea data and Regular
solution theory
Marine shales 22.5 11.0 Optimum fit of Kelemen et
(Type 1I) experimental swelling | al., 2006
data and Regular
solution theory
Hydrogen-rich 23.3 11.4 Optimum fit of Kelemen et
coaly shales experimental swelling | al., 2006
(Type HIC) data and Regular
solution theory
Kukersite 22 10.8 Solvent swelling and Savest et
(Type I/IT) 19.3£1.82 | 9.43+0.89 | Gee’s method (Gee, al., 2007;
1943). Article I
Atomistic simulation
Dictyonema 22 10.8 Solvent swelling and Article 11
(Type IT) Gee’s method (Gee,
1943).
Paris Basin d remains constant Solvent swelling. Larsen et
Toarchian throughout maturation al., 2002
kerogen (Type
1), France
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1.2.2. Solvent swelling techniques

Various experimental methods were developed for the investigation of
macromolecular structure solvent swelling behavior in solid fossil fuels. Methods
applied for coals can be generally divided into two groups: gravimetric and
volumetric techniques. The masses of swollen and dry samples were measured to
account for gravimetric methods while the solvent-induced volumetric expansion
of the material volume was determined through volumetric methods. The latter
approach was applied both for single coal particles and fine-grained bulk samples.

Gravimetric techniques, which followed the vapor sorption method, involved
holding a preweighed coal sample in a container that was saturated with solvent
vapors at a constant temperature until swelling equilibrium was achieved, after
which the sample was removed and reweighed (Lucht and Peppas, 1987%).
Evacuations from absorption containers prior to the vapor sorption experiments
were also reported (Shadle and Khan, 1989). Mass changes associated with
solvent vapor sorption can be measured progressively by the McBain-Bakr
Balance, as was conducted by Nelson et al., who also measured solvents filling
the sample pores by comparing the results of gravimetric and pycnometric
techniques (Nelson et al., 1980). Rather than vapor, a liquid solvent was used by
Kirov et al. as a swelling agent; a coal sample was weighed before immersion into
the solvent and then under the equilibrium swelling condition (Kirov et al., 1967).
Mayo et al. weighed a centrifuged, swollen coal sample and then a dried coal
sample (Mayo et al., 1988).

Volume changes in a single coal particle were traced using a pair of
microscopic video cameras, and volume expansion was calculated from particle
images recorded over a duration of 24 hours (Gao et al., 1998; Murata et al., 2008).
A microscope and laser diffraction particle sizer were used to measure particle
size distributions of dry and swollen coal samples and thereby determine average
sample volumetric swelling ratios (Turpin et al., 1996). A microdilatometer was
also used to measure the linear expansion of coal particles immersed in solvent
(Cody et al., 1991).

A simple approach for determining the volumetric extent of swelling was
applied for fine-grained coal samples in bulk. The approach involved measuring
the height of a coal sample bed in a constant diameter test tube, adding solvent to
the test tube, shaking the mixture, and, finally, measuring the height of the swollen
sample after equilibration (Hombach, 1980; Szeliga and Marzec, 1983; Jones et
al., 1991). A special apparatus was constructed by Aida and Squires to measure
dynamic solvent swelling in a fine-grained coal bed (Aida and Squires, 1985).
Within the apparatus, a coal sample enclosed in a glass tube was separated from
the solvent by a stainless steel filter (at the bottom of the tube). Solvent-induced
coal swelling was measured by tracking the movement of a sliding piston placed
on top of the sample. This design was later adopted by Hall et al. (1992).

The most popular technique is a volumetric solvent swelling approach that was
first invented by Liotta et al. (1983). This so-called test-tube method was
thoroughly studied, developed, described in detail and presented in comparison to
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gravimetric measurements by Green et al. (1984%). The method developed for coal
solvent swelling studies was adapted to the study of oil shale, and the majority of
studies focused on oil shale solvent swelling have used this method. Green’s test-
tube method has been used in over 50 articles on coal and oil shale solvent
swelling. To describe the method in brief, a fine-grained, solid fuel sample is
placed in a constant diameter test tube, centrifuged and measured with respect to
the dry sample’s initial height (h;). A swelling agent is then added in excess, the
content of the tube is thoroughly mixed and centrifuged again, and the final height
of the swollen sample is measured (hy). The results using this method are presented
as the swelling ratio Q = hy/h;. This basic procedure was modified in subsequent
articles by several authors. Centrifugation times varied from 3 min (Ballice, 2003)
to 30 min (Siskin et al., 1989). Different centrifugation rates were also applied:
1000 rpm (Kelemen et al., 2006), 1725 rpm (Green et al., 1984%), 2000 rpm (Siskin
et al., 1989), 3000 rpm (Onal and Akol, 2003), 4400 rpm (Xie et al., 2000), and
7500 rpm (Otake and Suuberg, 1997; Suuberg et al., 1994). In the procedure
reported by Larsen et al., the tube was tapped by hand on a hard surface and
repeatedly centrifuged to reach a minimum sample height (Larsen and Shawver,
1990; Larsen et al., 2002). In addition, different sample sizes, solvent volumes
and test tube dimensions were used. Equilibration durations and mixing intensities
were also varied. With respect to the considerable extraction effect, supernatant
over a sample bed could also be replaced with fresh solvent.

As will be discussed later, results obtained through the test-tube method can
be sensitive to sample compaction levels within the test tube. To eliminate this
effect, another method was developed and applied in the present research in
addition to the classical test-tube method. The differential scanning calorimetry
(DSC) technique is widely used in a variety of fields such as fossil fuels and
polymer solvent swelling research. The DSC-based method for the determination
of kerogen swelling extents was developed based on the literature data reviewed
in sections 1.3 and 1.4.

1.2.3. Approaches to the presentation of solvent swelling experimental
results

Solvent swelling studies on solid fossil fuels often use the equilibrium volumetric
swelling ratio, Q, as a measure of swelling extent. The swelling ratio is defined as
the ratio of the swollen sample volume to the dry sample volume. The swollen
sample volume is the sum of the initial dry material volume and the solvent
volume absorbed by the material (Green et al., 1984%). Based on these definitions,
the macromolecular material volume fraction (i.e., kerogen or coal) at equilibrium
swelling is typically calculated as 1/Q. The latter is required for the calculation of
number average molecular weights between crosslinks in the polymer network
using the Flory-Rehner (Flory, 1953) and Kovac (1978) equations.

In contrast to the volumetric swelling ratio, the equilibrium gravimetric
swelling ratio is used in the gravimetric experimental method (Green et al., 1984%;
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Shadle and Khan, 1989). The gravimetric swelling ratio or weight ratio is defined
as the ratio of the swollen sample weight to the dry sample weight.

Another approach to expressing the swelling power of different solvents
involves calculating the solvent molar uptake from the volumetric swelling ratio
Q. Suuberg et al. (1994) presented swelling data as the molar uptake of solvent
per unit volume of coal, which was calculated as (Q — [)/V;, where V5 is the molar
volume of the solvent. Green and West (1985; 1986) calculated solvent molar
uptake per gram of coal according to the equation: (moles absorbed / g of coal) =
(O —D/(pVy), where p is the coal density and V5 is the solvent molar volume.

A common method used for the graphical presentation of swelling results
involves plotting the volumetric swelling ratio against the Hildebrand solubility
parameter for the solvents used. According to regular solution theory, a bell-
shaped curve with the maximum at the solubility parameter that is equal to the
kerogen (or coal) solubility parameter is expected for systems that follow regular
solution theory.

To evaluate the influence of specific solvent properties on swelling extent,
swelling results can be plotted against corresponding property values. The
influence of solvent molar volumes has been examined using this method (Green
and West, 1985; 1986). Additionally, to evaluate the role of solvent electron
donor-acceptor properties, solvent Gutmann electron donor and acceptor numbers
and their combinations were placed on an abscissa axis (Szeliga and Marzec,
1983; Suuberg et al., 1994). The Gutmann electron donor number, DN, is defined
as the molar enthalpy value for the reaction between the donor-solvent and SbCls
as a reference acceptor in a 10° M solution of dichloroethane (Gutmann, 1978).
The Gutmann electron acceptor number (AN) is defined as a dimensionless
number that is related to the NMR chemical shift of *'P in Et;PO in the particular
solvent, with hexane used as a reference solvent on one hand, and Et;PO-SbCl;s
in 1,2-dichloroethane on the other, to which the acceptor numbers of 0 and 100
are assigned, respectively (Gutmann, 1978).

1.3. DSC in polymer solvent swelling studies

Polymer solvent swelling represents one of the polymer science fields in which
DSC is applied. DSC experiments have shown that organic solvent in a swollen
polymer—solvent system exists in two states: so-called freezable and non-freezable
solvent (Honiball et al., 1988; Yang et al., 2000; Salmeron Sanchez et al., 2002;
Lue and Yang, 2005; Wu and McKenna, 2008). It should be noted here that in the
present study, physical gels and water—polymer systems are not considered.
Freezable solvent can be detected using DSC as it undergoes crystallization
and melting processes. Non-freezable solvent forms a homogeneous phase with a
polymer structure (Yang et al., 2000; Salmer6n Sanchez et al., 2002), which does
not contribute to the crystallization and subsequent melting of free solvent. This
solvent type is also referred to as bound solvent, which denotes the existence of
polymer—solvent interactions that prevent solvent molecules from forming solvent
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crystals (Klein and Guenet, 1989). The solvation of polymer network chains and
the presence of a “non-frozen benzene area” were also shown through nuclear
magnetic resonance studies (Oikawa and Murakami, 1984).

Representative DSC studies focusing on swollen polymers are summarized in
Table 7. The behavior of the freezable solvent (also referred to as free or bulk
solvent) was in several cases identical to the behavior of the pure solvent — the
melting point and fusion enthalpy of the freezable state solvent remained constant
regardless the solvent content in the system and were in a reasonably good
agreement with the pure solvent properties. However, in a number of cases,
deviations relative to pure solvent melting peaks were detected using DSC
thermograms. These deviations include, for example, the appearance of several
endothermic peaks and peak shoulders, tailing in the melting peak, and the
presence of major differences between pure solvent and swollen polymer solvent
melting temperatures (AT). These deviations indicate that freezable solvent (or
part of it) may be somehow involved in polymer—solvent interactions and that it
may therefore differ from the bulk state of pure solvent. It has been suggested that
the peak tail is attributed to the melting of small confined crystals within the gel
(Wu and McKenna, 2008).

Table 7. Literature data from DSC experiments conducted on swollen polymer samples.

5 Max Non-freezable F bl
g swelling solvent reezable Refe-
> Solvent solvent
= Ysolv YGsolv rence
= thermogram
gpolymer gpolymer
water 0 Yoshika
wa et al.,
methanol 0.1 . 1991 and
one melting 1992
N peak, close to
fél 2-propanol 0.47 the melting
A const temperature of
A the bulk solvent
1-butanol 1.36 1.02
1-pentanol 1 0.14
1-octanol 0.82 0
water 0.0045 0.0045 solvent at | Yanget
ethanol 0.021 0.021 equilibrium al., 2000
benzyl swelling is non-
2 alcoﬁfol 0.013 0.013 freezable
A :
~ 0.301- two melting
ethyl acetate | 0.917 0.348 ot peaks
benzene 1.14 0.41-0.59 | comst | two melting
peaks
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one melting
cyclohexane | 1.28 8 }jg_ peak, AT =
) 0.9+5.7°C
one melting
hexane 1.99 0.37-0.69 peak, AT: =
6+6.4°C
§ cyclohexane | 1.08-3.81 | 0.32 const peak tailing Wu and
a not two melting McKenn
A | cyclooctane | 0.88-3.07 const peaks a, 2008
water 0.01 0.00021 AT=0.02°C
o | benzene 1.06 0.17 AT=2.03°C Lue and
Z | toluene 0.8 0.2 const | AT=0.56°C Yang,
~ 2005
xylene 1 0.22 AT=1.04°C
cyclohexane | 1.3 0.54 AT=2.05°C
N two endothermic | Salmerén
% benzene 117 <0.43 not peaks separated | Sanchez
& const by an etal.,
exothermic peak | 2002
shoulder on the
< high Stathopo
= p-xylene 5.67 0.1-0.16 | const temperature side | ulos et
of the melting al., 2011
peak

* PDMS: poly(dimethyl siloxane)
** PEA: poly(ethyl acrylate)

The DSC method has been applied in very few cases for the investigation of
solvent physical states in swollen coals (Hall and Larsen, 1993) and coal extracts
(Suzuki et al., 2004), and these studies are described in section 1.4.

1.4. DSC application in solid fossil fuel studies

Differential Scanning Calorimetry (DSC) is a commonly used tool in the fields of
coal and oil shale research. DSC has been applied in studies on coal pyrolysis and
chemical reactivity under inert (Mahajan et al., 1976; Hefta et al.,, 1986;
Janikowski and Stenberg, 1989), hydrogen (Mahajan et al., 1977; Hefta et al.,
1986; Janikowski and Stenberg, 1989), and carbon monoxide (Hefta et al., 1986)
atmospheric conditions. DSC has been used in investigations of second-order
phase transitions in coals and coal-solvent systems (Lucht et al., 1987 Hall and
Larsen, 1991; Antxustegi et al., 1993). Suuberg et al. applied a combination of
DSC and solvent swelling techniques to classify changes in coal macromolecular
structures that occur at elevated temperatures or as a result of solvent treatment
(Yun and Suuberg, 1993; Takanohashi et al., 1999). The proposed method for
characterizing irreversible heat effects on coal structures using DSC thermograms
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was also applied in later studies (Shui and Wang, 2010). A method for estimating
the strength distribution of non-covalent bonds in coal using DSC and TG
(thermogravimetry) was presented by Miura et al. (1994). Another application of
DSC was suggested by Rajeshwar et al. (1981), through which a linear correlation
between decomposition enthalpies of organic matter and oil yields for Green River
formation oil shale was found, and it was suggested that DSC may be used for
rapid resource evaluations of oil shale deposits.

DSC has also been used to investigate the physical state of solvent in swollen
coals and coal extracts. Hall and Larsen (1993) showed that NMP (N-methyl-2-
pyrrolidone) that is bound in swollen coal behaves as part of a network structure
while excess NMP behaves as a free solvent during DSC experiments. The results
of thermogravimetric analysis (TGA) confirm that large quantities of NMP in coal
exist in a bound state. The authors thus suggested a formation of metastable coal—
NMP gel with an NMP content of approximately 65 wt% as an explanation for
the absence of an NMP melting peak for swollen samples of respective
composition. Identical DSC experiments using pyridine also showed the existence
of non-freezable solvent in pyridine-swollen coal. DSC was later used to examine
coal extract solutions (Suzuki et al., 2004). It was found that significant levels of
non-freezable NMP exist in mixtures of NMP and coal extract, forming a coal
extract-NMP gel.
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2. EXPERIMENTAL SECTION

2.1. Qil shale samples

The particle size of the oil shale samples was under 100 um. The samples were
dried at 105-110°C for one hour in an air atmosphere and then cooled in a
desiccator shortly before the swelling experiments were conducted.

o Soluble fraction influence on swelling. Studies examining partially cross-
linked high-density polyethylene have shown that the presence of unattached
polymer chains (sol macromolecules) within both the swollen polymer
network (gel fraction) and solvent outside of the swollen network has a
significant effect on swelling extent (Nandi and Winter, 2005). The effect of
solubles on coal solvent swelling was also observed — the degree of coal
swelling decreased with an increase in dissolved material concentration in the
surrounding solution (Larsen et al., 1991). However, the effects of solubles
may be neglected in the case of small sol macromolecule concentrations
(Nandi and Winter, 2005). Thus, inasmuch as extraction yields of Kukersite
and Dictyonema are known to represent no more than 2.5% of organic matter
(Kogerman, 1931; Koel et al., 2001), we can neglect the influence of the sol
fraction and assume that Kukersite and Dictyonema kerogen solvent swelling
strictly involves cross-linked polymer network swelling.

e Mineral matter effect. Clay minerals are known to swell in organic solvents
(Graber and Mingelgrin, 1994). Thus, clay-rich oil shales, such as Dictyonema,
should be treated to remove clay minerals or to transform the minerals into
nonswellable forms. Other minerals are considered to be inert during swelling
experiments, and the volume occupied by inorganic materials can be taken into

account to obtain the swelling ratio on a dry mineral matter free basis:
_ Qv
Qdmmf - 1-y (3)

Xmin'Porg

where y = , Xmin 1S the mass fraction of mineral matter, x,.¢

Xorg' PmintXmin'Porg
is the mass fraction of kerogen, p.., is the kerogen density, and pi» is the
mineral matter density.

2.1.1. Raw Kukersite oil shale sample

The organic content of the Kukersite oil shale sample was 38 wt%
(ash — 46.5 wt%; carbonate CO» — 16.5 wt%; SO4% in ash — 3.2 wt%). The sample
was characterized by an elemental composition on a total sample basis (Wt%):
C-363,H-4.1,N-1.1.
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2.1.2. Concentrated Kukersite oil shale kerogen sample

The oil shale kerogen sample used in this work was obtained from Estonian
Kukersite oil shale using a flotation technique (Koch et al., 1973). The sample
possessed an organic matter content of 91%. The organic matter elemental
composition of the concentrated kerogen sample was as follows (wt%): C — 73.3,
H-8.8, N—1.6, O+S — 16.3 (by difference). These values were determined using
an Exeter Analytical model CE440 elemental analyzer.

The apparent density of the kerogen sample, determined by measuring the
mass and volume of water displaced by the known mass kerogen sample ('OCT
2160-92), was 1.23 g/cm’. This value of apparent density, which was determined
using the so-called pycnometer method, was used as the kerogen sample true
density for this study.

2.1.3. Dictyonema oil shale sample

The Dictyonema oil shale sample elemental analysis results were as follows
(Wt%): C—6.7, H—0.9, N — 0.3, residue — 92.1. The organic content was 13 wt%.
Acid treatment with HF was used to convert original shale minerals to
nonswellable forms because Dictyonema is known to contain significant
proportions of clay minerals that can swell or shrink in organic solvents. The HF
treatment procedure is described in the Materials and Methods section of Article
II. No original clay minerals were observed after the acid treatment, and the only
original mineral that remained was pyrite. The most prevalent mineral that formed
was hieratite (K2SiFs). The organic content of the acid-treated sample was
25 wt%.

2.2. Solvents

Organic solvents used in the solvent swelling experiments are listed in Table 8.
All solvents were of reagent grade and were thus used without further purification.
Specific solvent properties of interest in this study are shown in Table 8, including
Hildebrand or the total solubility parameter (Belmares et al., 2004; Karger and
Snyder, 1978; Larsen and Li, 1994; Smallwood, 1996; Zeng et al., 2007) and
Gutmann electron donor and acceptor numbers — DN and AN (Behbehani et al.,
2001; Gutmann, 1978; Linert, 2001; Malavolta et al., 2002). The electron donor
and acceptor properties of the solvents were quantitatively expressed as Gutmann
electron donor and acceptor numbers due to the widespread use of the Gutmann’s
scale (Gutmann, 1978) in the field of solid fossil fuel solvent swelling. This scale
was also chosen due to the availability of data on solvents used in the present
work.
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Table 8. Solvents used for the oil shale kerogen solvent swelling experiments (see text for
references).

Hildebrand Electron Electron
solubility donor number | acceptor number
Solvent parameter (DN) (AN)
MPal/Z _ _

Acetone 20.3 17 12.5
Acetonitrile 24.3 14.1 19.3
Aniline 21.1 333 28.8
Benzene 18.8 0.1 8.2
Benzyl alcohol 24.8 23.0 36.8
Cyclohexanol 20.3
Dichloromethane 20.3 1.0 20.4
Diethylamine 16.4 50.0 9.4
Diethyl ether 15.6 19.2 3.9
DMF? 24.5 26.6 16.0
Ethanol 26.0 20.0 37.1
Hexane 14.7 0.0 0.0
MEK® 19.0 14.3 12.9
Methanol 29.7 19.0 41.3
1-Methylnaphthalene 20.3
Nitrobenzene 20.5 4.4 14.8
Nitroethane 22.7 5.0 15.8
Nitromethane 26.0 2.7 20.5
NMP¢ 23.1 27.3 13.3
n-Propanol 24.5 19.8 37.7
0-Xylene 18.0 4.84 2.44
Propylamine 18.2 55.5¢ 4.8°
Pyridine 21.9 33.1 14.2
Tetrahydrofuran 18.6 20.0 8.0
Tetralin 19.4
Toluene 18.2 0.1 33

2 DMF — N,N-dimethylformamide

> MEK — methyl ethyl ketone

¢ NMP — N-methyl-2-pyrrolidone

4 calculated values for xylene isomer mixture

¢ Ethylamine DN and AN values are used for propylamine

Additional data on the solvents used in the DSC experiments are presented in
Table 9: molar mass (NIST Database), density measured at 22°C, calculated molar
volume, and melting point (NIST Database). The densities of the solvents used
were verified using an Anton Paar DMA 5000M density meter at 22°C (mean
ambient laboratory temperature). The molar volumes of the solvents were
calculated as V) = M/p, where M is the molar mass and p is the solvent density.
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Table 9. Solvents used in the swelling experiments according to the DSC-based
measurement procedure (see text for references).

Molar Density Molar Melting
Solvent mass (22°C) volume point

g/mol g/cm’ cm’/mol °C
Acetonitrile 41.05 0.780 52.6 -45
Aniline 93.13 1.020 91.3 -6
Benzene 78.11 0.877 89.1 5.5
Benzyl alcohol 108.14 1.044 103.6 -16
Diethylamine 73.14 0.702 104.2 -50
DMF* 73.09 0.949 77.0 -60
NMP® 99.13 1.031 96.2 -24
0-Xylene 106.17 0.878 120.9 -25
Propylamine 59.11 0.714 82.8 -83
Pyridine 79.10 0.981 80.6 -41
Tetralin 132.20 0.967 136.7 -35

2 DMF — N,N-dimethylformamide
5 NMP — N-methyl-2-pyrrolidone

The solvent set was compiled based on the following principles. First, the presence
of both non-polar and specifically interacting hydrogen-bonding solvents as a
fundamental difference in the swelling powers of these two solvent groups was
expected. Second, a wide range of DN and AN should exist to precisely determine
the influence of solvent electron donor-acceptor properties on swelling. The range
of total solvent solubility parameters should then cover the predicted kerogen
solubility parameter region. Finally, solvent selection was restricted by the
experimental procedures. Namely, the density of a solvent should not be equal to
or greater than the density of the oil shale sample, as this would prevent a
uniformly tight packed bed of oil shale particles from forming in the centrifugation
process. Additionally, if the phase following the volumetric swelling experiment
involves conducting a DSC measurement, the solvent melting point should be
high enough to ensure solvent crystallization during a DSC run. Thus, the lowest
possible solvent melting point used in the DSC experiments was set through the
DSC cooling system parameters.

2.3. Volumetric solvent swelling method

According to a so-called fest-tube method, the volumetric swelling extent of the
fine-grained sample is determined by measuring the height of a sample contained
in a test tube both before and after it equilibrates in a solvent. Centrifugation in a
standard laboratory centrifuge is conducted to compact the fine-grained particle
bed prior to taking measurements. No strictly standardized experimental
procedure has been developed for this method, and the initial procedure developed
by Green (Green et al., 1984%) has been modified by other researchers in numerous
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ways (an overview is given in section 1.2.2). The procedure has also been
modified in the present research to achieve higher degrees of measurement
repeatability.

The swelling-describing parameter calculations based on the results obtained
from the test-tube-type volumetric swelling experiments are valid only if the void
volume fraction in the swollen sample is equal to that of the dry sample or, in
other words, if the sample packing density has not changed. A detailed discussion
on this topic is presented in Article IV (p. 840) based on equations summarized in
Table 1, Article IV. Unfortunately, the test-tube volumetric swelling experiments
do not provide any insight into possible changes in void volume fraction levels.

2.3.1. Basic volumetric solvent swelling procedure

A fine-grained kerogen sample (up to 0.25 g) was placed into a test tube with a
constant diameter of 5 mm, centrifuged, mixed with the solvent and centrifuged
again. Three rounds of centrifugation cycling were carried out, and the heights of
the dry and swollen kerogen samples were measured using a caliper ruler after the
third centrifugation. The height of the swollen kerogen sample was remeasured
after 24 hours and referenced in calculations as the final sample height. All of the
experiments were conducted at room temperature. This modified volumetric test-
tube method is described in detail in Article III, section 2.2 and Article IV, section
2.3.

The swelling extent was determined by the swelling ratio, Q, which was
defined as the ratio of the swollen sample volume to the dry sample volume and
calculated as the ratio of the sample final height to the sample initial height: Q =
h¢/h;. An illustration of the test tubes containing the samples is presented in
Figure 2.

Figure 2. Dry kerogen sample in a test tube (left) and swollen kerogen sample in a test
tube (right), both after centrifugation. The initial and final sample heights are marked as
h; and hy, respectively.
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2.3.2. Swelling in binary solvent mixtures

Swelling experiments with binary solvent mixtures were conducted using three

different experimental procedures:

e According to the first procedure, solvent mixtures of desired composition were
prepared and used as swelling agents following the basic volumetric test-tube
method described in section 2.3.1. This procedure is used in Article II1.

e The second procedure involved a two-stage swelling process. For the first
phase, the kerogen sample was swollen to equilibrium in one solvent (the
complete procedure for single solvent swelling was followed). For the second
phase, the solvent above the swollen kerogen sample was removed from the
tube using a syringe, and another solvent was added until the desired solvent
mixture composition was obtained. The system was thoroughly mixed,
centrifuged, and left to swell to a new equilibrium state. The final height of the
sample was then measured. The second solvent was added in excess so that
both solvents were in considerable excess relative to the kerogen single solvent
uptake. The final solvent mixture composition was determined gravimetrically
by measuring the mass of the first solvent remained in a test tube after the first
stage and the mass of the second solvent placed in a test tube during the second
stage. This procedure is used in Article V.

e For the third procedure, the second solvent was added in a dropwise fashion
over several phases. After the first stage, a small dose of the second solvent
was added to the test tube (using a micropipette). The system was then mixed
and centrifuged, and the swelling equilibrium was measured after 48 hours.
This sequence was repeated until a maximum second solvent concentration of
approximately 5 mol% (on the basis of the total solvent amount present in the
system) was reached. This procedure is used in Article V.

For all of the above procedures, the swelling ratio, Q, was calculated as the ratio

of the final height to the initial height of the sample: Q = h¢/h,;.

2.4. Swelling extent determination using the DSC-based method

Kerogen solvent swelling was conducted in accordance with the volumetric
solvent swelling procedure reported in section 2.3.1. The swelling extent was then
determined not directly from volumetric measurements but using a method that is
based on differential scanning calorimetry (DSC). The DSC-based method was
developed during the present research to determine the validity of a constant void
volume fraction silent assumption for a packed bed sample and to evaluate the
reliability of the results obtained through the test-tube method. The DSC-based
method is described in detail in Article IV.
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2.4.1. Sample preparation

e Solvent swelling in a single solvent was performed as described in section
2.3.1.

e The swelling procedure for solvent mixtures was similar to the two-stage
procedures described in section 2.3.2. A non-polar solvent (benzene, o-xylene
or tetralin) was used as the first solvent (or base solvent), and a strong H-
bonding solvent (NMP) was used as the second solvent. After equilibrium
swelling was achieved in the base solvent, an exact amount of NMP was added
(with a micropipette) into the test tube until the desired NMP to kerogen mass
ratio was reached. The content of the test tube was then thoroughly mixed. To
ensure full NMP molecules access to the kerogen structure, the content of the
test tube was mixed several times over a minimum of 24 hours (up to 6 days
were needed for tetralin mixture equilibration). The test tube was then
centrifuged to precipitate kerogen particles and produce a swollen kerogen
sample packed bed.

Supernatant over the swollen kerogen bed was removed from the test tube. The
test tube was then weighed to determine the mass of the solvent that was present
in the swollen kerogen bed. A total of 7-28 mg of sample material from the
swollen packed bed was transferred from the test tube to a preweighed aluminum
DSC pan, hermetically sealed, and weighed.

2.4.2. Experimental procedure

A differential scanning calorimeter NETZSCH DSC 204 HP Phoenix equipped
with a CC200L liquid nitrogen cooling system was used. Experiments were
performed under atmospheric pressure with an inert gas (nitrogen) flow rate of
40 mL/min and using 40-uL hermetically sealable standard aluminum DSC pans.
Prior to each measurement, the DSC cell was purged with inert gas (nitrogen) for
at least 10 min.

Hermetically sealed samples were cooled to —120°C at a rate of 10°C/min,
equilibrated at —120°C for 10 min, and then heated to 40°C at the same rate. After
the DSC run had been completed, the pan lid was pierced, and the pan containing
the swollen kerogen sample was placed in a vacuum oven to determine the
kerogen mass and overall solvent mass in the DSC sample. The sample was dried
at 110°C until a constant weight was obtained (until the weight loss reached less
than 0.2% within 1 h). The overall mass of the solvent in the DSC sample was
calculated as the difference between the initial mass of the DSC sample and the
dry kerogen mass. The mass of the solvent bound to the kerogen structure was
calculated as the difference between the solvent overall mass and the free solvent
mass. The free solvent mass was obtained from the melting peak area of the
swollen sample, assuming that enthalpy from free solvent fusion in the swollen
kerogen sample is equal to that of pure solvent. The solvent mass uptake was then
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calculated as the ratio of the bound solvent mass to the dry kerogen mass. For the
experiments on binary solvent mixtures, calculations were carried out using the
enthalpy of fusion for base solvents due to low NMP concentrations present in
these mixtures.

The results are presented in terms of the solvent mass uptake, molar uptake and
volumetric swelling ratio. Void volume fractions in a dry and swollen kerogen
sample packed bed were calculated from a combination of volumetric swelling
measurements and DSC data. All of the calculation details are presented in Article
IV, section 2.5.

The solvent melting peak onset temperature on a DSC thermogram was
reported as the bulk solvent melting temperature.

2.4.3. Methodological background and evaluation

DSC studies on swollen polymers and coals (reviewed in sections 1.3 and 1.4)
have cited the existence of a non-freezable portion of the solvent that forms a
homogeneous phase with a swollen macromolecular structure. In the present
research, DSC experiments conducted on the samples consisted of swollen
kerogen particles and solvent between the particles (as it occurs in a test tube
during volumetric swelling experiments), i.e., within the equilibrated system of
swollen kerogen and surrounding solvent (this type of system is therefore not
completely identical to polymers systems). The results show that the volume of
solvent undergoing crystallization and melting processes during a DSC run is less
than the total solvent amount present in the sample (see Figure 1 and a related
discussion in section 3.1, Article IV for more details). Analogous to what was
found for polymers and coals, a portion of solvent is bound to the kerogen
macromolecule and therefore does not contribute to crystallization and subsequent
melting processes. This was found to be true for both non-polar and hydrogen-
bonding solvents.

It is evident that surrounding solvent volumes (solvent between the particles)
participate in freezing and melting processes. The assumption that this is the only
type of freezable solvent present in the sample was evaluated through an analysis
of DSC thermograms. Regardless of the polarity and hydrogen-bonding properties
of the solvents, only one endotherm was found in the heating curve and one
exotherm was identified in the cooling curve, and neither overlapping peaks nor
significant peak tailing were observed. These observations support the view that
the DSC-detected melting process strictly corresponds to the melting of the bulk
solvent between swollen kerogen particles. In addition, the low swelling extents
of kerogen indicate the existence of a tightly cross-linked kerogen structure,
suggesting that absorbed solvent molecules should be more or less influenced by
the kerogen macromolecular structure (for a comparison, see literature data on
polymer solvent uptakes and bound solvents provided in Table 7, section 1.3). In
this case, sufficiently large crystallizable domains of absorbed solvent molecules
similar to those observed in polymers may not develop.
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A series of experiments was performed to evaluate the DSC-determined
constancy of the non-freezable bound solvent for each solvent—kerogen system.
The evaluation was based on examinations and comparisons of original samples
(obtained directly from volumetric test-tube-type experiments) and partially dried
samples. Three solvents (DMF, propylamine, and benzene) were used. Figure 3
demonstrates that the calculated amount of non-freezable solvent is roughly
constant for each solvent-kerogen system above the “bound solvent limit”, i.e.,
independent of the total solvent amount present (see solid points in Figure 3). This
result shows that variations in solvent volumes between particles do not cause
changes in calculated non-freezable solvent amounts.
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Figure 3. Calculated non-freezable solvent content in the swollen kerogen sample vs. the
gravimetrically determined total solvent content in the sample. Unshaded points
correspond to experiments with no solvent melting peak — the solvent present in the
sample is non-freezable. Thick, shaded lines show the average standard deviations
obtained from calculated non-freezable solvent results, and dashed lines denote average
values.

For samples with total solvent contents below the “bound solvent limit,” no
solvent melting peak was found to be present (see unshaded points for DMF and
propylamine in Figure 3), i.e., the solvent present in the sample appears to be non-
freezable, as was expected. However, this region is outside of the scope of the
present research and is therefore not studied in detail.

This point is merely highlighted to show that in the case of low total benzene
concentrations (below a calculated non-freezable solvent limit of 0.22 ggo1v/gker), @
minor free solvent melting peak was still present (Figure 3). This corresponds to
only ~0.1 mg of solvent (analogous to 0.01-0.03 grams of solvent per gram of
kerogen), which is lower than the average standard deviation of our experimental
results and thus could not significantly affect the conclusion above. This anomaly
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may also be caused by experimental complications: 1) samples were obtained after
partial solvent evaporation and thus could be not homogeneous due to non-
uniform evaporation; and 2) in the sealed DSC crucible, a portion of solvent likely
evaporated (estimated at up to 0.03 mg) and existed in a gaseous state before the
experiments began and thus undergone phase transitions during the DSC run.

In Figure 3, the sample with a total DMF content of 0.9 gso/gker and calculated
non-freezable solvent limit of 0.75 gson/gker Was obtained by removing solvent
between particles using a filter paper. According to observations made by eye,
nearly all of the solvent between the particles was removed, and the majority of
solvent left in the sample was absorbed by kerogen (of course, minor deposits of
solvent remained between the particles because the drying procedure was fairly
rough, causing some particles to remain fused together; particle-related cavities
and capillaries may also have been present). Regardless of this fact, the
experiment resulted in no more than 0.15 g/g of freezable solvent that could have
been absorbed by kerogen (less than 17% of the total solvent in the system),
indicating that the solvent absorbed by kerogen should be primarily non-freezable
or bound.

In conclusion, the DSC-based method can be used to determine the amount of
solvent that is present in a kerogen—solvent mixture that does not contribute to the
swelling process (solvent between kerogen particles) or to the resulting quantity
of non-freezable bound solvent (the solvent that causes swelling and is therefore
also quantitatively measurable using the test-tube volumetric swelling technique).

Correlations between results obtained using the DSC-based and volumetric test-
tube methods

To facilitate the discussion of research results (presented in section 3), a number
of specific details on data obtained via DSC and volumetric measurements are
presented here. The swelling extent of concentrated Kukersite kerogen obtained
through the DSC-based technique was greater than the value produced via test-
tube volumetric measurements in almost all of the cases with the exception of
tetralin (roughly equal results were obtained for swelling in tetralin). Numerical
results expressed as the swelling ratio and solvent mass uptake are reported in
Table 3, Article I'V.

It is important to note here that all test-tube method calculations are carried out
under an assumption of constant void volume fraction. The possibility of void
volume fraction reduction (i.e., compression of the sample bed) may have been
detected in Dictyonema swelling studies (Article II) that showed an apparent
shrinking of Dictyonema kerogen, which may be an experimental artifact from
differences in the packing densities of dry and swollen sample beds. It was
proposed and confirmed through DSC-based technique that Kukersite kerogen
swelling results obtained via the test-tube method appear to be understated due to
the elevated packing density (or in other words, decreased void volume fraction)
of the swollen sample compared to the dry sample packing density. Relative data
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and a discussion are presented in Article IV (see Table 3, Figure 2 and the
discussion provided in section 3.2, Article IV).

A correlation exists between the void volume fraction change and the amount
of solvent absorbed by kerogen (see Figure 2, Article 1V), which may be
attributable to the increased flexibility of kerogen particles under solvent impact.
Similar to the process of void volume fraction change, the difference in swelling
ratios obtained using the two different techniques also correlates empirically with
the amount of solvent absorbed by kerogen (see Figure 3, Article IV). Both
correlations follow approximately exponential trends. For the latter, a rough
empirical equation can be proposed: Qpsc — Q¢ rype = 0.0011 - e31021-Cbsc,

It should be noted that while the outcomes and conclusions presented in this
section may be valid for a specific combination of volumetric experimental
procedure (described in section 2.3.1) and material under study (Kukersite oil
shale kerogen), they may be not characteristic of the test-tube-type volumetric
swelling technique in general.

Application of the DSC-based method for the study of kerogen swollen in non-
specifically interacting solvent mixed with a small quantity of high DN solvent

Another swelling system studied through the DSC-based method was that of
concentrated Kukersite kerogen swollen in non-polar solvent (benzene, o-xylene
or tetralin) with small quantities of specifically interacting solvent (NMP). Solvent
swelling studies of coal (Larsen et al., 1996) have shown that small volumes of
specifically interacting solvent (with high DN) used in combination with non-
specifically interacting solvent can be readily absorbed by coal to the extent that
no high DN solvent remains at the solvent bulk phase. Assuming that kerogen
would exhibit similar trends, the DSC-based method for single-solvent swelling
can also be applied to systems of this type because a melting process detectable
by DSC would refer to a bulk phase that is presumably consistent with only one
solvent, i.e., a non-specifically interacting solvent. The presence of NMP in bulk
phase and thus the validity of the assumption can be traced by DSC as described
below.

The solvent melting temperature is responsive to the presence of dissolved
substances. In the context of the present study, NMP is a solute, and the presence
of NMP in bulk phase should result in a decline of the solvent melting peak onset
temperature seen in the DSC thermogram. The plot of solvent melting peak onset
temperatures against the quantity of NMP added to kerogen that is preswollen in
benzene is shown in Figure 4. Analogous trends were found for samples that were
preswollen in o-xylene and tetralin. The results show that the solvent melting peak
onset temperature remains nearly constant until a limit of approximately 0.7—
0.8 mmol of NMP added per 1 gram of kerogen. The latter suggests the presence
of only a small amount of NMP (or even the absence of NMP) in bulk phase. At
higher initial NMP concentrations, melting temperatures significantly differ from
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the pure benzene, o-xylene and tetralin identifying presence of NMP in bulk
phase.
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Figure 4. Solvent melting peak onset temperature vs. amount of NMP added to kerogen
preswollen in benzene. The unshaded point denotes the pure benzene melting
temperature.

To evaluate DSC performance from this perspective, the supernatants over the
swollen kerogen sample bed of selected test tubes were analyzed via gas
chromatograph (GC), and exact concentrations of NMP in the supernatant (in bulk
phase) were determined (for experimental procedure see section 2.5). On the other
hand, concentrations of NMP in bulk phase were determined from solvent melting
temperatures measured via DSC. For the latter, a set of tetralin—-NMP mixtures of
different concentrations was prepared, respective melting temperatures were
measured by DSC and a linear correlation between the NMP concentration and
melting temperature was obtained. Because the difference between pure tetralin
melting points and tetralin deposits between kerogen particles (in the case of
swelling in a single solvent) was 0.3°C, this effect was accounted for, and the
linear correlation line was shifted upwards by 0.3°C. The results of the two
techniques were in reasonably good agreement until NMP concentrations reached
approximately 1.4 mol%. At higher NMP concentrations, NMP concentrations in
supernatant that were determined from bulk solvent melting temperatures
measured by DSC appeared to be slightly underestimated. Analogous control
examinations were performed using selected xylene- and benzene-preswollen
samples with low NMP concentrations. It should be noted here that although the
results from both techniques were interpreted as concentrations in bulk phase, the
analyzed samples differed; GC analysis was performed using supernatant while
DSC thermograms referred to the free solvent present between swollen kerogen
particles from the kerogen packed bed.

It can be concluded that until a certain amount of NMP is added (0.7—
0.8 mmolxmp/gker), most NMP traces are absorbed by kerogen, resulting in the
presence of primarily base solvent in bulk phase. The present study also shows
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that the DSC-based method can be used to determine the swelling extent of
kerogen in non-polar solvent-NMP mixtures with low NMP concentrations.
Moreover, the presence of NMP in bulk phase can be detected directly from the
bulk solvent melting peak onset temperature drop shown by the DSC thermogram.

2.5. GC analysis of supernatant over a swollen kerogen sample

After volumetric swelling experiments with binary solvent mixtures were
completed, supernatants from some selected samples were analyzed via GC-
MSD: Agilent Technologies 7890A Gas Chromatograph equipped with an Agilent
5975C Mass Spectrometer Detector. Supernatant volumes of 0.1-0.4 ml were
diluted in dichloromethane and strained through a membrane filter with a pore
size of 0.20 um to remove floating kerogen particles that may have been present
in the supernatant. The solution was analyzed via GC-MSD, and the amount of
NMP present in the supernatant was calculated. The amount of NMP absorbed by
kerogen was calculated as the difference between the total NMP added to a test
tube and the NMP present in the supernatant, i.e., remaining in bulk phase. The
amount of base solvent absorbed by kerogen was calculated as the difference
between the amount of total absorbed solvent determined via DSC and the amount
of absorbed NMP determined via GC.
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3. RESULTS AND DISCUSSION

Oil shale kerogen solvent swelling was conducted according to volumetric solvent
swelling procedures (see section 2.3). The swelling extent was determined either
through volumetric measurements or through the use of DSC-based method (see
section 2.4). The swelling systems studied in the present research are listed in
Table 10. The table includes information on the systems examined, measurements
applied, oil shale samples analyzed, number of solvents used, and articles in which
results are reported.

Table 10. Swelling systems studied through the present research.

Swelling system
under investigation

Types of measurements used
to determine the swelling extent

Volumetric

DSC-based

Swelling in a single
solvent

o Kukersite kerogen, 91% org.
matter. 11 solvents. Article IV.

o Kukersite raw oil shale, 38%
org. matter. 22 solvents. Article .
¢ Dictyonema, concentrated
through HF treatment, 25% org.
matter. 22 solvents. Article II.

e Dictyonema raw oil shale, 15%
org. matter. 20 solvents.

o Kukersite
kerogen, 91% org.
matter. 11 solvents.
Article IV.

Swelling in binary
solvent mixtures with
broad concentration
ranges

o Kukersite kerogen, 91% org.
matter. 11 pre-prepared mixtures.
Article III.

e Kukersite kerogen, 91% org.
matter. 3 mixtures, 2-step
procedure. Article V.

e Kukersite raw oil shale, 38%
org. matter. 2 pre-prepared
mixtures. Article .

A small amount of
specifically interacting
solvent added to kerogen
that is preswollen in non-
specifically interacting
(base) solvent

o Kukersite kerogen, 91% org.
matter. 1 base solvent, 2
specifically interacting solvents.
Article V.

e Kukersite
kerogen, 91% org.
matter. 3 base
solvents, 1
specifically
interacting solvent.
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3.1. Oil shale kerogen swelling in pure single solvent

Solvent swelling processes in Kukersite and Dictyonema oil shales that are
submerged in single solvents have been studied (see Table 10). The test-tube
method was applied for all of the samples, and the DSC-based method was applied
for the concentrated Kukersite kerogen sample.

The main object of the research was Kukersite oil shale kerogen. Swelling
ratios obtained for raw Kukersite oil shale are presented in Article I and replotted
in Figure 5 for more convenient handling. Concentrated Kukersite kerogen
swelling ratios determined using both methods are presented in Figure 4, Article
IV as a function of the solubility parameter.
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Figure 5. Swelling ratio of raw Kukersite oil shale vs. solvent total solubility parameter
(data from Article I). Solvent types are specified in the legend.

Swelling ratio plotting against solvent solubility parameters is the most common
method used to present kerogen solvent swelling results. According to regular
solution theory, a bell-shaped curve with the maximum at a solubility parameter
being equal to the kerogen solubility parameter is expected. This type of behavior
is roughly followed in Green River (Larsen and Li, 1994) and Paris Basin Toarcian
(Larsen et al., 2002) oil shale kerogens. For this type of system, the solubility
parameter for kerogen can be determined from the position of the curve maximum,
and the number average molecular weight between cross-links can be predicted
through the application of the Flory-Rehner and Kovac equations (see Equations
1 and 2).

However, no bell-shaped curve can be identified in the Kukersite swelling plot
(see Figure 5). To eliminate the potential effect of mineral matter, a concentrated
kerogen sample was selected for further research. As has already been noted,
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results obtained from the test-tube method can be affected by centrifugation
process. To avoid the effect of potential compressibility in the sample, the DSC-
based method was applied to determine the swelling ratios of concentrated
Kukersite kerogen. As is shown in Figure 4, Article IV, no bell-shaped curve is
obtained for concentrated Kukersite kerogen regardless of the method used to
obtain measurements. It is evident that the swelling extent of Kukersite kerogen
is not determined by the match of kerogen and solvent solubility parameters. Thus,
the following discussion aims to move away from a focus on “ideal” behavior
determined by regular solution theory. The following analysis of results and
outline of subsequent research reveal factors that affect Kukersite swelling and
explore the swelling potential of this kerogen type.

It was found that the primary factor that determines kerogen swellability is the
presence of kerogen—solvent specific interactions. Figure 5 shows that non-H-
bonding (polar and non-polar) solvents are not efficient swelling agents for
Kukersite kerogen, and only H-bonding (or specifically interacting) solvents are
able to cause extended swelling. Specifically interacting solvents have the
capacity to form solvent—kerogen hydrogen bonds and thus can disrupt kerogen—
kerogen hydrogen bonds that serve as non-covalent cross-links. This reduced level
of effective cross-link density results in the development of higher swelling ratios
with specifically interacting (H-bonding) solvents. The same conclusion can be
drawn for the results of concentrated Kukersite kerogen swelling irrespective of
experimental methods used (the volumetric test-tube method or the DSC-based
method).

However, a more detailed comparison of the results obtained from the two
different methods shows one specific difference. For test-tube measurements,
swelling ratios of specifically interacting solvents with high DN remain at the
same level, while for DSC-based measurements, the scatter is significant (see
Figure 4, Article 1V). It was proposed that swelling in high DN solvents may be
additionally affected by the size of solvents molecules (or solvent molar volume).
Molar solvent uptake decrease with an increase of solvent molar volume can be
observed in Figure 6, Article IV. The data are replotted in Figure 6 to show the
effect of solvent molar volume on the swelling ratio. Thus, it can be concluded
that a relatively large solvent molecule size can act as a limiting factor in swelling
processes due to steric restrictions characteristic of the tightly cross-linked
Kukersite kerogen structure. In the case of test-tube measurements, this effect is
likely hidden as a result of sample bed compression during centrifugation.
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Figure 6. Kukersite kerogen swelling ratio obtained using the DSC method as a function
of solvent molar volume. Data from Article IV are replotted. See Table 2 in Article IV to
identify solvents by reference numbers.

The swelling ratios of strictly non-specifically interacting solvents also failed to
generate a bell-shaped curve. An unexpected swelling result was obtained for
tetralin — no observable swelling of Kukersite oil shale occurred when the sample
was submerged in this solvent (Q=1, see Figure 5). Extremely low levels of
swelling in concentrated Kukersite kerogen submerged in tetralin was detected
through both volumetric and DSC-based methods — swelling levels were less than
10% of maximum swelling value for Kukersite kerogen. A comparison between
the swelling results of non-polar solvents with similar solubility parameters shows
that solvents with relatively large molar volumes, such as tetralin, are considerably
less effective at inducing Kukersite kerogen swelling than solvents with smaller
molar volumes such as benzene and o-xylene, which caused kerogen to swell to
approximately 30% of its maximum swelling value. To provide a comparison, oil
shales from other deposits — Green River and Rundle oil shales — show another
form of swelling behavior. Namely, no fundamental differences are found
between swelling behaviors that occur in solvents of large molecule sizes (tetralin
and 1-methylnaphthalene) and those that occur in small molecule sizes (benzene,
o-xylene and toluene). For Green River, swelling in non-polar solvents resulted in
swelling to 52-80% of maximum extent with variations depending on the oil shale
demineralization procedure applied (Larsen and Li, 1994). The rundle kerogen
swelling extent in non-polar solvents of large molar volumes is slightly higher
than value for solvents of small molar volumes — 76-82% vs. 59-68% of
maximum swelling, respectively (Larsen and Li, 1997°). It can be proposed that
relatively large tetralin molecules may not be able penetrate into the tightly cross-
linked Kukersite kerogen structure, resulting in low Kukersite swelling in tetralin.
An additional study was performed to examine this phenomenon in greater detail,
which is discussed at length in section 3.3. The experiment involved adding a
small amount of specifically interacting solvent (which is able to reduce kerogen
cross-link density) to kerogen samples that were preswollen in non-polar solvents
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of differing molar volumes. The promotion of cross-link density reduction and
network relaxation through the addition of small volumes of H-bonding solvent
was previously shown by Larsen et al. in reference to coal (Larsen et al., 1996).

Referring again to the kerogen solubility parameter, the solubility parameters
of Kukersite (Article I) and Dictyonema (Article II) kerogens were proposed
largely for illustrative purposes using the Gee method (Gee, 1943; Yagi et al.,
1992), which is based on regular solution theory. The obtained value was
22.0 MPa'”? for both kerogens. Uncertainty in the obtained results was comparable
to the entire solubility parameter range for the solvents studied due to the absence
of a clear relationship between the swelling ratio and solvent solubility parameter.
The results obtained through the DSC-based method did not suggest a different
value or provide a more accurate measure of the Kukersite kerogen solubility
parameter.

The number average molecular weight between crosslinks for Kukersite
kerogen was estimated through the classical Flory-Rehner and Kovac models (see
Equations 1 and 2) using swelling ratios obtained through the volumetric test-tube
method and the DSC-based method. The results of the calculations are reported in
Table 11. It is observable that with all other parameters in the equation held
constant, higher swelling ratios obtained from the DSC-based method resulted in
a higher average M. value. The different results obtained from the volumetric
measurements for the two different oil shale samples are attributable to the
presumably lower compressibility of the swollen raw oil shale sample during
centrifugation as a result of its higher mineral matter content.

Table 11. Kukersite kerogen number average molecular weight between cross-links
estimated by the Flory-Rehner and Kovac models based on swelling data obtained
through the volumetric test-tube method and the DSC-based method with all other
parameters in the equations held constant. The solvent sets used were identical.

Sample Experimental Flory- KOl’aC KOl’ac Kolfac
method Rehner N=1 N=2 N=3
3%@?022.:2:3; Volumetric 184 688 493 428
91;f er(;i?ner Volumetric 123 463 335 292
91 5 er(f;tner DSC-based 312 1178 825 708

It should be noted that the M, calculation for Kukersite kerogen may also be
affected by the fact that swelling in different solvents corresponds with swelling
that occurs in a network of different effective cross-link densities depending on
the capacity for the solvent to disrupt non-covalent cross-links. Additionally, the
swelling extent may be affected by solvent molecule size, resulting in
unreasonably low swelling ratios for solvents with large molecule sizes and thus
low apparent M, values.
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The M. values calculated using the Flory-Rehner equation are clearly
underestimated given that the number average molecular weight of Kukersite
kerogen pyrolysis products obtained through direct pyrolysis with a Field
Ionization Mass Spectrometer (FIMS) was significantly higher — approximately
400 amu (Oja, 2013). Assuming that the latter value denotes the mass of the
“average repeating structural unit” and applying Kovac’s equation with 1, 2 and
3 average repeating structural units between cross-links (N = 1, 2, 3), it is evident
that the most reliable value (~800 amu) was obtained through Kovac’s equation
with N = 2 and when DSC-based swelling data were used.

3.2. Swelling in binary solvent mixtures over the entire
concentration range

It was established in section 3.1 that specific interactions between solvents and
kerogen play an important role in Kukersite kerogen solvent swelling. To better
understand the influence of specific interactions and to evaluate possibilities for
increasing the swelling extent of Kukersite, binary solvent mixtures were used in
concentrated Kukersite kerogen swelling experiments. Volumetric test-tube-type
solvent swelling experiments were performed using 11 pre-prepared binary
solvent mixtures composed from 9 different organic solvents. The results are
presented and discussed in detail in Article II1.

The mixtures can be divided into four specific groups based on the
combination electron donor-acceptor properties of the two solvents. The
characteristic swelling behaviors for Kukersite kerogen were observed for each
group. The first behavior type refers to mixtures consisting of solvents with high
DN (NMP, propylamine, pyridine) and solvents with low (benzene, nitromethane)
or medium (diethyl ether) electron donor numbers. Low fractions (10-20 mol%)
of high DN solvent are sufficient to increase swelling to approximately the same
levels observed for the pure high DN solvents. However, further a high DN
solvent concentration increase does not increase swelling, i.e., the swelling ratio
remains roughly constant. Exactly the same trend was obtained for raw Kukersite
oil shale swelling in a benzene-NMP mixture (Article I). This type of behavior
was previously reported for Illinois No. 6 coal submerged in chlorobenzene—
pyridine mixtures (Green and Larsen, 1984°) and is attributed to the ability of a
specifically interacting solvent to disrupt cross-links in kerogen, permitting the
non-specifically interacting solvent to more effectively induce swelling in the
structure. This phenomenon was examined and discussed in greater detail in
section 3.3.

The second behavior type is characteristic of mixtures of non-polar solvents
(benzene) and solvents with weaker electron donor values than the high DN
solvents mentioned above (n-propanol). The swelling ratios of benzene—propanol
mixtures are higher than those obtained from these two single solvents, and the
swelling maximum occurs in a roughly equimolar mixture composition. However,
the obtained level is lower than the swelling exhibited in high DN solvents. This
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behavior appears to be a result of two effects: solubility parameter matching
between kerogen and swelling agents (i.e., solvent mixtures) and the ability of n-
propanol to disrupt kerogen—kerogen non-covalent cross-links. A roughly
analogous trend was observed in the case of raw Kukersite oil shale swelling,
however, the swelling maximum shifted towards higher benzene concentrations
(Article I).

The third behavior type was observed in mixtures with a strong electron donor
(NMP, propylamine) and a strong electron acceptor (n-propanol). Swelling ratios
decrease proportionally with an increase in n-propanol concentrations. It can be
proposed that the electron-donating properties of NMP and propylamine are
limited by n-propanol, which acts as an electron acceptor for high DN solvents.

Finally, solvent mixtures that include two non-polar solvents (benzene—
toluene) or two strong electron-donating solvents (NMP—pyridine) did not induce
significantly higher levels of swelling than single solvents.

A two-stage experimental procedure was carried out for Kukersite kerogen
solvent swelling to provide a point of comparison (Article V). Three solvent
mixtures from the first three characteristic groups described above were
examined. Following this procedure, swelling was first carried out using one
solvent, and then a limited amount of another solvent was added to obtain the
required solvent mixture composition. Although some deviations between the
results of the two techniques (pre-prepared mixtures or subsequent adding of two
solvents) were observed, similar characteristic swelling trends were obtained
through both procedures. A more detailed discussion on this study is presented in
Article V, section 3.1.

The results of the study confirm the primary role of specific interactions in
Kukersite kerogen solvent swelling. Though solvent—kerogen solubility parameter
match may have some influence on the swelling extent, it is of secondary
importance. The highest swelling ratios were obtained for mixtures with broad
solubility parameter ranges: 17-25 MPa'”.

The results show that the highest swelling ratios obtained from the binary
mixtures are not significantly greater than swelling ratios obtained from the pure
high DN solvents (such as pyridine, NMP and propylamine). Thus, the limited
swelling extent for high DN solvents cannot be increased significantly through the
use of binary solvent mixtures.

To determine the possible influence of sample compression during
centrifugation, the correlation equation for the test-tube and DSC-based results
(presented in section 2.4.3) was used to correct the obtained volumetric swelling
ratios. Given the roughness of the correlation, the corrected values are presented
mainly for illustrative purposes (see Figures 2—4, Article V). The results suggest
that the corrected swelling ratios do not indicate significant differences in
qualitative swelling trends.
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3.3. The impact of specifically interacting solvent on preswollen
kerogen sample

Studies on Kukersite kerogen swelling in binary solvent mixtures have shown that
the presence of a relatively small amount of specifically interacting (strong
electron-donating) solvent such as NMP in combination with non-specifically
interacting solvent results in a drastic swelling ratio increase (see section 3.2). To
more precisely study the impact of specifically interacting solvent, very small
amounts of high DN solvent (0.2-2.1 mmol of solvent per gram of dry kerogen)
were added to kerogen that was preswollen in non-specifically interacting non-
polar solvent (referred to as base solvent in the context of the present research
topic). The swelling extents for the benzene—NMP, o-xylene—NMP and tetralin—
NMP mixtures were determined using the DSC-based method; volumetric
measurements in a test tube were performed with toluene—NMP and toluene—
propylamine mixtures.

The results show that swelling ratios increase with an increasing amount of
NMP added to kerogen that is preswollen in base solvent (see Figure 5 in Article
V and Figure 7). For all solvent pairs, the initial increase in the swelling ratio with
the addition of NMP is too high to be attributed solely to NMP absorption
observable through the slope of the NMP-induced swelling line (see figures: a
slanting line denotes the swelling ratio increase that is associated with a total
absorption of NMP under conditions in which base solvent absorption levels
remain constant.). It is evident that base solvent uptake increases with the addition
of NMP. This confirms the existence of kerogen—kerogen non-covalent cross-
links that can be disrupted by strong electron-donating solvents through the
formation of solvent—kerogen hydrogen-bonds. The reduced cross-link density
that results allows kerogen to contain a higher level of non-specifically interacting
solvent. The increase in base solvent uptake was also confirmed via the GC
analysis of supernatant over swollen kerogen beds (for experimental details, see
section 2.5).
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Figure 7. Swelling ratio calculated from DSC data vs. amount of NMP added to a
preswollen system. Base solvents are specified in the legend.

As was already highlighted in section 2.4.3, the solvent melting peak onset
temperature demonstrates that before the limiting amount of NMP was added to
the preswollen system (0.7-0.8 mmolnmp/gker), the majority of the NMP volume
had been absorbed by kerogen. To be more precise, NMP absorption in tetralin-
based mixtures of this range accounted for 75-90% of the initial NMP content, as
determined by GC. As a point of comparison, the total (or 100%) absorption of
high DN solvent (pyridine) by coal was reported by Larsen (Larsen et al., 1996).

It is also critical to note that no fundamental differences between the results
obtained for NMP—toluene and propylamine—toluene mixtures were identified
(see Figure 5, Article V). It can be concluded that the swelling process is
determined by the ability of a solvent to specifically interact with kerogen (both
NMP and propylamine are strong electron donors) and not by the specific
selection of high DN solvent.

Another objective of the present study was to examine the hypothesis proposed
in section 3.1, which predicted that the low swelling ratio for tetralin compared to
benzene and o-xylene may be attributed to the relatively large molecule size of
tetralin, which may prevent molecules from penetrating the tightly cross-linked
Kukersite kerogen structure. The swelling results obtained for the kerogen—
tetralin—NMP system confirmed this hypothesis. Figure 7 demonstrates that when
steric restrictions (abundant non-covalent cross-links) are removed by NMP, the
swelling ratio in tetralin rapidly increases reaching a level determined by its
solubility parameter.
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4. CONCLUSIONS

A widely used volumetric solvent swelling method applying fine-grained sample
centrifugation was critically revised. Taking into account an observed apparent
shrinking of Dictyonema kerogen, the need to confirm the validity of a silent
assumption of constant void volume fraction in a tightly packed sample bed was
specified. For this reason, a DSC-based method for determining the extent of
kerogen solvent swelling was developed. An analysis based on the experimental
data obtained through the developed method showed that the void volume fraction
in a sample packed bed did not remain constant throughout so-called test-tube
experiments. Namely, the swollen Kukersite kerogen sample in the test tube was
typically packed more tightly than the dry sample. A determined decrease of void
volume fraction was presented as a cause of the understated results of the test-tube
method. A dependence of sample bed packing efficiency on the amount of
absorbed solvent was observed, and this correlation is supposed to be specific for
the system under investigation.

However, despite generating certain quantitative inaccuracies, the volumetric
test-tube method remains a useful technique for qualitative analysis given the
method’s wide scope of applicability for swelling in single solvents and solvent
mixtures. The DSC-based method provides more accurate quantitative results for
the kerogen swelling extent in single solvents due to the elimination of the void
fraction effect. The collection of solvents analyzed in swelling experiments
through the DSC-based method was restricted by the limiting value of solvent
melting temperature. The DSC-based method was also adapted for a specific
combination of solvents used as swelling agents: non-specifically interacting
solvent in combination with a small volume of specifically interacting solvent.

The results of swelling experiments for single solvents obtained through both
measurement techniques led to a conclusion that only solvents that are able to
form hydrogen bonds and that act as electron donors can show an extended
swelling extent. It was suggested that the increased swellability of kerogen was
caused by the material’s reduced effective cross-link density. Namely, kerogen
non-covalent cross-links were disrupted by strong electron-donating solvents. At
the same time, low swellability in non-specifically interacting solvents resulted
from high effective cross-link densities that were combined through covalent and
non-covalent cross-links.

Results based on single solvent experiments were further confirmed through
swelling experiments with solvent mixtures of strong electron-donating solvent
and non-specifically interacting solvent. Even small amounts of specifically
interacting solvent were able to relax the kerogen structure, causing the uptake of
non-polar solvent to significantly increase. At high DN solvent concentrations of
approximately 10-20%, the swelling ratio was approximately equal to the
swelling ratio obtained for this specifically interacting solvent when used as a
single solvent. It was impossible to exceed this maximum limit of swellability
regardless of the solvent concentration and combinations used. Swelling
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experiments with binary solvent mixtures also confirmed that the solvent
solubility parameter plays a secondary role in Kukersite kerogen solvent swelling.
Similar characteristic swelling trends were obtained through the application of
two swelling procedures for solvent mixtures: 1) using pre-prepared binary
solvent mixtures, 2) adding solvents in two steps.

It was found that molar volume of the solvent (the size of solvent molecules)
can limit swelling in tightly cross-linked Kukersite kerogen. This effect is more
evident when applying DSC-based methods because the effect may be hidden by
sample bed compression during centrifugation when applying volumetric
measurements. This conclusion drawn from experiments using single solvents
was confirmed by analyzing the effect of adding specifically interacting solvents
to kerogen samples pre-swollen in non-polar solvents of different molar volumes.
When steric restrictions (abundant non-covalent cross-links) were removed by the
specifically interacting solvent, the initially low swelling ratio in the solvent with
large molecules size rapidly increased, reaching a level determined by the solvent
solubility parameter.

The estimated Kukersite kerogen number average molecular weight between
cross-links, M., calculated from swelling data obtained through the DSC-based
method, was higher than the value derived from the results of volumetric
measurements. Under conditions in which all other parameters in the equation
remained unchanged, higher swelling ratios resulted in higher M. values, which
appeared to be more reliable indicators for Kukersite kerogen.
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ABSTRACT

In the present research, solvent swelling of Estonian Kukersite oil shale kerogen
submerged in single organic solvents and binary solvent mixtures was studied.

Kukersite is a strategic resource in Estonia that is primarily used to provide
fuel for power stations and as a raw material for shale oil production. Kerogen is
a cross-linked macromolecular form of organic matter that represents a major
organic component of oil shale. In addition to covalent cross-links, there are
numerous non-covalent cross-links (mainly hydrogen bonds) in Kukersite
kerogen due to its high level of oxygen-containing functional groups. The solvent
swelling technique is widely used to characterize the macromolecular structures
of kerogens and coals (i.e., solid fossil fuels). The technique allows for the
determination of the kerogen solubility parameter and number average molecular
weight between cross-links while also allowing for changes in cross-link densities
to be tracked.

Though previous Kukersite solvent swelling studies have suggested that
specific kerogen—solvent interactions (mainly hydrogen bonds) play an important
role in the swelling process, these interactions have not been studied in detail.
Although valuable qualitative information on Kukersite kerogen cross-link
density change during low temperature treatments has been obtained, the value of
the estimated kerogen number average molecular weight between cross-links
remained questionable.

The primary aim of this research was to evaluate the swelling potential of
Kukersite kerogen by studying the role of specifically interacting (hydrogen-
bonding) solvents, as they appear to have a great influence on Kukersite kerogen
swelling and, consequently, on the estimated kerogen number average molecular
weight between cross-links.

Kerogen solvent swelling was conducted in accordance with the general
procedure of the widely applied Green’s volumetric method, involving the
equilibration of a fine-grained kerogen sample submerged in solvent that is
contained in a test tube, which is followed by centrifugation to obtain a tightly
packed sample bed. Two approaches were used for the determination of the
kerogen swelling extent. The first approach involved measuring the heights of dry
and swollen samples contained in test tubes according to the volumetric method.
The second approach applied differential scanning calorimetry (DSC) to measure
the amount of non-freezable solvent present in swollen kerogen samples, which
should be equal to the amount of solvent absorbed by kerogen, i.e., swelling-
causing solvent. According to the literature review, this study was the first to
utilized DSC to determine the swelling extent of fossil fuels.

While the DSC-based method provided more accurate quantitative results for
the extent of kerogen swelling in single solvents than the volumetric test-tube
method, the method’s applicability was restricted by solvent melting
temperatures. Based on the results of the DSC-based method, it was found that the
swollen Kukersite kerogen sample in the test tube was generally packed more
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tightly than the dry sample. The latter phenomenon was presented as a reason for
the understated results of the test-tube method. However, it was concluded that
despite introducing degrees of quantitative inaccuracy, the volumetric test-tube
method remains a useful technique for qualitative analysis.

The results obtained through both measurement techniques led to a conclusion
that the match between kerogen and solvent Hildebrand solubility parameters is
of secondary importance in Kukersite kerogen swelling and only solvents that
form hydrogen bonds acting as electron donors can show an extended swelling
due to an ability to reduce the effective cross-link density of kerogen by disrupting
kerogen—kerogen hydrogen bonds that serve as non-covalent cross-links. The
latter outcome was confirmed through swelling experiments with solvent mixtures
that combined a strong electron-donating solvent and a non-specifically
interacting solvent. The results showed that the maximum limit of swellability,
determined by strong electron-donating solvents, could not be exceeded through
the use of different solvent combinations or mixture concentrations. Swelling
experiments with binary solvent mixtures also confirmed that the solvent
solubility parameter plays a secondary role in the solvent swelling of Kukersite
kerogen. Similar swelling trends were obtained using two separate solvent
swelling procedures: 1) using pre-prepared binary solvent mixtures, 2) adding
solvents in two steps.

It was found that the solvent molecule size can limit the swelling of tightly
cross-linked Kukersite kerogen. A small amount of specifically interacting solvent
added to non-polar solvent can act as a swelling promoter, disrupting kerogen non-
covalent cross-links (i.e., hydrogen bonds) and thus allowing for the penetration
of larger non-polar solvent molecules into the kerogen structure. Thus, differences
in the swelling behaviors of Kukersite oil shale and oil shales originating from
some other deposits, in the case of solvents with large molecule sizes, can be
explained by the high cross-link density of Kukersite kerogen that is caused by an
abundance of non-covalent cross-links.

The estimated Kukersite kerogen number average molecular weight between
cross-links, M., calculated based on swelling data obtained through the DSC-
based method was higher than the value derived from volumetric measurements.
When all other parameters in the equation were held constant, higher swelling
ratios resulted in the higher M. average value, and this value appeared to be more
reliable for Kukersite kerogen.
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KOKKUVOTE

Kéesolevas to6s uuriti kukersiitse polevkivi kerogeeni pundumist puhastes
orgaanilistes lahustites ning lahustite binaarsetes segudes.

Kukersiit on Eesti strateegiline maavara, mida kasutatakse peamiselt
elektrienergia ning pdlevkividli tootmiseks. Pdlevkivi on settekivim, mis koosneb
mineraalsest ja orgaanilisest osast, mille peamiseks komponendiks on kerogeen —
vorkstruktuurne  makromolekulaarne  orgaaniline aine. Ténu  korgele
hapnikkusisalduvate funktsionaalriihmade sisaldusele lisaks kovalentsetele
ristsidemetele esineb kukersiidi kerogeenis ka palju vesiniksidemeid, mis tdidavad
mittekovalentsete ristsidemete rolli. Pundumine orgaanilistes lahustites on laialt
levinud meetod kerogeeni ja kivisbe makromolekulaarse struktuuri
iseloomustamiseks. Seda kasutatakse kerogeeni lahustuvusparameetri ja
ristsidemetevahelise arvkeskmise molekulmassi médramiseks ning ristsidemete
tiheduse muutuse jalgimiseks.

Varajasemad kukersiidi pundumise uuringud toid esile kukersiidi kerogeeni ja
lahusti vaheliste spetsiifiliste vastasmdjude téhtsa rolli pundumisprotsessis, ent
need vastasmojud vajasid tdiendavaid uuringuid. Saadi vairtuslikku kvalitatiivset
infot termilise t06tlemisega kaasneva ristsidemete tiheduse muutuse kohta, kuid
ristsidemetevahelise arvkeskmise molekulmassi hinnanguline viértus jéi
kiisitavaks.

Kéesoleva t00 pohieesmérgiks oli hinnata kukersiidi kerogeeni
pundumispotentsiaali uurides spetsiifiliste vastasmojudega lahustite rolli, kuna
need avaldavad olulist mdju kukersiidi pundumisele ja selle tulemusena ka
ristsidemete vahelise arvkeskmise molekulmassi véértuse hindamisele.

Kerogeeni pundumine viidi 18bi vastavalt tahkete fossiilkiituste (pdlevkivi ja
kivisoe) valdkonnas laialt kasutatavale volumeetrilisele meetodile nn katseklaasi
meetodile. Meetod seisneb pulbrilise kerogeeni proovi ja lahusti segu
tasakaalustamises katseklaasis ning sellele jargnevas tsentrifuugimises tiheda
proovikihi saamiseks. Pundumise médra mootmiseks kasutati kahesugust
lahenemist. Esimesel juhul mdddeti kerogeeni kuiva ja pundunud proovi kihi
korgus, nagu seda eeldabki katseklaasi meetod. Teisel juhul kasutati
diferentsiaalset skaneerivat kalorimeetrit (differential scanning calorimeter —
DSC), millega méadrati mittekristalliseeruva lahusti s.o kerogeeni poolt
absorbeeritud ehk pundumist pohjustanud lahusti hulk pundunud kerogeeni
proovis. Kirjanduse andmetel on see esimene uurimistdd, milles DSC-d kasutati
selleks, et médrata fossiilkiituse pundumise mééra.

DSC-pdhine meetod andis kvantitatiivselt tidpsemaid tulemusi kerogeeni
pundumise mééra kohta puhaste lahustite kasutamisel, kui seda oli voimalik saada
proovi mahu muutuse mddtmise kaudu. DSC-pohise meetodi tulemused niitasid,
et pundunud kerogeeni proovi kiht oli iildjuhul surutud tihedamini kokku (st vaba
mahu osa kihis oli vdiksem) kui kuiva proovi kiht. See asjaolu voib olla
katseklaasi meetodil madratud pundumist iseloomustavate parameetrite
madalamate  véirtuste pohjuseks. Kuid vaatamata tulemuste teatud
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kvantitatiivsele ebatipsusele jadb katseklaasi meetod siiski kasulikuks meetodiks
kvalitatiivsete andmete saamiseks.

Mdlema meetodiga saadud mddtmistulemustest jareldati, et kerogeeni ja
lahusti Hildebrandi lahustuvusparameetrite vaheline sobivus ei olnud méérav
tegur kukersiidi kerogeeni pundumisel ning ainult need lahustid, mis on
vOimelised moodustama vesiniksidemeid olles elektronidoonorid, pShjustasid
kdrgendatud pundumist tdnu nende vdimele vihendada efektiivset ristsidemete
tihedust 1ohkudes kerogeen—kerogeen vesiniksidemeid s.o mittekovalentseid
ristsidemeid. Viimane leidis kinnitust ka katsetes, kus pundumisagensina kasutati
lahustite binaarseid segusid, mis koosnesid lahustist, mis kéitub kui tugev
elektronidoonor, ja mittepolaarsest lahustist. Lisaks sellele tulemused niitasid, et
tugevate elektronidoonoritega saavutatud iilemist pundumise piiri ei iiletatud
erinevate lahustite kombinatsioonidega. Katsed lahustite binaarsete segudega
kinnitasid solvendi Hildebrandi lahustuvusparameetri sekundaarset tihtsust
kukersiidi kerogeeni pundumisel. Sarnased pundumistendentsid saadi kasutades
ettevalmistatud binaarseid lahustite segusid ning lisades kahte lahustit {iksteise
jérel.

Leiti, et lahusti molekulide suurus voib olla piiravaks teguriks tiheda
vorkstruktuuriga kukersiidi kerogeeni pundumisel. Spetsiifiliste vastasmdjudega
lahusti (lisatuna véikeses koguses mittepolaarsele lahustile) voib olla pundumise
soodustajaks, kuna 10hub kerogeeni  mittekovalentseid ristsidemeid
(vesiniksidemeid) ning sellega vdimaldab mittepolaarse lahusti suurte molekulide
paremat  juurdepddsu  kerogeeni  struktuuri.  Jarelikult  pundumisel
suuremolekulistes lahustites voib kukersiidi kditumise omapéra (vorreldes teiste
leiukohtade podlevkividega) pohjuseks olla mittekovalentsete ristsidemete
olemasolu tottu kdrgendatud ristsidemete tihedus.

Kukersiidi kerogeeni ristsidemete vahelise arvkeskmise molekulmassi
hinnanguline vairtus, mille arvutamisel kasutati DSC-pohise meetodiga saadud
andmeid, oli kdrgem sellest véértusest, mis oli saadud katseklaasi meetodi
andmete pohjal (teiste arvutusel kasutatavate parameetrite vordsuse tingimusel).
Korgemat kukersiidi kerogeeni ristsidemete vahelist arvkeskmist molekulmassi
védrtust voib hinnata kui usaldusvéérsemat.
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Equilibrium swelling of thermally pretreated kukersite oil shale has been investigated in 22 solvents and in
2 different binary mixtures to evaluate changes in the swelling behavior and solubility parameter. Swelling
experiments were performed at room temperature on previously preheated samples. Variations in extent of
solvent swelling as a function of the pretreatment temperature and time are shown. On the basis of swelling
in high donor number solvents, kukersite oil shale shows structural relaxation before the onset of active
pyrolysis. This is consistent with the behavior seen in coal pyrolysis studies on high tar yield, softening
coals. The solubility parameters (Hildebrand and Hansen three-dimensional) of kerogen were tentatively
determined from swelling data and found to be practically independent of the thermal pretreatment
process conditions in the temperature range up to 350 °C.

1. Introduction

Use of oil shales has gained considerable interest in recent
years because of increasing global energy demand and also the
strategic domestic energy visions of countries with consider-
able oil shale resources. Oil shale resources are widespread all
over the world, with usable reserves corresponding to more
than 2.9 trillion barrels of shale oil.! There are different
technologies in use or under development for oil shale being
upgraded to valuable products, including surface retorting,
energy production in power plants, and in situ retorting.
Therefore, changes in oil shale organic matter structure at
temperatures of oil shale thermobitumen formation (up to
350—400 °C) or in the active pyrolysis region (375—600 °C)
are of interest in oil shale conversion to liquid fuels or
chemicals, because the macromolecular structure of kerogen
needs to be broken down to obtain oil.

Oil shales are complex heterogeneous materials, with an
organic fraction consisting primarily of kerogen, a highly
cross-linked macromolecular structure. In coal research, a
number of studies have been performed on swelling of ther-
mally pretreated coals, indicating loosening and/or tightening
of coal structures in the temperature region prior to tar
evolution or active pyrolysis (referred later in this paper as
the low-temperature region).” * This phenomenon was found
to depend upon coal rank: changes in lower rank coals
indicate low-temperature cross-linking, whereas trends in
higher rank coals vary from no observable changes to struc-
tural relaxation. It was observed that the extent of low-
temperature cross-linking was associated with decomposition

*To whom correspondence should be addressed. Telephone: +372-
620-2852. Fax: +372-620-2856. E-mail: vahur.oja@ttu.ce.
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of carboxyl groups and possibly hydroxyl groups because the
formation of new cross-links before devolatilization happened
together with CO, and water release.® It has been concluded
that low-temperature cross-linking results in low tar yield and
can be a reason for the non-softening pyrolytic behavior
seen in low-rank coals.” In coal studies, cross-linking and
also changes in cross-linking have been estimated from
swelling data in pyridine as a qualitative indicator of cross-
link density*>> or also studied in N,N-dimethylformamide
(DMF),* both high donor number solvents. Note that solvent
swelling, a simple low-cost technique, has been widely used to
characterize cross-linked structures, to determine solubility
parameters (square root of the cohesive energy density),
molecular weights between cross-links, or cross-link densities.

In this study, solvent swelling is applied to kukersite oil
shale from Estonia. Kukersite oil shale is a high tar (or from
industrial viewpoint, oil) yield oil shale, which shows softening
behavior during pyrolysis.’ Although it has high oxygen
content (above 10%) on an organic matter basis, the content
of carboxyl functional groups is relatively low, for example,
shown to be 1.3% on a total oxygen basis.” Therefore, on the
basis of what is seen in coal studies, one could expect
structural relaxation rather than tightening of the structure
during the low-temperature (prepyrolytic) thermal treatment.

This paper is an extension of the earlier works from this
laboratory and is aimed at giving further insights on the
mechanism of solvent swelling of kukersite oil shale. The
experimental study has been extended to examine the influ-
ence of thermal pretreatment on solvent swelling behavior of
Estonian oil shale kukersite: on the extent of swelling, on the
importance of specific interactions in the swollen network,
and on the solubility parameter of kerogen. The extent of

(5) Solomon, P. R.; Serio, M. A.; Suuberg, E. M. Prog. Energy
Combust. Sci. 1992, 18, 133-220.

(6) Oja, V. J. Anal. Appl. Pyrolysis 2005, 74, 55-60.
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Valgus: Tallinn, Estonia, 1966 (in Russian).

(8) Savest, N.; Oja, V.; Kaevand, T.; Lille, U. Fuel 2007, 86, 17-21.

(9) Hruljova, J.; Savest, N.; Oja, V.; Suuberg, E. M. Fuel 2009,
manuscript submitted.
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Table 1. Solvent Parameters”
Hansen dispersion electron electron
Hildebrand solubility ~ solubility parameter ~Hansen polar solubility Hansen hydrogen-bonding donor acceptor
solvent parameter (MPa'’?) (MPa'’?) parameter (MPa'?) solubility parameter (MPa'?)  number number
acetone 20.3 15.5 10.4 7.0 17.0 12.5
acetonitrile 243 15.3 18.0 6.1 14.1 18.9
aniline 21.2 19.4 5.1 10.2
cyclohexanol 20.3 17.4 4.1 13.5
DMF 24.5 17.4 13.7 11.3 26.6 16.0
ethanol 26.0 15.8 8.8 19.4 19.2 37.1
MEK 19.0 16.0 9.0 5.1
methanol 29.3 15.1 12.3 223 19.1 41.3
NMP 23.1 18.0 12.3 7.2 27.3 13.3
n-propanol 24.5 16.0 6.8 17.4 19.8 37.7
propylamine 18.2 16.9 49 8.6
pyridine 21.9 19.0 8.8 59 33.1 14.2
tetrahydrofuran 18.6 16.8 5.7 8.0 20.0 8.0
1-methylnaphthalene 20.3 20.6 0.8 4.7
benzene 18.8 18.4 0.0 2.0 0.1 8.2
hexane 14.7 14.9 0.0 0.0 0.0 0.0
o-xylene 18.0 17.8 1.0 3.1
tetralin 19.4 19.6 2.0 29
toluene 18.2 18.0 1.4 2.0 0.1 33
nitrobenzene 20.5 20.0 8.6 4.1 4.4 14.8
nitroethane 22.7 16.0 15.5 4.5
nitromethane 26.0 15.8 18.8 5.1 2.7 20.5

“DMF, dimethylformamide; NMP, n-methyl-2-pyrrolidinone; MEK, methyl ethyl ketone.

swelling (macromolecule volume fraction in the swollen
network) and solubility parameter are input parameters in
swelling models that can be used to estimate cross-link
density. It can at least be used to qualitatively track changes
in cross-link density, because the extent of swelling varies
inversely with the extent of cross-linking. Of course, depen-
dent upon the swelling models chosen, other parameters, for
example, changes in the interaction parameter or solubility
parameter, influence evaluation of the cross-link density from
swelling data.'”

2. Experimental Section

Kukersite Oil Shale. Kukersite oil shale of 38 wt % of organic
content (ash, 46.5 wt %; carbonate CO,, 16.5 wt %; SO,* in ash,
3.2wt %) was used for experiments. Because the content of solvent
extractables in kukersite oil shales is low, below 1.5% on an
organic matter basis, then the oil shale was not treated for removal
of solvent solubles. The sample was ground to a particle size below
100 m. The oil shale was characterized by an elemental composi-
tion of C, 36.3 wt %; H, 4.1 wt %; and N, 1.1 wt %.

Solvents. The 22 solvents used in this study are listed in
Table 1 together with their key characteristics: solubility para-
meters (Hildebrand or total);''~'* Hansen three-dimensional
solubility parameters'® (dispersion, polar, and hydrogen
bonding), and Guttmann’s donor and acceptor numbers.'®~'*
All solvents were analytical-grade and used without further
purification.

(10) Lucht, L. M.; Peppas, N. A. AIP Conf. Proc. 1981, 70, 28-48.

(11) Karger, B. L.; Snyder, L. R.; Eon, C. J. Chromatogr. 1976, 125,
71-88.

(12) Larsen, J. W.; Li, S. Energy Fuels 1994, 8, 932-936.

(13) Belmares, M.; Blanco, M.; Goddard, W. A.; Ross, R. B.;
Caldwell, G.; Chou, S. H. J. Comput. Chem. 2004, 25, 1814-26.

(14) Larsen, W. J.; Parikh, H.; Michels, R. Org. Geochem. 2002, 33,
1143-1152.

(15) Hansen, C. M. Hansen Solubility Parameters: A User’s Hand-
book; CRC Press: Boca Raton, FL, 2000; pp 1—208.

(16) Behbehani, G. R.; Hamedi, M.; Rajabi, F. H. Int. J. Vib.
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hedron 2002, 58, 4383-4394.
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Solvent Swelling. Swelling experiments were performed at
room temperature on raw and previously preheated oil shales.
Details of the experimental technique are available elsewhere.”
Briefly, a few grams of oil shale sample were placed into a glass
tube fitted with a cap (the glass tube inside diameter was 5.5 cm,
and its length was 8 cm, excluding the cap region) and centri-
fuged 3 times at 6000 rpm for 5 min. The height of the sample
was measured, and then the solvent was added in excess to the
tube. The content was mixed to achieve complete wetting/
mixing, and the tube was centrifuged 3 times at 6000 rpm for 5
min. The height of the swollen sample was measured after
centrifugation and then remeasured in 48 h. The swelling
behavior of shale was described by the volumetric swelling ratio
calculated as Q = hy/hy, where h is the initial height of the
unswollen sample and 4, is the equilibrium height of the swollen
oil shale. To more conveniently present the results as a function
of the donor number in some cases, molar solvent uptakes
calculated as (Q — 1)/V, were used, where V,, stands for the
solvent molar volume.

Volumetric swelling of kukersite in prepared binary mixtures
was performed as shown in our previous paper.” The binary
mixtures of solvents were prepared with the desired concentra-
tion and were applied in excess, so that each solvent in the
applied mixture volume was present in an amount larger than
the previously determined solvent uptake volume in the pure
solvent swelling.

Thermal Pretreatment. The experimental setup consisted of a
sealable cylindrical stainless-steel tube with an inner diameter of
1 cm and a length of 10 cm. This sealed sample holder, contain-
ing the oil shale sample in a nitrogen atmosphere, was heated ina
circulating air bath from room temperature at a fixed heating
rate of 10 °C/min. When the sample reached a selected tempera-
ture, it was maintained there for the desired time and then cooled
to room temperature. The thermal pretreatment temperatures
were varied between 150 and 375 °C. The preheat temperature
range did not exceed 375 °C, to avoid significant decomposition
of kerogen.

3. Results and Discussion

Thermal-Pretreatment-Induced Changes in Swelling. Six
solvents with different polarity, namely, NMP, THF, benzene,
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Figure 1. Comparison of the solvent swelling ratios in six solvents
resulting from different pretreatment temperatures. The heat treat-
ment time of 1 h was used.

acetone, acetonitrile, and nitroethane, were initially used to
track changes in swelling, induced by the thermal pretreat-
ment. Two of the solvents, NMP and THF, were selected to
be, in large measure, similar in donor strength to pyridine
and DMF, the solvents previously used in coal studies.”>™*
Figures 1 and 2 present results of measurements of swelling
ratios. The samples were pretreated from 175 to about 375 °C
with residence times of 1 and 3 h, respectively. The kukersite
swelling behavior, seen in these figures, shows that the six
solvents appear to group into three pairs: NMP and THF,
acetone and benzene, and acetonitrile and nitroethane.

Figure 1 corresponds to a treatment of 1 h. The pair of
highest donor number solvents, NMP and THF, shows the
highest swelling ratios over the entire pretreatment condi-
tions studied. These are solvents with strong hydrogen-bond
capabilities, and both are able to break kerogen—kerogen
noncovalent interactions and form new solvent—kerogen
noncovalent interactions. Swelling ratios in these solvents
behaved similarly when the pretreatment temperatures were
in the range from 175 to 350 °C; however, at 375 °C, THF
gave greater swelling than NMP. The latter temperature was
already in the range of considerable thermobitumen forma-
tion, as shown by a change in the solvent color to dark
brown, because of an increased amount of soluble forma-
tion. It should be noted that solvent extractables from oil
shale could influence swelling equilibrium through their
effect on solvent activity; however, this effect favors a
decrease in the swelling ratio rather than an increase.'*
Therefore, the formation of thermobitumen would be ex-
pected to affect swellability opposite the trend seen of
increasing swellability in Figure 1.

In the context of this study, the swelling in NMP and THF
are expected to be similar to that in pyridine, which has been
used as the qualitative indicator of the cross-link density in
coal-swelling studies.>® On the basis of this, if swelling in
these solvents is an indicator of the extent of cross-linking,
then kukersite is showing a tendency to relax before major
pyrolysis (devolatilization) onset. It is similar to the trend
seen in high tar yield, softening coals and different from
another oil shale from Estonia, Dictyonema Agrillite. This
latter material is a low oil yield, non-softening oil shale,"’
which was characterized by a decreasing swelling capacity
with a pretreatment temperature increase.

(19) Oja, V.; Elenurm, A.; Rohtla, I; Tali, E.; Tearo, E.; Yanchilin, A.
Oil Shale 2007, 24, 101-108.
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Figure 2. Comparative solvent swelling ratios in six solvents result-
ing from different pretreatment temperatures after 3 h of treatment
time.

The second pair of solvents, benzene and acetone, shows,
to a lesser extent, a similar trend to NMP and THF. The
swelling in these solvents is characterized by lower swelling
and a delayed onset of relaxation; the noticeable increase in
the swelling ratio appears at higher temperatures, above
300 °C, compared to 225 °C in NMP and THF. Note that
benzene has a solubility parameter of 18.8 MPa'/, donor
number of 0.1, and acceptor number of 8.2, and for acetone,
these values are 20.3 MPa'/?, 17.0, and 12.5, respectively.
Therefore, the strength of benzene, as the swelling agent,
could be its solubility parameter match to the kerogen, and
the strength of acetone, in addition to the solubility para-
meter (similarity in square root of the cohesive energy
density), could be its moderate ability to disrupt kerogen—
kerogen noncovalent interactions. Which effect if either is
more important to describe the difference in the swelling
behavior cannot be told from these results. Swelling in last
pair of solvents, nitroethane and acetonitrile, shows a much
different behavior than the other pairs; swelling capacity
decreases with the heat treatment temperature and time.
Note that these are poor swelling agents for kukersite; both
are characterized by stronger electron acceptor than electron
donor properties.

The results of 3 h thermal pretreatment are shown in
Figure 2. The trends are in principle similar to those seen
in Figure 1. No considerable changes were observed in the
temperature range up to 300 °C. These experiments were not
carried out to higher temperatures, in an effort to avoid
considerable thermobitumen formation. Figure 3 presents
fast heat treatment results. The sample was kept at the final
temperature for 5 min and then cooled rapidly. The swelling
in NMP and benzene shows no significant changes with the
temperature up to the pretreatment temperature of 350 °C.
An increase of the swelling ratio first appears at about
400 °C, around the onset of kukersite devolatilization.® This
is not unexpected, because the extent of structural changes
occurring during thermal treatment is expected to be time-
dependent, so that the changes observed at 350 °Cin 1 h are
not yet observable at these short times.

To summarize, the results of this investigation presented
thus far in Figures 1 —3 indicate that kukersite kerogen shows
a tendency toward structural relaxation in the low-tempera-
ture region. This observation is qualitatively compatible to
those seen in high tar yield, softening coals.’

On the basis of the data shown in Figures 1—3, three
pretreatment conditions were selected for more detailed
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Figure 3. Comparison of solvent swelling ratios in NMP and
benzene resulting from different pretreatment temperatures. Fast
heat treatment with sample residence time of 5 min.

study using 22 solvents. The conditions were as follows: 1 hat
275 °C, 3 h at 300 °C, and 1 h at 350 °C. The highest
temperature of 375 °C in Figure 1 was considered too close
to the onset of active pyrolytic reactions based on the visual
observation of solvent extraction. The data of Figure 4
illustrate the variation of swelling ratios with the Hildebrand
solubility parameters of the solvents. Thisis a typical method
of presentation of swelling results for solubility parameter
estimation purposes. The solubility parameter concept
would lead to the expectation of a bell-shape distribution
of the swelling ratio, with the maximum value matching the
macromolecular solubility parameter; often the solubility
parameter is estimated from this type plot upon visual
observation. In fossil fuel solvent swelling studies, the ex-
istence of such clearly defined bell-shape curves is only
sometimes seen (with particular choices of solvents)
and scattered behaviors, as seen in Figure 4, are usually
observed. This indicates that the use of a single parameter,
such as the Hildebrand solubility parameter, is clearly not
sufficient to describe swelling in these systems. In Figure 4,
the nontreated samples (open points) are compared to 350 °C
for 1 h heat-treated samples (solid points). The two sets
of results are also tabulated in Table 2. Data from the
other thermal pretreatment conditions (275 °C for 1 h and
300 °C for 3 h) differed only slightly from the nontreated
sample results and are not shown here. It can be seen that the
open and solid points in Figure 4 show similar patterns; only
the swelling extent magnitudes vary depending upon the
solvent character. High swelling values in strongly polar
solvents (THF, NMP, pyridine, propylamine, and DMF,
for example) can be seen in both treated and untreated cases.
These solvents can break kerogen—kerogen noncovalent
interactions. In a previous paper from this laboratory,’ it
was shown that kukersite swelling in pure solvents was
solvent-donor-number-dependent, the highest swelling
ratios were seen in higher donor number solvents, and the
swelling ratio reaches an upper limit above certain donor
number values.

Figure 5 replots the data presenting molar uptake as a
function of the solvent donor number. The data show that
the above observations hold also for the thermally pretreated
sample. This suggests that in kukersite exist specific interac-
tions (between moderately to strongly polar solvents and
macromolecule structural units) in both nontreated and
heat-treated samples and that randomly distributed weak
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Figure 4. Solvent swelling of kukersite oil shale at room tempera-
ture. Results are compared for the nontreated sample and the
sample that has undergone the thermal treatment at 350 °C for
1 h. See Table 1 to identify solvents by solubility parameter values.

Table 2. Solvent Swelling of Kukersite Oil Shale at Room

Temperature”

nontreated sample

heat-treated sample

0 Q= D[V 0 Q= DV
acetone 1.19 0.0025 1.19 0.0026
aniline 1.30 0.0033 1.40 0.0041
cyclohexanol 1.10 0.0010 1.32 0.0031
DMF 1.33 0.0043 1.34 0.0044
ethanol 1.16 0.0027 1.18 0.0032
MEK 1.23 0.0026 1.33 0.0037
methanol 1.11 0.0026 1.07 0.0016
NMP 1.35 0.0036 1.53 0.0055
n-propanol 1.20 0.0027 1.19 0.0025
propylamine 1.37 0.0045 1.51 0.0062
pyridine 1.40 0.0050 1.59 0.0074
tetrahydrofuran 1.34 0.0042 1.54 0.0066
I-methylnaphtalene  1.12 0.0009 1.11 0.0008
benzene 1.22 0.0025 1.26 0.0029
hexane 1.05 0.0004 1.00” 0.0000
o-xylene 1.16 0.0013 1.23 0.0019
tetraline 1.00 0.0000 1.01 0.0001
toluene 1.18 0.0017 1.23 0.0022
acetonitrile 1.08 0.0016 1.03 0.0006
nitrobenzene 1.27 0.0026 1.08 0.0008
nitroethane 1.09 0.0013 1.06 0.0008
nitromethane 1.05 0.0009 1.06¢ 0.0011

“Swelling ratios, Q, and solvent molar uptakes, (Q — 1)/Vy,, are
shown for the nontreated sample and the sample that has undergone the
thermal treatment at 350 °C for 1 h. DMF, dimethylformamide; NMP,
n-methyl-2-pyrrolidinone; MEK , methyl ethyl ketone. ® Approximated
to 1; a slight shrinking was detected. “ An approximate value because
there were a thin layer of particles formed above the solvent layer.

interactions, which are the basis for regular solution theory,
are of secondary importance.

Despite this, for illustrative purposes, the following
straightforward determination of the kerogen solubility
parameter is used by applying Gee’s equation.’ This is a
Gaussian error function based approach of the principle that
maximum swelling occurs in the solvent, with the solubility
parameter equal to that of the cross-linked macromolecule.
The formula of Gee

Y
Qmax

= eXp[—aQ(ésolvenl _6)2] (1)

(20) Gee, G. Trans., Inst. Rubber Ind. 1943, 18, 266-281.
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Figure 5. Variation of solvent molar uptake, (Q —1)/V;,, with
Guttmann’s electron donor numbers of solvents. Results are com-
pared for the nontreated sample and the sample that has gone
through thermal treatment at 350 °C for 1 h. See Table 1 to identify
solvents by electron donor number values.

where Q and Q. are the swelling ratio and the maximum
swelling ratio, respectively, dsolvent and O are the solubility
parameters of the solvent and macromolecule, respectively,
and a is a constant. The macromolecule solubility parameter
can be determined from a rearranged eq 1 by plotting [0~
ln(Qmax/Q)]”2 Versus Ogopvent- 2" 2> The three-dimensional
Hansen solubility parameters were similarly estimated. The
tentative solubility parameters thus obtained are given in
Table 3. The results illustrate that the thermal pretreatment
does not have a significant effect on solubility parameter
values or, in other words, the thermal pretreatment condi-
tions applied do not change the basic chemical nature of
kukersite considerably.

Swelling of Heat-Treated Samples in Solvent Mixtures.
Another way of gaining insights into the process occurring
in the kerogen network is through use of swelling in binary
mixtures. Again, the solubility parameter concept suggests
that, at maximum swelling, the solubility parameter of the
macromolecule and in this case of the solvent mixture should
match; in the other words, the solvent mixture and the
macromolecule should have energetic similarity. Thus, the
combination of solvents with lower and higher solubility
parameters than that of the macromolecule can result in a
maximum at higher swelling than in either solvent alone.*
On the basis of the previous study from this laboratory,’ two
types of binary mixtures were selected for these experiments:
benzene—propanol and benzene—NMP. The basis for select-
ing these particular binary mixture components was that
there should be non-associative behavior between each other
(they are assumed not to be attracted to each other, which of
course, is not entirely true).>* Figures 6 and 7 are the results
of swelling the kukersite samples in binary mixtures. The
nature of the curves has been discussed in more details in
earlier work from this laboratory.® Binary mixture solubility
parameters shown on the horizontal axes were based on

(21) Yagi, Y.; Inomata, H.; Saito, S. Macromolecules 1992, 25,2997
2998.

(22) Alli, A.; Hazer, B.; Baysal, B. M. Eur. Polym. J. 2006, 42, 3024—
3031

(23) Tereshatov, V. V.; Senichev, V. Y.; Denisyuk, E. Y. In Handbook
of Solvents; Wypych, G., Ed.; ChemTec Publishing: Toronto, Ontario,
Canada, 2001; pp 318—327.

(24) Westbrook, P. A.; French, R. N. Polym. Eng. Sci. 2007,47,1554—
1568.
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Table 3. Total and Hansen Solubility Parameters Obtained for
Nontreated and Thermally Pretreated Kukersite Kerogens Using
Gee’s Equation”

275°C 350°C 300 °C
forlh forlh for3h nontreated

solubility parameter

Hildebrand or total, & 223 22.0 21.8 22.0
Hansen dispersion, d4 18.5 18.2 18.5 18.4
Hansen polar, d,, 8.9 7.8 8.0 9.2
Hansen hydrogen-bonding, 6,  10.3 9.7 8.2 10.5

23.0 22.1 21.8 23.1

deate = 1/ 0a>+0p>+0n”

“The total solubility parameters 0., (in principle, the same as the

Hildebrand solubility parameter) were calculated from three determined
Hansen solubility parameters. Units are in MPa'/>.
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Figure 6. Swelling of raw and thermally pretreated samples in
benzene—NMP mixtures as a function of the binary mixture
solubility parameter. Solubility parameters of pure solvents are
18.8 and 23.1 MPa'?? for benzene and NMP, respectively, and
molar volumes are 89.4 and 96.5 cm>/mol correspondingly.
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Figure 7. Swelling of raw and thermally pretreated samples in
benzene—propanol mixtures as a function of the binary mixture
solubility parameter. Solubility parameters of pure solvents are 18.8
and 24.5 MPa'?? for benzene and n-propanol, respectively, and
molar volumes are 89.4 and 75.2 cm®/mol correspondingly.

mixture composition and calculated as follows: Opix

>7(0:0;), where Oy is the solubility parameter of the binary
solvent mixture and o; and 6; are the solubility parameters
and the volume fraction of the solvents in the binary mixture.
This assumes that kukersite kerogen does not undergo
selective uptake of solvents into the swollen network. For
the benzene—NMP mixture, this may be only a crude
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approximation, and it is probably not even the case for the
swelling in the benzene—propanol mixture.’

The results from swelling experiments with the benze-
ne—NMP mixture are shown in Figure 6. The behavior is
typical of that seen in the previous study for kukersite
kerogen swelling in a binary mixture of a nonpolar solvent
and a strong electron donor.’ A total of 10—20% of NMP in
the mixture (points corresponding to the total solubility
parameter values below 20 MPa'/ in Figure 6) is sufficient
to raise the swelling ratio to a level comparable to that in pure
NMP, the high donor number solvent. In the case of the
nontreated sample, additional NMP does not change the
swelling extent significantly.

A somewhat different pattern emerges for NMP swelling
of the pretreated samples, especially of the 350 °C sample. In
the case of the 350 °C sample, after a sharp increase at low
NMP concentrations, for concentrations from 20 to 100%,
the swelling ratios change smoothly with the mixture solu-
bility parameter: first there is a slight increase, and then after
passing through a maximum (at about 21 MPa'/?), a decrease
to a lower value corresponding to swelling in pure NMP. The
swelling ratio at the maximum is considerably higher than
that in pure NMP, about 1.64 relative to 1.53 in pure NMP.
This might indicate that, although the specific interactions in
the system of NMP with the kukersite are essential for
breaking the noncovalent cross-links, the binary mixture
solubility parameter match with kerogen segments contri-
bute to finalize the extent of swelling.

Figure 7 shows the curves obtained from swelling experi-
ments with benzene—propanol mixtures, a nonpolar solvent
in the mixture with a moderate electron donor. Several
observations can be made. The swelling behavior indicates
something that is close to “ideal” thermodynamic swelling
theories: a swelling ratio curve that smoothly changes
through a maximum and that is considerably higher than
the swelling capacity of pure solvents alone. An especially
nicely shaped parabolic curve emerges in the case of the
350 °C sample. It is also seen that there is a variation in
the maximum with pretreatment conditions and that the
deviation between the swelling ratios at the curve maximum
and those in pure solvents increases with a pretreat-
ment temperature increase. For example, the thermal
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pretreatment at 350 °C results in maximum swelling (Q =
1.52) close to the swelling in pure NMP (Q = 1.53) or pure
THF (0 = 1.54).

Finally, it is of interest to note that an examination of the
data in Figures 6 and 7 reveals at least two common features.
First, the maxima (in some cases, local maxima, for the
samples treated at 275 and 300 °C) seem to appear roughly at
the same binary mixture solubility parameter values. Second,
there seems to be similar trends with the pretreatment
temperature in both figures: 275 °C pretreatment shows
behavior close to the nontreated sample; 300 °C pretreat-
ment indicates a swelling ratio increase at concentrations
richer in the solvent with better donor properties; and in the
case of 350 °C pretreatment, the network structure is clearly
most relaxed and beginning to approach the “ideal” swelling
behavior (at least to something that resembles it). These
results show the combined importance of specific and non-
specific interactions in swelling and suggest that the specific
interaction influence decreases with an increasing severity of
pretreatment.

4. Conclusions

The results of this investigation indicate that the kukersite
kerogen shows tendency toward structural relaxation in
the low-temperature prepyrolysis region. This observation
is qualitatively compatible to those seen in high tar yield,
softening coals.

It is also seen that the thermal pretreatment causes no
drastic changes in a general pattern of swelling behavior:
kukersite still swells to the greatest extent in high donor
number solvents (with strong hydrogen-bond-forming
capabilities); the swelling ratio reaches the upper limit,
although with a somewhat different value, depending upon
pretreatment, above certain donor number values; and the
solubility parameter approach is of secondary importance in
describing swellability, although its influence seems to grow
with the extent of pretreatment.
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SOLVENT SWELLING OF DICTYONEMA OIL SHALE
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The present work investigates volumetric swelling of Estonian Dictyonema oil
shale, as a representative of black shales of the Baltoscandian basin, in 22
solvents. This study shows that kerogen of Dictyonema oil shale is charac-
terized by a low degree of swelling indicating a highly cross-linked structure.
The relatively high swellability in high Guttmann’s electron donor number
solvents indicates the importance of non-covalent cross-links, such as hydrogen
bonding, in swelling process and raises concern regarding the use of regular
solution-based approaches. Despite this, the solubility parameter, a funda-
mental thermodynamic property, was tentatively determined from swelling
data.

Introduction

Solvent swelling is a frequently applied low-cost technique to obtain experi-
mental information on cross-linked macromolecular substances, including
solid fuels such as coal [1, 2] and oil shales [3-6]. Solvent uptake data can
determine solubility parameters and, by using suitable swelling models, the
macromolecular structure can be characterized by estimating crosslink
densities (or number average molecular weights between cross-links)
[1, 6, 7]. The crosslink density (degree of cross-linking) has been a useful
input parameter in coal devolatilization/pyrolysis modeling [8].

The present study uses the equilibrium solvent swelling data to
characterize Dictyonema oil shale (Termadocian black shale) from Estonia —
as a representative of the black shales of the Baltoscandian basin. Organic
matter content of Dictyonema oil shales is typically 10-20% with an average
elemental composition of (wt%) C: 58.3-76.0; H: 5.3-7.4; N: 1.88-4.24;
S: 1.61-4.56; O: 12.22-34.3 [9]. The organic component of Dictyonema oil
shales is known to contain relatively low amounts of solvent-soluble
compounds — below 2.5%, organic matter basis [10]. Most importantly, as

* Corresponding author: e-mail vahur.oja@ttu.ee
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being a low oil yield oil shale [11] (exemplary Fischer assay, ISO-647-74,
yields (wt%, daf): oil — 19.6, semicoking gas — 16.5, semicoke —45.4 and
water — 18.5 [12]), its processing by ex situ retorting technologies is not
considered economical. However, despite this, Dictyonema oil shale may be
a prospective resource of energy and chemicals.

The specific objectives of this paper were to evaluate the role of specific
interactions (non-covalent crosslinks) in swelling and to get some indication
whether or not approaches based on classical regular solution theory could
be used for determining, at least for indicative purposes, crosslink density in
the case of Dictyonema oil shale.

Materials and methods

The Dictyonema oil shale sample of North-Estonia was taken from a layer
about 10 m underground. Its organic content is 13 wt%. The sample was
characterized as follows: ash 86%, carbonates 2%, and elemental analysis
results (wt%) C—6.7, H—0.9, N—0.3, residue — 92.1 (giving H/C ratio of
1.56). The elemental composition of the organic matter was determined by
an elemental analyzer Exeter Analytical model CE440.

Dictyonema oil shales are known to contain significant amounts of clay
minerals (mostly illite and smectite [13]) that can swell/shrink in organic
solvents. For example, mixed-layer clays with 70% clay content, mostly
illite and smectite, [14] have been shown to swell/shrink in solvents with
solubility parameter values between 15 to 25 (MPa)” (for example, the
swelling ratios measured were 0.99 in hexane, 1.11 in acetone, 1.13 in
acetonitrile or 1.19 in N,N-dimethylformamide). Therefore, acid treatment
with HF was used to transform original shale minerals into nonswellable
form, despite the fact that acid treatment may result in some changes in the
kerogen [15]. For HF treatment, 0.5 litres of 1:1 HF (with water) was added
slowly to 100 grams of previously crushed/ground (size < 1 mm) shale in an
1-liter flask at 0 °C. After mixing for 24 hours, the suspension was filtered
and distilled-water washing was used to neutralize the acid-treated sample.
The sample was dried in air at 100 °C for 1 hour. No original clay minerals
were observed after acid treatment, the only original mineral left was pyrite.
The major mineral formed was hieratite (K,SiF¢). Finally, the sample was
ground and sieved to get a size fraction of 0.32—100 pm. The organic content
of the acid treated shale was roughly estimated to be about 25 wt%.

Solvent swelling experiments were performed with 22 solvents. All
solvents were of analytical grade and used without further purification. They
were selected to cover a wide range of solubility parameter values. The
solvents are listed in Table 1 together with their key characteristics: molar
volumes [16], solubility parameters (Hildebrand or total [6, 17, 18]; three
dimensional Hansen solubility parameters [16]), Guttmann’s electron donor
numbers (EDN) and electron acceptor numbers (EAN) [19, 20].
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Table 1. Key characteristics of solvents used in swelling studies: molar volumes
(V.), solubility parameters (Hildebrand &; dispersion dp; polar dp; hydrogen-
bonding dy) and Guttmann’s electron donor numbers (EDN), and electron
acceptor numbers (EAN)

Solvents Vs 9, op, op, Om, EAN | EAN
cm’/mol | (MPa)'? | (MPa)"? | (MPa)'? | (MPa)'?

1 |Acetone 74.0 20.3 15.5 10.4 7.0 17.0 | 12.5
2 | Acetonitrile 52.6 243 15.3 18.0 6.1 14.1 | 189
3 | Aniline 91.5 21.3 19.4 5.1 10.2 35
4 |DMF 77.0 24.5 17.4 13.7 11.3 26.6 | 16.0
5 | Ethanol 58.5 26.0 15.8 8.8 19.4 19.2 | 37.1
6 |MEK 90.1 19.0 16.0 9.0 5.1
7 | Methanol 40.7 29.3 15.1 12.3 22.3 19.1 | 41.3
8 |NMP 96.5 23.1 18.0 12.3 7.2 273 | 13.3
9 |n-Propanol 75.2 24.5 16.0 6.8 17.4 19.8 | 37.7
10| Propylamine* 83.0 18.2 16.9 4.9 8.6 55.5
11| Pyridine 80.9 21.9 19.0 8.8 5.9 33.1 | 142
12| Tetrahydrofuran 81.7 18.6 16.8 5.7 8.0 20.0 | 8.0
13| Benzylalchohol 103.6 24.8 18.4 6.3 13.7 23.0 | 36.8
14| Methylnaphthalene | 138.8 20.3 20.6 0.8 4.7
15|Benzene 89.4 18.8 18.4 0.0 2.0 0.1 | 82
16| Hexane 131.6 14.7 14.9 0.0 0.0 0.0 | 0.0
17| 0-Xylene 106.8 18.0 17.8 1.0 3.1 5
18| Toluene 102.7 18.2 18.0 1.4 2.0 0.1
19| Nitrobenzene 71.5 20.5 20.0 8.6 4.1 44 | 33
20| Nitroethane 54.3 22.7 16.0 15.5 4.5 5 14.8
21| Nitromethane 63.9 26.0 15.8 18.8 5.1 2.7
22| Dichloromethane** | 106.8 20.3 18.2 6.3 6.1 0.0 | 20.5

DMF stands for dimethylformamide; NMP stands for n-methyl-2-pyrrolidinone; MEK
stands for methyl ethyl ketone;

* ethylamine EDN and EAN values were used for propylamine;

** 1,2-dichloroethane EDN and EAN values were used for dichloromethane.

The volumetric solvent swelling procedure used was described in our
previous paper [3]. In short, a few grams of oil shale sample was placed into
a glass-tube with a cap (glass tube inside diameter 5.5 cm and length 8 cm
without a cap region) and centrifuged three times at 6000 rpm for 5 minutes.
The height of the sample was measured using a caliper ruler. Solvent in
excess was added to the tube, mixed to achieve complete wetting/mixing and
centrifuged three times at 6000 rpm for 5 minutes. The height of the sample
was recorded after centrifugation and re-measured in 48 hours. The swelling
behavior of Dictyonema oil shale is described by the volumetric swelling
ratio calculated as Q = h,/h;, where h;—initial height of the un-swollen
sample and /%, — equilibrium height of swollen oil shale. In order to more
conveniently compare/analyze results, also swelling ratio on a dry mineral
matter-free basis, Quum, and molar solvent uptake as (Quuwy — 1)/V, were
used. The Qyymswere determined from the equation (1):



Solvent Swelling of Dictyonema Oil Shale 29

Q _ Xnin 'purg
Q _ xorg 'pmin +xmin 'porg (1)
d T 2
mf 1- Xnin .porg

xorg ' pmin + Xnin * porg

where x,,, is the kerogen mass fraction, x,,;, is the mass fraction of mineral
matter, p,, is the kerogen density (taken 1.15 g/em’, estimated from
densities of Type Il kerogens [21-23]) and p,,, is the density of mineral
matter (taken 2.65 g/cm’, the density of oil shale mineral illite [24]).

Results and discussions

Table 2 presents swelling data of dried acid-treated Dictyonema oil shale
samples in 22 solvents. The data is re-plotted in Fig. 1 to illustrate graphically
variation of swelling ratios (dry mineral free matter basis) with Hildebrand
solubility parameters of solvents. This is a traditional way to present swelling
results for estimation of solubility parameter. Formation of a bell-shape curve

Table 2. Swelling characterized by means of swelling ratio Q and swelling ratio
on dry mineral ash free basis Q. The Q gy Was calculated using equation (1)

No | Solvent 0] Oetmms
1 Acetone 0.95 0.89
2 Acetonitrile 0.95 0.89
3 Aniline 1.09 1.20
4 DMF 1.06 1.15
5 Ethanol 1.00 0.99
6 MEK 0.97 0.92
7 Methanol 0.98 0.96
8 NMP 1.03 1.07
9 n-Propanol 0.97 0.93
10 | Propylamine 1.05 1.12
11 | Pyridine 1.07 1.16
12 | Tetrahydrofuran 1.06 1.13
13 | Benzylalchohol 1.01 1.01
14 | I-methylnaphthalene 0.99 0.97
15 | Benzene 0.99 0.97
16 | Hexane 0.96 0.91
17 | o-Xylene 0.97 0.93
18 | Toluene 1.02 1.04
19 | Nitrobenzene 1.00 1.00
20 | Nitroethane 0.98 0.96
21 | Nitromethane 0.97 0.93
22 | Dichloromethane 1.02 1.05

DMF stands for dimethylformamide;
NMP stands for n-methyl-2-pyrrolidinone;
MEK stands for methyl ethyl ketone;
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Fig. 1. Equilibrium swelling ratios, dry mineral matter free kerogen basis, as a
function of solvent solubility parameters (Hildebrand solubility parameter). Circles
correspond to swelling in hydrogen-bonding solvents, triangles in polar solvents and
squares in non-polar solvents. See Table I to identify solvents by solubility
parameter values and Table 2 by swelling ratio values.

should be expected when randomly distributed weak non-specific interactions
dominate in swollen network. The swelling ratios and corresponding solvent
solubility parameters in Fig. 1 show no clearly determinable pattern suggesting
that chemical character causes specific interactions between solvents and
kerogen plays important role in the swelling process. There are several
observations that can be made regarding the swelling behavior of Dictyonema
oil shale from this figure. It is useful to mention that our other unpublished
data on several non-acid treated Dictyonema oil shales, both dried and non-
dried, support the trends to be shown below.

First, comparison with literature data available on oil shales and coals
reveals that Dictyonema oil shale is characterized by a considerably lower
swelling capacity indicating the existence of tightly cross-linked structure.
The maximum swelling ratio observed in mineral matter free bases was as
low as 1.2 (see Fig. 1 and Table 2). For comparative purposes the following
are some swelling extent maxima on dry ash free basis of some other oil
shales: 1.4-1.7 for Kukersite oil shale, up to 1.8 for Rundle oil shale, 1.6-1.9
for Green River oil shale, 1.3—1.7 for Paris Basin Toarcian oil shale or about
1.6 for Goynyk oil shale. Note that these values are approximate, as these
were estimated using equation (1) from available literature data [3-6].
Second, Dictyonema oil shale practically does not swell in non-polar
solvents, and considerable swelling can be seen mostly in hydrogen-bonding
solvents with high Gutmann’s electron donor numbers (EDN). Generally, oil
shale kerogens, the complex crosslinked macromolecules, are known to have
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two types of cross-links: covalent and non-covalent ones. While the covalent
crosslink density is constant, then the non-covalent crosslinks or specific
shale-shale interactions can be disrupted by specifically interacting solvents
causing higher swelling in these solvents. As Dictyonema oil shale shows
significantly higher swellability in hydrogen bonding solvents with high
EDN values (indicating importance of non-covalent or specific interactions
such as hydrogen bonds), the data is re-plotted in Fig. 2 by means of molar
solvent uptake as a function of EDN. The molar solvent uptake is used
instead of the swelling ratio in order to eliminate the effect of solvent molar
volume on solvent absorption extent. Figure 2 reveals that there could be a
better correlation with swelling capacity. It can be seen how the molar
solvent uptake increases with EDN increase up to a limiting value as
expected [25] — the limiting molar solvent uptake is reached at about solvent
EDN value of 25. It would follow that the greatest swelling extents are to be
expected in hydrogen bonding solvents with highest EDN values, while
some exceptions, toluene and dichloromethane (with practically zero EDN
values and relatively high EAN values), could still result in comparatively
greater swelling extents. Finally, noticeable shrinking, instead of swelling,
was observed with several non-polar and polar solvents. It is worth noting
that the shrinking appeared also in swelling of non-acid treated Dictyonema
oil shale, in the case of both non-dried and dried samples. Although the
shrinking is not a common experimentally seen behavior, still it is not
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Fig. 2. Degree of swelling represented as a molar solvent uptake, (Qummr— 1)/ Vi,
versus solvent Guttman’s electron donor number. The shrinking behavior is the
reason for the negative values of the molar solvent uptake in the case of several
solvents.
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unusual phenomenon in solvent swelling studies, and a slight shrinking has
been observed also in other occasions: for example in the cases of petroleum
asphaltenes [26], explained based on non-uniformity of the sample particle
size, or in swelling of clay minerals [14]. One plausible reason for the
shrinking behavior of Dictyonema oil shale could be rearrangement of
kerogen structure in the presence of swelling agent assuming that the dry-
state structure may not be the thermodynamically most stable one [27].

The major implication of the results shown in Table 2, also represented in
Fig. 1 and 2, is that for Dictyonema oil shale, the highest swelling extents can
be seen in specifically interacting solvents (in hydrogen bonding solvents with
high EDN values, such as pyridine, NMP, tetrahydrofuran, propylamine), and
this emphasizes the concern regarding the use of regular-solution based
approaches. However, at present, there is no consensus as to what degree of
non-ideality one should use regular solution based approaches. Therefore,
simple models have been extended to quite complex systems, including coals
[7] and oil shales [6], to estimate at least semi-quantitatively useful properties.
Thus, the following is pursued only for comparative purposes as information
on some other shales is available from literature: for Green River [6],
Beypazari [4] and Goyniik [4] oil shales using the Flory-Rehner model and its
extension, the Kovak model [1, 28]. The main advantage of these models is
that structure properties can be estimated from swelling data using a few key
parameters: the macromolecule volume fraction in swollen network (from
swelling ratio) and the Flory-Huggins interaction parameter (calculable from
solubility parameter values of the macromolecule and the solvent).

In order to get a reasonable estimate on volume fraction of kerogen in
swollen network (equal to reciprocal value of the selling ratio) from swelling
data, the lowest swelling ratio (Qy. = 0.89 for acetone) was taken to be 1,
and others were corrected accordingly by adding 0.11 to corresponding
swelling ratios Qg It could be assumed that the shrinking was caused by
re-arrangement of molecular structures, and thus the lowest swelling ratio
was taken to be a so-called ,,reference state”. Of course, this assumption is
debatable.

Another largest source of uncertainty comes from the interaction para-
meter (y) as the choice of proper value of y is not presently clear. There has
been a very limited amount of work found on the coal-solvent [29], and not
at all for oil shale kerogen-solvent, interaction parameters. Therefore the
solvent-kerogen interaction parameters were calculated in accordance with
the suggestive equation [30]:

v

2 (5-0), @)

X=x+

where y is interaction parameter, y; is taken constant with a value of 0.35, R
is ideal gas constant, 7 is temperature, V; is molar volume of the solvent, d
is solubility parameter of solvent and o is solubility parameter of macro-
molecule, here of kerogen.
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Table 3 presents tentative estimates of solubility parameters of Dictyonema
oil shale kerogen (Hildebrand solubility parameter and three Hansen partial
solubility parameters) from swelling data using Gee’s approach [31, 32] —a
graphical determination of solubility parameter, based on the assumption
that the solubility parameter of a macromolecule matches the solubility
parameter of solvents of maximum swelling (in principle the bell-shape
curve seen Fig. 1). The formula of Gee is given as:

Qi = exp[-aQ(8, - 6)'], 3)

where Q and Q,,, are the swelling ratio and the maximum swelling ratio
respectively, d; and J are the solubility parameters of solvent and macro-
molecule respectively, and a is a constant. The macromolecule solubility
parameter can be determined from a rearranged equation (3) by plotting
[0 In(Qpa/ O)]"* versus J; of solvents used [31, 32]. Figure 3 shows an
exemplary evaluation of the solubility parameters based on the Gee’s
approach for Hildebrand solubility parameter. The Hildebrand solubility
parameter value of 22 (MPa)"? corresponds to the linear regression line
interception of the horizontal axis or the ratio of intercept and slope. Again,
the data scattering seen on the plot indicates that the randomly distributed
weak interactions, which are the basis for regular solution theory, are of
secondary importance. The three-dimensional Hansen solubility parameters
were similarly estimated. It is noteworthy that close values of solubility
parameter were obtained in the case of all solvents and in the case of reduced
number of solvents (for the solvents with EDN < AEN), indicating rudeness
of the method used.

Tentative calculations for the number average molecular weights between
cross-links are presented in Table 4 for two equations (swelling models):
Flory-Rehner and Kovac equations [1,28]. The results seem to under-
estimate the number average molecular weights between the cross-links for
Dictyonema oil shale. Generally, oil shale thermo-chemical conversion tarry
products, both thermobitumen and pyrolysis tar, show much higher number
average molecular weight values [33, 34].

Table 3. Solubility parameters [(MPa)"?] determined tentatively by Gee’s

method. The total solubility parameter (in principle the Hildebrand solubility
parameter) calculated from three determined Hansen solubility parameters
are shown for comparison

Ottitdebrand % 8 G 8, =+6h +65+ 6%
t

All solvents 22 19 6 12 23
Selected solvents* 22 18 6 11 22

* the selected solvents are solvents with EDN < EAN
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Fig. 3. Determination of the Hildebrand solubility parameter by plotting
[0 In(0,e/Q)]"* as a function of solubility parameters (d;) of solvents. The
scattery on the plot indicates the role of non-covalent interactions (especially
hydrogen bonds) and that of the randomly distributed weak interactions, which are
the basis for regular solution theory, are of secondary importance.

Table 4. Average values of calculated number average molecular weights
per cross-links for Dictyonema oil shale. Literature values for other oil shales
(Green River [6], Goyniik [4], Beypazari [4]) are shown for comparison

Oil shale Flory-Rehner Kovac Kovac Kovac
N=1 N=2 N=3
Dictyonema 83 373 274 241
Goyniik 247 933 678 593
Beypazari 208 790 576 504
Green River (5.2% mineral) 215 808 581 505

N is the number of rotatable segments between branch points in the Kovac equation.

Conclusions

The low swelling capacity of Dictyonema oil shale in organic solvents sug-
gests a highly cross-linked structure of the kerogen. Sensitivity of swellability
to solvent donor numbers indicates the importance of non-covalent crosslinks
(kerogen-solvent specific interactions such as hydrogen bonds) and suggests
that models, that expect randomly distributed week interactions, may not be
suitable for describing Dictyonema oil shale. The simplest models used show
underestimation of the number average molecular weights between crosslinks.
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This work presents experimental data on volumetric swelling of Estonian kukersite oil shale kerogen in
11 different binary mixtures, prepared using nine different solvents. Variations in equilibrium swelling
ratios have been studied as a function of mixture composition. The results confirm the important role
of specific interactions in determining the swelling behavior of this kerogen. Swelling of kukersite
kerogen in mixtures with high electron donor number solvents (such as pyridine, propylamine, and
NMP) show the highest values of equilibrium swelling ratios over the very broad solubility parameter
range. In terms of maximizing swelling of this kerogen, binary solvent mixtures do not offer particular
advantage relative to pure, strong electron donor solvents.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Volumetric expansion in solvents (solvent swelling) is a widely
used, low-cost technique for determining the solubility parameters
of fossil fuels with cross-linked macromolecular structures. The
swelling data may be used to determine Hansen'’s three-dimen-
sional solubility parameters [1], to characterize solvent-macromol-
ecule interactions, and utilizing suitable theoretical models [2-4],
for calculating cross-link densities, molecular weights between
cross-links, and the number of repeat units per cross-link of a mac-
romolecular structure.

Swelling is a complex phenomenon, especially in heteroge-
neous macromolecular networks such as oil shale kerogens or
coals. Many coal related studies have shown that although
volumetric swelling is a valuable tool for understanding macromo-
lecular structure, swelling theories, especially those based on reg-
ular solution theory, are not reliably applicable to systems
containing specifically interacting heteroatoms, especially those

* Corresponding author. Tel.: +372 620 2852; fax: +372 620 2856.
E-mail address: vahur.oja@ttu.ee (V. Oja).

0016-2361/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.fuel.2012.06.085

with hydrogen bond-forming capabilities [5,6]. However, oil shale
swelling studies indicate that most oil shales investigated follow
regular solution theory reasonably closely [3,4,7-9]. Hence, there
is not always a complexity of swelling behavior in oil shale kero-
gens like that usually seen with coals.

The cross-link density of a macromolecular network directly
determines its swellability and existence of cross-links, covalent
and non-covalent, prevents infinite swelling (i.e., dissolution). In
principle, all oil shale kerogens can have two types of cross-links,
just as have been discussed for coals. Non-covalent cross-links, or
strong specific kerogen-kerogen intramolecular interactions, can
be broken by specifically interacting solvents that interact with
the kerogen similarly or more strongly than do other parts of the
kerogen structure. Such solvents render the structure more swella-
ble and penetrable by other solvents. It has also been observed in
both coal and polymer swelling studies that mixed solvents of cer-
tain types can significantly increase both the rate and extent of
equilibrium swelling [10,11], through a combined effect of increas-
ing the penetrability of the macromolecular structure and increas-
ing the thermodynamic/chemical compatibility of the mixture
with the macromolecular structure.
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Our previous studies [12,13] on kukersite oil shale kerogen
swelling has shown that the maximum swelling occurs in high
electron donor number (EDN) solvents such as pyridine, methyl
ethyl ketone or 1-methyl-2-pyrrolidone (NMP), indicating the role
of specific interactions such as hydrogen bonds. In this regard the
kukersite oil shale kerogen differs somewhat from oil shale
kerogens that have been shown to follow regular solution theory
reasonably closely [3,4,7-9].

The objective of this study is to investigate further the role of
specific interactions in kukersite kerogen, through use of solvent
pairs. This paper presents experimental data on the equilibrium
swelling of kukersite oil shale kerogen in 11 different binary mix-
tures using the usual volumetric swelling technique (so called “test
tube” technique) at room temperature. It presents simple global
behavioral results - changes in solvent mixture composition rela-
tive to initial mixture composition as compositional distributions
inside the swollen network were not studied here. While a large
number of studies are available on oil shale kerogen swelling in a
single solvent, much less attention has been directed at swelling
in multicomponent solvent mixtures, despite the potential that
such information offers for understanding the macromolecular
structure.

2. Experimental
2.1. Oil shale sample and solvents

The oil shale kerogen sample used here was obtained from
kukersite oil shale (from a commercial grade oil shale with organic
matter content of about 35%) and it had a 91% organic matter con-
tent. The kerogen was isolated from the parent oil shale by a flota-
tion technique [14]. The flotation technique was selected as
chemical isolation methods may change the organic structure of
oil shales. In the context of this paper, it is important to note, that
oil shale kerogens have macromolecular structures that are practi-
cally insoluble in organic solvents at room temperature. The yields
of solubles, or extractables, from kukersite oil shale (the object of
this study) in typical organic solvents do not exceed 1.5% of the
organic matter [29].

The elemental composition of the organic matter was 73.3 wt.%
C, 88wt% H, 1.6wt% N, 16.3wt% O+S (by difference), deter-
mined using an Exeter Analytical model CE440 elemental analyzer.
This indicates that the kerogen has high oxygen content (above
10%). Generally, for kukersite oil shale kerogens hydroxyl and car-
bonyl groups have been shown to contribute about half of the total
organic oxygen, for example 42% and 13% respectively, on a total
organic oxygen basis [15].

The samples were ground to <100 pum particle size. All samples
were pre-dried 1 h at 105-110 °C in air (a standard oil shale drying
procedure) before swelling measurements.

The nine solvents used in preparing the binary solvent mixtures
were all of reagent grade. Some solvent characteristics of interest
in this study are shown in Table 1, including total (or Hildebrand)
solubility parameter [3,16,17], Gutmann'’s electron donor number
(EDN) and acceptor number (EAN) [18-20], and molar volume [21].

2.2. Swelling procedure

Solvent mixtures of desired composition were prepared and
used for swelling the kerogen. The solvent mixtures were used in
large excess so that each solvent in the mixture was present in
an amount much larger than the previously established solvent
uptake volume (in pure solvent swelling experiments). This was
done in an attempt to minimize any change in solvent mixture

Table 1
Properties of the solvents used.

Solvent Solubility parameter, 6 EDN EAN Molar volume
(MPa)'/? (cm® mol ')
Benzene 18.8 0.1 8.2 89.4
Diethyl ether  15.6 19.2 39 10438
Nitrobenzene  20.5 44 148 1027
Nitromethane 26.0 27 205 543
NMP? 231 273 133 96.5
n-Propanol 245 198 37.7 75.2
Propylamine®  18.2 555 48 830
Pyridine 219 33.1 142 80.9
Toluene 182 0.1 3.3 106.8

¢ NMP stands for 1-methyl-2-pyrrolidone.
b Ethylamine EDN and EAN values were used for propylamine.

composition associated with possible selective absorption of sol-
vent components by the kerogen.

In order to get sufficiently reliable data we have re-examined
the swelling procedure presented in our previous paper [12]. It
was found that the swelling results, especially for the isolated
kerogen as used here, were somewhat affected by the centrifuga-
tion procedure. Therefore, solvent swelling in this study was
determined following a modified experimental procedure.

An oil shale kerogen sample, up to 0.25 g, was placed into a con-
stant diameter glass tube, fitted with a cap to minimize solvent
loss during the experiment. The glass tube had an inside diameter
of 5.5 mm and length 8 cm, excluding the cap. The tube was centri-
fuged three times at 6000 rpm for 5 min each. The reason for this
was that it was found that shifting the position of the tube relative
to the rotor in between spinning periods gave an easier to read ini-
tial height. The height of the dry kerogen sample was thus mea-
sured after the third centrifugation. Solvent was then added to
the tube, in excess, and mixed to achieve complete wetting/mixing
with the kerogen and then the tube was again centrifuged three
times at 6000 rpm for 5 min each.

A preliminary swelling measurement could already be taken
then, because the swelling was fast enough to be essentially com-
plete by this point in time. The actual reported final height of the
sample was then measured after allowing 24 and/or 48 h of swell-
ing in solvent. It was found that the extra time rarely resulted in
additional swelling beyond what was observed in the first few
minutes, but only the longer time results are reported here, to en-
sure that all samples were truly equilibrated.

The volumetric swelling is characterized by the parameter Q,
defined as the final swollen volume divided by the initial unswol-
len volume. To help better interpret the results to be shown below,
Fig. 1 illustrates the reproducibility of data for swelling in a series
of propanol-benzene mixtures. It can be seen that the swelling ra-
tio deviation is generally below +0.02, with only one exception vis-
ible in the concentration range from 10 to 20 mol% of propanol.
One other occurrence of a larger uncertainty was observed in the
case of benzene-NMP mixture (not shown here) that showed com-
parably large variation at a concentration of about 40 mol% of NMP.

3. Results and discussion
3.1. Pre-prepared binary mixture composition based analysis

Figs. 2-4 give changes in swelling ratios as a function of the
molar compositions of the pre-prepared solvent mixtures. These
figures show that the highest swelling capacities obtained in bin-
ary mixtures are not much greater than the maximum swelling ra-
tio in the neighborhood of 1.4-1.45 obtained with the pure, high
EDN solvents such as pyridine, NMP and propylamine. No synergis-
tic effects of solvent pairs that resulting in an increase in maximum
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Fig. 1. Illustration of the reproducibility of swelling of kukersite oil shale kerogen in
binary benzene-propanol mixtures. The curve is drawn through average swelling
values at each composition.

swelling were seen. However, in some solvent pairs swelling ratios
higher than those in the individual solvents were observed.

With respect to the following discussion, it is to be emphasized
that Figs. 2-4 were constructed using average swelling ratios ob-
tained at each binary mixture composition and assuming that the
mixed solvent is taken up in the same proportions as exist in the
liquid phase (so called “pseudo-solvent” or “uniform liquid”
approximation [23]). While this might be true for simple systems,
such as poly-isoprene swelling in a benzene-cyclohexane mixture
[22] or cross-linked copolymer polyester urethane in a dioctylseba-
cate-diethylphalate mixture [23], it is not generally valid for
mixtures containing specifically interacting solvents that can break
non-covalent cross-links and involve selective uptake of mixture
components [24,25,27,30]. Hence, the reported liquid phase com-
position is not necessarily reflective of the ratio of absorbed
components.

Fig. 2 illustrates swelling in benzene-based mixtures. The ben-
zene can be viewed as a non-specifically interacting solvent. It is
also known to be a good solvent for kukersite oil shale derived
organic materials. Low fractions (<10 mol% for NMP and propyl-
amine; <20 mol% for pyridine) of high EDN solvent or specifically
interacting solvent in mixture with benzene are sufficient to in-
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Fig. 2. Swelling of kukersite kerogen in benzene-based binary mixtures. Open
points correspond to benzene mixed with high EDN solvents and solid points to
benzene mixed with low to medium EDN solvents. The parameter x refers to the
mol% of the solvent indicated in the legend.
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Fig. 3. Swelling of kukersite kerogen in NMP-based binary mixtures. Open points
correspond to NMP mixed with high EDN solvent and solid points to NMP mixed
with low to medium EDN solvents. The parameter x refers to the mol percentage of
the solvent indicated in the legend.
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Fig. 4. Swelling of kukersite kerogen in propylamine-based binary mixtures. The
parameter x refers to the mol% of the solvent indicated in the legend.

crease swelling to approximately the same levels observed for
the pure, high EDN solvents. Increase in high EDN solvent concen-
tration beyond these 10-20% values does not cause significant
change in the extent of swelling, though there is some scatter in
the results that might mask subtle trends. The results differ from
a roughly linear trend with volume fraction of pyridine observed
in Australian brown coal (low rank coal) swelling in benzene-pyr-
idine mixture [31]. However, these results exhibit a trend consis-
tent to that reported by Green and Larsen [25] for swelling of
coals with mixtures of electron donor solvents (such as pyridine)
and non-specifically interacting solvents (such as chlorobenzene).
It is believed that the same process is involved here, namely, that
a small amount of specifically interacting electron donor dissoci-
ates cross-links in the kerogen, permitting the non-specifically
interacting solvent to more effectively swell the structure. Green
and Larsen actually measured the amount of electron donor uptake
(small uptakes had a significant impact). The present experimental
results are different, in that the effects of the electron donors are
being plotted as functions of their liquid phase concentrations.
These concentrations will of course be related to the chemical
potentials of the components in solution. There must exist a
correlation between the electron donor liquid phase concentration
and its absorption uptake by the kerogen, reflecting an equilibrium
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uptake isotherm (that is determined through equality of chemical
potential in the solvent mixture and in the kerogen phase). The
electron donor uptake by the kerogen is expected to increase with
increasing liquid phase concentration, until such a point at which
the specific interaction sites in the kerogen are all satisfied, and
the thermodynamic favorability of selective absorption abruptly
decreases. Hence the present results are in accord with the behav-
ior seen by Green and Larsen in their coal system.

Fig. 2 also shows that the weaker electron donor, n-propanol,
gives similar behavior to that of the stronger electron donors, but
apparently cannot dissociate cross-links to as great an extent as
do the higher EDN solvents. If it could the same maximum extent
of swelling would be expected. The fact that the weaker electron
donor cannot disrupt as many non-covalent cross-links does not
come as a surprise. There is expected to exist a distribution of
non-covalent bond strengths in the kerogen, and the thermody-
namics of disruption of some of these by n-propanol is simply
unfavorable. When n-propanol concentration in benzene gets very
high (that is, the mixture approaches pure n-propanol), then the
solubility parameter mismatch between the relatively polar
alcohol and non-polar kerogen begins to influence the results,
and kerogen swellability sharply decreases. This demonstrates that
the role of benzene is critical, and that this solvent actually has the
better solubility parameter match with the kerogen.

Fig. 2 shows that mixtures of similar non-specifically interacting
solvents (such as benzene and toluene) are no more effective for
swelling the kerogen than are these pure solvents alone. The ben-
zene-nitrobenzene results give a trend more like those for ben-
zene-propanol. The nitrobenzene is a fairly weak electron donor
(though stronger than benzene and toluene), and a stronger electron
acceptor. It is seen that the shape of the curve of swelling as a func-
tion of solvent composition is much different for benzene-nitroben-
zene than those for the stronger electron donors. Hence, it is
concluded that nitrobenzene’s interactions with the kerogen are of
adifferent nature than are those involving stronger electron donors.

Fig. 3 presents swelling in NMP-based mixtures. NMP as the
high EDN solvent in mixture with low EDN solvent nitromethane
and medium EDN solvent diethyl ether shows similar behavior to
NMP-benzene mixture seen in Fig. 2. However, Fig. 3 shows a dif-
ferent trend when kukersite kerogen is swollen in propanol-NMP
mixtures. Pure n-propanol gives comparable swelling to that in
lower EDN pure benzene and nitromethane or in the similar EDN
solvent diethyl ether (see 100% solvent values for both solvents
in Fig. 3). In NMP-propanol mixtures, swelling values decrease pro-
portionally with increasing concentration of n-propanol (Fig. 3)
and in propylamine-propanol mixtures, the same general trend is
observed (Fig. 4). The observed proportionality does not simply re-
flect a substitution of the smaller n-propanol molecules for the lar-
ger electron donors in the kerogen structure, since the slope did
not correspond to the relative molar volumes.

It has already been established above that the n-propanol can
disrupt some non-covalent cross-links in the structure, but this is
likely to not be of particular importance in the NMP-propanol sol-
vent pair. At low n-propanol concentrations in NMP, the electron
donating properties of the latter stronger electron donor dominate,
and the non-covalent cross-links in the kerogen should mostly be
opened. As the n-propanol concentration in the mixtures increases,
the bond-disrupting properties of the NMP are somehow “lost”, de-
spite the fact that there remains a significant amount of NMP in the
solution. The most likely reason why this happens is that the
chemical potential of the NMP is decreased with increasing n-pro-
panol concentration, such that NMP transfer from solution into
bond-disrupting interactions with kerogen non-covalent cross-
links becomes thermodynamically progressively less favorable.
The reasons for this may be understood by considering the proper-
ties of these solvents.

The n-propanol has a considerably higher electron acceptor
number (EAN) than EDN which is opposite the nature of NMP, pyr-
idine and propylamine, all of which are much stronger electron do-
nors than acceptors (see Table 1). The n-propanol results in Figs. 3
and 4 may be interpreted as indicating that n-propanol is acting in
the role of an electron acceptor relative to the electron donor sol-
vents in these mixtures, thus effectively weakening the electron
donor’s strength. This does not happen in mixtures with benzene,
because the latter has no electron donor strength. Compositional
information on the absorbed solvents would have been useful for
further evaluation of this possibility, but this was not done in the
present experiments.

Fig. 3 also displays swelling data for NMP-pyridine mixtures
(both similarly high EDN solvents). Though there might be some
subtle variations in swelling with solvent composition, there are
no significant trends visible. The strong EDN solvents thus swell
the kerogen to an extent that is relatively independent of the iden-
tity of the solvent (this despite the somewhat higher molar volume
of NMP as compared with pyridine - see Table 1). The data for
NMP-benzene mixtures, also shown for comparison purposes in
Fig. 3, display a third type of behavior. These data are the same
as those for the NMP-benzene mixture shown in Fig. 2, and thus
have been discussed above. The same explanation is true of the
propylamine-benzene results shown in Fig. 4, which again show
a behavior very distinct from that for propylamine-propanol.

3.2. Pre-prepared binary mixture solubility parameter based analysis

Fig. 5 offers a different way of plotting all of the binary mixture
data shown in Figs. 2-4. Here, swelling ratios are shown as a func-
tion of the mixture total solubility parameter. The solubility param-
eters were calculated for the binary mixtures using the following:
Smix = 2(0; 6;), where 8y is solubility parameter of the solvent mix-
ture and J; and 0; are the solubility parameters and the volume frac-
tion of the solvents in the mixture, respectively. This type of plot is a
solvent-swelling based method used to determine solubility
parameters of cross-linked polymers under assumptions of classical
thermodynamic swelling theories. Classic thermodynamic swelling
theories require for maximum swelling of a network structure that
the solubility parameter of the macromolecular network and of the
solvent (or of the solvent mixture) should be close to equal. In the
other words, the solvent and macromolecular structure should have
energetic similarity. It is known from polymer swelling studies [23]
that combination of solvents with lower and higher solubility
parameters than that of the macromolecular network can result
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—&—n-propanol + NMP
—#— nitromethane + NMP
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o
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Total solubility parameter of solvent mixture -3mix , (MPa)1/2

Fig. 5. Swelling of kukersite kerogen in solvent mixtures as a function of total
solubility parameter for the mixture, calculated as described in the text.



J. Hruljova et al./Fuel 105 (2013) 77-82 81

in a swelling maximum. On the other hand, polymer results [23]
also indicate that swelling in binary solvent mixtures that have
net solubility parameters lower or higher than the macromolecular
network do not show swelling maxima. However, it has also been
indicated in polymer studies that swelling in mixed solvents, that
can exhibit solvent-solvent associative behavior, the expected
maxima may not be observed. For example swelling maximum
was seen in swelling of PVC in toluene-methanol mixture, but
not in swelling in n-butylacetate and nitromethane mixture [28].
Association between solvents or macromolecule and solvent can re-
sult in deviations from the regular solution behavior [30,31].

For comparison, it should also be noted that in coal swelling
studies [24,26,27] swelling maxima in mixtures were in certain
cases higher than were the swelling ratios in the individual sol-
vents of the mixture. Unlike the polymer cases above, these results
were accompanied by compositional differences between imbibed
solvent in the swollen matrix, as compared with the applied sol-
vent mixture; hence these experiments were characterized by
selective solvent uptake. Similar behavior was also earlier observed
by Green and Larsen [25].

The effects of solubility parameter on the behavior of this kero-
gen network will be discussed below. Fig. 5 again shows that the
kukersite kerogen swellability is greatest in the high EDN solvents,
though here the method of plotting the results does not make ref-
erence to EDN. The results in Fig. 5 show for the mixtures with high
EDN solvent high values of swelling ratios over a very broad solu-
bility parameter range, from & ~ 17 MPa'/? (that for 20% NMP in
diehtyl-ether) to &~ 25 MPa'/? (that for 20% NMP in nitrometh-
ane), something that is normally not the case in swelling of macro-
molecular networks in non-specifically interacting solvents (where
the swellability generally shows a fairly clear maximum at a par-
ticular value of solubility parameter). In other words, there is
another factor, not captured by the solubility parameter, which
dominates the swelling behavior in the high EDN mixtures. This
comes as no surprise, since it was already concluded that specific
interactions involving electron donors play a key role, due to the
influence of non-covalent cross-links.

The results for pyridine-benzene do not seem to show an
influence of solubility parameter. Instead it again appears that
the interactions driving the process are associated with what ap-
pears (from Fig. 2) to be a “titration” of a finite number of strong
interaction sites. Once the chemical potential of the pyridine in
solution exceeds a critical value, all specific interaction sites are
involved, and the swelling no longer depends upon pyridine con-
centration (and hence, an increase in its chemical potential).
Fig. 4 showed a similar threshold concentration for propylamine
in benzene.

However, it is difficult interpret the results of Fig. 5 purely on
the basis of EDN alone. There is a considerable complexity dis-
played, and there is, at least in some cases, an indication of the
importance of solubility parameter or something that correlates
with it. One can expect that oil shale kerogen consists of many dif-
ferent types of chemical structures, distributed in some fashion
(perhaps randomly, perhaps with some underlying order), with
the different structures being energetically favorable to interac-
tions with different solvents or solvent mixtures. Therefore, the
different maxima and minima seen in the curves may be a result
of subtle differences in the nature of possible interactions, as a
function of the variation in chemical potential. Again, the uncer-
tainty in the data shown in Fig. 1 warns about over-interpretation
of the curves. Where the data are relatively free of concerns regard-
ing specific interactions of strong electron donors (i.e., benzene-
toluene, nitrobenzene-benzene), they clearly point towards a char-
acteristic solubility parameter for the kerogen that is greater than
about 20 MPa'’?, since the curve of swellability in these solvents
rises monotonically to that point.

The data on the n-propanol-benzene mixtures appear to have
some character that is consistent with a solubility parameter
matching, though at the same time, the propanol is an electron
donor as well, and the behavior might be a composite of the two
effects. The n-propanol-propylamine mixtures showed a mono-
tonic decrease in swelling with increase in mixture solubility
parameter. Again, the explanation is that the electron acceptor
alcohol is influencing electron donor strength in the mixture,
rather than making its influence felt through solubility parameter
alone.

4. Conclusions

The present results show the important role of specific interac-
tions in swelling of kukersite oil shale kerogen by solvents. It is the
disruption of non-covalent cross-links that results in a roughly
twofold increase in swellability, as compared with non-specifically
interacting solvents.

The study establishes that the role of solvent solubility param-
eter (Hildebrand solubility parameter) is of secondary importance
in determining the swellability of this kerogen. The mixtures with
high donor number solvent (such as pyridine, propylamine, NMP)
show the highest values of swelling ratios over a very broad solu-
bility parameter range, from 17 MPa'/? to 25 MPa'/2,

These results confirm that the highest swelling values for
kukersite kerogens can be observed in high donor number solvents
and these solvents determine the upper limit of swelling in mix-
tures of solvents. This upper limit cannot be significantly increased
by the use of mixed solvents; the strong electron donor solvents
give the highest swelling, though their effect can be decreased in
mixture with non-specifically interacting solvents.
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Application of Differential Scanning Calorimetry to Study Solvent
Swelling of Kukersite Oil Shale Macromolecular Organic Matter: A
Comparison with the Fine-Grained Sample Volumetric Swelling

Method
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Department of Chemical Engineering, Tallinn University of Technology, Ehitajate Road S, 19086 Tallinn, Estonia

ABSTRACT: A comparison of results of Estonian kukersite oil shale kerogen (i.e., the cross-linked macromolecular organic
matter of oil shale) solvent swelling from two different methods is shown. Solvent uptakes calculated from differential scanning
calorimetry (DSC) experiments are higher than those obtained by a widely used test-tube-type volumetric solvent swelling
technique of fine-grained samples with swollen sample centrifugation. Solvent swelling of the kerogen sample was performed in a
test tube in accordance with the common volumetric technique. Then, the swollen sample was introduced into a DSC apparatus,
cooled to —120 °C, and heated at a rate of 10 °C/min. The energy of fusion of the freezable part of the solvent was used to
calculate the amount of nonfreezable bound solvent that is present inside the kerogen particles and that causes swelling. The data
suggest that caution should be exercised in applying the test tube volumetric method because of a possible swollen sample

compaction effect.

1. INTRODUCTION

Oil shale is a sedimentary rock that consists of mineral and
organic matter. Kerogen, the dominating component of the oil
shale organic matter, is a highly cross-linked macromolecular
material insoluble in common organic solvents at room
temperature. The data on the chemical structure and origin
of kukersite oil shale (Estonian Middle-Upper Ordovician oil
shale') organic matter is summarized in ref 2, and a two-
dimensional model of kukersite kerogen is proposed in ref 3.
The solvent swelling technique is widely applied in solid
fossil fuel research. Data obtained from swelling experiments is
used to characterize the organic macromolecular structure of
solid fossil fuels, estimate their solubility parameters, and
calculate the number-average molecular weight between cross-
links in the macromolecular organic network structure.*"'* In
the field of fossil fuel research, the most popular has become a
simple and low-cost volumetric solvent swelling technique of a
fine-grained sample placed in a test tube. The method was first
invented by Liotta et al.'> and presented in comparison with
gravimetric swelling measurements by Green et al. in 1984."¢
Since then, more than 50 research papers have been published
based on this method (described in detail by Green et al.’®). In
brief, a fine-grained solid fuel sample is placed in a constant
diameter test tube, centrifuged, and the initial height of the dry
sample is measured. The swelling agent is added in excess, the
content of the test tube is thoroughly mixed and centrifuged
again, and the final height of the swollen sample is measured.
The volumetric swelling ratio is commonly used as a measure of
the swelling extent or the swelling power of the solvent. In
addition, other useful parameters to quantitatively describe
swelling can be calculated from volumetric measurements: the
macromolecular material volume fraction in the equilibrium
swollen state calculated as the reciprocal of the volumetric
swelling ratio (usually used for the calculation of the number-
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average molecular weight between cross-links in the macro-
molecular organic network structure), the swelIin§ power on a
molar basis such as the solvent molar uptake,”'”'* the swelling
power on a mass basis such as the solvent mass uptake, and the
equilibrium gravimetric swelling ratio."*"’

From the test-tube-type volumetric swelling experiment of
fine-grained samples with swollen sample centrifugation, the
calculations of these swelling-describing parameters have been
commonly performed under a silent assumption of a constant
void volume fraction throughout the experiment. For example,
the volumetric swelling ratio, often denoted as Q, is calculated
as a ratio of final and initial volumes or from directly measured
quantities as a ratio of final and initial heights (the latter holds
for the constant-diameter tube). Table 1 presents some
equations applied to analyze solvent swelling results, both in
whole material (such as a compact block) and in fine-grained
bulk material cases.

It can be seen from Table 1 that commonly used simplified
equations in column 4 can actually be used for packed-bed-
forming fine-grained samples only if the void volume fraction in
the swollen sample (¢;) is equal to that in the dry sample (e;),
or in other words, if the packing density of the sample has not
changed. It is to emphasize that the volumetric swelling
experiments in a test tube, described above, do not provide any
insight into the possible changes in the void volume fraction
and, thus, using the directly measurable quantities (heights of
dry and swollen samples) through the simplified equations
(column 4) straightforwardly may result in unwanted
inaccuracies. In addition to a warning of possible differences
in the packing of dry and solvent-swollen samples,* there is
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Table 1. Equations for Solvent Swelling Calculations Based on Volumetric Measurements. See section 2.5 for symbols

explanation
solid material as a block fine-grained material in a packed bed  fine-grained material in a packed bed, & = ¢;
swelling ratio, Q Q= Viwwollen material _ K _ Vi(1 - 8f) Q _ E _ &
Vatry material 14 et V(l —¢) KA A )
solvent mass uptake, S [g, /g,] _ n (v /’s V(1 - &) A (v )
s=@-vi=|L-a)E s = A Syme = [ 1] 2
no W Slva—e T, v
solvent molar uptake, S’ [mol,/g,,] (ﬁ) 1 Vill-e) ) L (3) 1
g= Q=D _\v s V(i—e) ¢ =\
Vad,s P Vit Py T Vyen, T Vs,
Table 2. Properties of the Solvents Used
molar mass, density (22 °C), molar volume, total solubility DN*7"% AN, melting
no. solvent g/mol g/ cm® cm?/mol parameter,34_36 MPa'/? unitless unitless pointw, °C
1 acetonitrile 41.1 0.780 52.6 243 14.1 19.3 —45
2 aniline 93.1 1.020 91.3 21.1 33.3 28.8 —6
3 benzene 78.1 0.877 89.1 18.8 0.1 82 5.5
4 benzyl alcohol 108.1 1.044 103.6 24.8 23.0 36.8 -16
N diethylamine 73.1 0.702 104.2 164 50.0 9.4 =50
6 DMF* 73.1 0.949 77.0 24.5 26.6 16.0 —60
7 NMP? 99.1 1.031 96.2 23.1 27.3 13.3 24
8 o-xylene 106.2 0.878 1209 18.0 4.8° 2.4° =25
9  propylamine 59.1 0.714 82.8 182 55.57 4.8¢ -83
10 pyridine 79.1 0.981 80.6 219 33.1 14.2 —41
11 tetralin 132.2 0.967 136.7 194 =35

“DMF is N,N-dimethylformamide. ENMP is N-methyl-2-pyrrolidone. “Calculated values for mixture of xylene isomers. dEthyIamine DN and AN

values are used for propylamine.

also some indirect experimental evidence indicating compres-
sive changes in packing density found in literature. The
shrinking of samples in some solvents (i.e., the final height of
the samples in a test tube is lower than the initial height) has
been observed in solvent swelling studies of Dictyonema oil
shale’® and petroleum asphaltenes,®" for example. However,
rearrangement of the kerogen structure under the action of the
solvent has been proposed as a possible reason for this
shrinking behavior in the former case. In the latter, the
impression of asphaltene shrinking was withdrawn by the
improvement of a compaction procedure for a dry sample.

In polymer science, solvent-swollen samples have often been
investigated by using a differential scanning calorimeter (DSC).
DSC has been used to describe qualitatively or quantitatively
the state of solvent, freezable or nonfreezable, in polymer—
solvent gels through studying the amount of solvent under-
going crystallization and melting processes.”>™>” These studies
have demonstrated the existence of some nonfreezable solvent
that forms a homogeneous phase with a polymer structure.”>**
The nonfreezable solvent, also called “bound” solvent, is the
result of an influence of the polymeric network that prevents
solvent molecules from forming solvent crystals. As for the
freezable solvent, depending on the specific solvent-macro-
molecule system, more or less complex interpretations can be
found in literature. Various deviations relative to pure solvent
melting peaks have been detected from DSC thermograms in
some cases. The deviations include, for example, the following:
the shift of melting temperature,” the tailing of melting
peaks,”® and the appearance of several peaks (from discrete to
overlapping peaks).”> These deviations were used to indicate
that at least some of the freezable solvent may differ from the
bulk state of the pure solvent and could be by some means
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under the influence of the polymeric network. DSC has been
applied also in a few cases to investigate the physical state of
solvent in swollen coals® and coal extracts.””

The objective of the present study was to undertake a
quantitative DSC-based analysis of solvent-swollen samples of
kukersite oil shale kerogen. It was of particular interest to
compare DSC data with results obtained by a widely used test-
tube-type volumetric solvent swelling technique of fine-grained
samples with swollen sample centrifugation.

2. EXPERIMENTAL SECTION

2.1. Kukersite Oil Shale Kerogen Sample. Kukersite oil shale
(from Estonia) concentrated organic matter, or kerogen, was isolated
from oil shale by a flotation technique® and had an organic matter
content of 91%. Sample particle size was <100 gm. The samples were
dried at 105—110 °C for 1 h in an air atmosphere and then cooled in
an exsiccator shortly before the swelling experiments. As organic
matter of kukersite oil shale is known to be practically insoluble in
organic solvents at room temperature (extraction yield is no more than
1% of organic matter>"*), no solvent extraction was performed before
the experiments. It is assumed that one can neglect the influence of
extractables (sol fraction) and consider solvent swelling of kukersite
organic matter as the swelling of the cross-linked macromolecular
network or kerogen.

The elemental composition of the organic matter of the
concentrated kerogen sample was as follows (wt %): C, 73.3; H,
8.8; N, 1.6; O+S, 16.3 (by difference). The apparent density of the
kerogen sample, determined by measuring the mass and volume of
water displaced by the kerogen sample of the known mass, ** was 1.23
g/cm?. This value of the apparent density, determined by the so-called
pycnometer method, was conventionally used as the true density of the
kerogen sample in this study.

2.2. Solvents. Solvent swelling of kukersite oil shale kerogen was
performed with the 11 solvents listed in Table 2. All solvents were of

dx.doi.org/10.1021/ef401895u | Energy Fuels 2014, 28, 840—847



Energy & Fuels

reagent grade and used without further purification. Solvent properties
required for the research (molar mass, Gutmann electron donor and
acceptor numbers, density, molar volume, solubility parameter, melting
point) are presented in Table 2. Gutmann electron donor and acceptor
numbers®” were selected to describe quantitatively the electron donor
and acceptor properties of solvents, as the Gutmann’s scale is
commonly used in the field of solvent swelling of solid fossil fuels.
Another reason to prefer this scale was availability of data for the
solvents used in the present work. Densities of the solvents used were
verified with an Anton Paar DMA 5000 M density meter at 22 °C
(mean ambient temperature in the laboratory). The molar volumes of
the solvents were calculated as Vy; = M/p, where M is the molar mass
and p is the density of the solvent.

Solvents from two groups, hydrogen-bonding with high electron
donor numbers and non-hydrogen-bonding solvents, were chosen for
the present research. It was previously found'' that there was a
fundamental difference in the swelling power of these two groups of
solvents: most of the hydrogen-bonding solvents were more effective
in the swelling of the kukersite oil shale than non-hydrogen-bonding
solvents. There were also additional restrictions concerning the
selection of solvents associated with an experimental procedure. First,
the density of a solvent should not be equal to or greater than the
density of kerogen, otherwise it would be impossible to get a uniformly
tight packed bed of kerogen in the centrifugation process. Second, as
the next stage of the experiment is a DSC measurement, the lowest
melting point of a solvent is set by parameters of a DSC cooling
system. The melting point of a solvent should be high enough to
ensure crystallization of the solvent during a DSC run.

2.3. Volumetric Solvent Swelling by Test-Tube Method. The
volumetric solvent swelling procedure applied in this work is a
modified Green’s'® volumetric technique and it was reported in our
previous paper.'* Shortly, 025 g of fine-grained kukersite kerogen
sample was weighed into a test tube and fitted with a ground-glass
stopper. The test tube had a flat bottom, a constant inside diameter of
S mm and a length of 8 cm, excluding the cap region. The test tube
was then centrifuged three times at 6000 rpm for S min each, with the
test tube being rotated around its vertical axis for 100°—140° after
each centrifugation period. The initial height of the dry sample (h;)
was measured with a vernier caliper after the third centrifugation.
Solvent in excess was added into the test tube, and the content of the
test tube was thoroughly mixed in order to achieve a complete wetting
of the kerogen. The test tube was again centrifuged as described above,
and the height of the swollen kerogen sample was measured after the
third centrifugation. The height was remeasured after 24 h and
reported as the final height of the swollen kerogen sample (k). All
volumetric swelling experiments were conducted at room temperature.
However, with reference to the DSC method to be explained in the
next section, our previous experiments indicated that lower temper-
atures, up to —15 °C, had no effect on the extent of swelling."" The
balance used for weighing samples in test tubes had a specified
repeatability +0.02 mg.

2.4. Determination of Solvent Uptake by DSC Method. A
differential scanning calorimeter NETZSCH DSC 204 HP Phoenix
equipped with a CC200L liquid nitrogen cooling system was used to
characterize the solvent melting behavior of both pure solvents and
solvent-swollen samples. Thus, the swollen state characterized by DSC
corresponds to the temperature of the solvent melting. Experiments
were performed under atmospheric pressure with an inert gas
(nitrogen) flow rate of 40 mL/min and using 40 uL hermetically
sealable standard aluminum DSC pans. Before each measurement, the
DSC cell was purged with inert gas (nitrogen) for at least 10 min.
Hermetically sealed samples were cooled to —120 °C at a rate of 10
°C/min, equilibrated at —120 °C for 10 min, and then heated to 40 °C
at the same rate. The specified standard deviation for the balance used
for weighing DSC samples was +0.2 ug.

DSC measurements were performed on swollen kerogen samples
obtained directly from test tube volumetric swelling experiments (see
section 2.3). For this, a layer of excess solvent accumulated over the
swollen kerogen bed was removed from the test tube. The test tube
was then weighed in order to determine the mass of the solvent that

was present in the swollen kerogen bed. A total of 7—28 mg of sample
from the swollen packed bed was transferred from the test tube into a
preweighed aluminum pan, hermetically sealed, and then weighed.
After the DSC run had been completed the pan lid was pierced and
the pan was placed into a vacuum oven in order to determine the
kerogen mass and the overall mass of the solvent in the DSC sample.
The sample was dried at an absolute pressure of 13—16 kPa and a
temperature of 110 °C until a constant weight was obtained (until the
weight loss was less than 0.2% within 1 h). The overall mass of the
solvent in the DSC sample was calculated as a difference between the
initial mass of the DSC sample and the mass of dry kerogen. The mass
of the solvent bound to the kerogen structure was calculated as a
difference between solvent overall mass and free solvent mass. The
free solvent mass was obtained from the melting peak area of the
swollen sample assuming that enthalpy of fusion of the free solvent in
the swollen kerogen sample is equal to that of pure solvent. Solvent
mass uptake (Spsc) was then calculated as a ratio of bound solvent
mass to dry kerogen mass.

2.5. Equations Used to Analyze Experimental Results. This
section summarizes equations used to analyze experimental results in
this study. Equations 1—3 are for the test tube volumetric swelling
method (see section 2.3), whereas eqs 1 and 2 are used only with the
assumption of constant void volume fraction. Equations 4—6 are for
DSC method (see section 2.4). To calculate the final void volume
fraction in the swollen kerogen sample in a test tube, the DSC data
and the data from test tube experiments were combined as shown in
eq 7. The mass of free solvent per gram of kerogen, obtained directly
from the DSC run, was not used in eq 7 because evaporation of highly
volatile solvents (solvents between swollen particles in the packed
bed) during the transfer of the sample from a test tube to a DSC pan
was seen.

The swelling ratio from test tube volumetric swelling measurements
(for & = &)

Q= hy/h; (1)

The solvent mass uptake from test tube volumetric swelling
measurements (for ¢; = &)

Se=(Q-1D4

Fn (2)

The initial void volume fraction in the centrifuged dry kerogen
sample in a test tube

P g my/V;
P Po (&)

The solvent mass uptake from DSC measurements

g=1

Al
— m. - o
S = M bound, 1 _ Msalll ~ Mg freet S Ay
DSC — - -
My My My,

)
The solvent molar uptake from DSC measurements
S'psc = Spsc/Ms ©)

The volumetric swelling ratio from DSC measurements (corre-
sponds also to volumetric swelling situation, where ¢; = &)

Spschy i1
Ps (6)

The final void volume fraction in the swollen kerogen sample in a
test tube, from combined DSC and test tube volumetric swelling data

Qpsc =

.= Vs free _ Msall = Ms bound _ Ms_all = Spsc!m
f = Vi - -

Ve Ve (7)

Symbols used:

h; [mm] is the initial height of the centrifuged dry kerogen
sample in a test tube.
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h; [mm] is the final height of the centrifuged swollen kerogen
sample in a test tube.
M, [g/mol] is the molar mass of the solvent.
my, [g] is the mass of macromolecular material (i.e., the mass of
the kerogen sample in a test tube).
mg g [g] is the overall mass of the solvent present in the
swollen sample in a test tube.
M pouna L] is the mass of the solvent bound to the kerogen
structure (in a test tube).
Q and Qpsc are the volumetric swelling ratios determined by
the test-tube method and by the DSC method, respectively.
Sq and Spsc [g of solvent/g of kerogen] are the solvent mass
uptakes determined by the test-tube method and by the DSC
method, respectively.
S'psc [mol of solvent/g of kerogen] is the solvent molar uptake
determined by the DSC method.
V; [em?] is the initial volume of the centrifuged dry kerogen
sample in a test tube.
V; [em®] is the final volume of the centrifuged swollen kerogen
sample in a test tube.
V, fee [cm®] is the volume of the free solvent in the centrifuged
swollen sample in a test tube.
Vi [em®/mol] is the molar volume of the solvent.
& is the initial void volume fraction in the centrifuged dry
kerogen sample in a test tube.
& is the final void volume fraction in the centrifuged swollen
kerogen sample in a test tube.
Prulk [g/cm®] is the bulk density of the centrifuged dry kerogen
sample.
P [g/cm’] is the true density of macromolecular material (i.e.,
the true density of the kerogen).
p, [g/cm®] is the density of the solvent.

Symbols used in eq 4:
Index 1 refers to the DSC experiments with swollen kerogen
samples.
my; [g] is the mass of kerogen (dry) in the DSC sample.
M, bound, L8] is the mass of the bound (nonfreezable) solvent in
the DSC sample.
m, 1 [g] is the overall mass of the solvent present in the DSC
sample.
M, ooy [g] is the mass of the free (bulk freezable) solvent in
the DSC sample.
A, [J] is the melting peak area that corresponds to the melting
of the free solvent between kerogen particles in the swollen
kerogen sample (energy of fusion).
Index 2 refers to the DSC experiments with pure solvent
samples.
A, [J] is the melting peak area obtained from the experiment
with the pure solvent sample.
m, [g] is the mass of the pure solvent sample.
A,/m, [J/g] is the solvent enthalpy of fusion.

3. RESULTS AND DISCUSSION

3.1. DSC Measurements. Figure 1 shows DSC thermo-
grams of dimethylformamide (DMF) as an example of typical
DSC thermograms of a pure solvent and a solvent-swollen
kerogen sample. The thermogram for the DMEF-swollen
kerogen sample is shown as measured, whereas the pure
DMF thermogram is rescaled to correspond to the total
amount of solvent present in the swollen kerogen sample. If all
the solvent present in the sample crystallized and then melted
like pure bulk solvent, the melting peak area would be as shown
in the figure (assuming constant enthalpy of fusion or enthalpy
of fusion of the pure solvent). It can be seen that the peak area
obtained from the actual experiment is smaller than the one of
rescaled pure solvent, indicating that the amount of solvent
undergoing the melting process is smaller than the total solvent
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Figure 1. Typical normalized DSC thermograms for the pure solvent
(dashed line) and the solvent-swollen kerogen sample (solid line).
DMEF thermograms are shown as an example.

amount in the DSC pan. Therefore, some amount of the
solvent does not contribute to the crystallization and
subsequent melting processes and is bound into macromolecule
(kerogen). This phenomenon was seen for both hydrogen-
bonding and nonpolar solvents. It is important to emphasize
here that the swollen packed bed volume is the sum of the
volume of swollen kerogen particles (consisting of kerogen and
the solvent penetrated into the kerogen structure) and the
volume of the solvent between them. Therefore, there are at
least two types of solvent states present: the freezable solvent
between swollen particles and the nonfreezable solvent bound
into the swollen kerogen structure.

It is known from our early works'' that hydrogen-bonding
solvents with high electron donor numbers are more effective in
kukersite swelling than other solvents. These former solvents
are able to disrupt kerogen—kerogen specific interactions (such
as hydrogen bonds) and participate in new solvent—kerogen
specific interactions. However, regardless of the polarity of
solvents, only two above-mentioned states of solvent were seen
and no systematic differences were observed between thermo-
grams of hydrogen-bonding solvents with high electron donor
numbers and nonpolar solvents. In all cases, there was only one
endotherm in the heating curve and one exotherm in the
cooling curve in the present study. Neither overlapping peaks
(recognized by unresolved shoulders) nor significant peak
tailing were observed. There was also no significant difference
in the position and the shape of the melting peak of the solvent
in the mixture with kukersite kerogen as compared to that of
the pure solvent. In most cases, the melting peak shift to lower
temperatures was in the range of 0.1-1.3 K. The shift was
somewhat more considerable in the case of DMF (2.5—4.2 K)
and NMP (4.3—8.3 K). This effect may be also caused by more
effective solvation of extractables from kukersite oil shale
organic matter (shown to be not more than 1 wt % of organic
matter>"%?), as some solvent color darkening was observed in
test tube swelling in these solvents.

All data obtained, therefore, offer support for the view that
the melting process detected by DSC corresponds to the
melting of free bulk solvent present between the swollen
kerogen particles. No considerably valid indications of existence
of different types of solvent in the swollen kerogen particles
(such as overlapping peaks, peak tailing) were seen. The
decrease of the melting peak area relative to the area of the total
solvent, existing in the swollen packed bed system, could
therefore correspond to the nonfreezable bound solvent—to
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Table 3. Results of Swelling Experiments Obtained by the Test-Tube Method and by the DSC Method As Described in Section

2
solvent mass uptake
swelling ratio [gsnlv/gkﬂ]P free solvent [g,1/grer] ratio of void fractions
no. solvent Q Qpsc Sq Sbsc Stree &/ &
1 acetonitrile 1.13 1.29 0.08 0.19 0.84 1.09
2 aniline 1.46 1.66 0.38 0.55 1.50 1.12
3 benzene 1.24 1.31 0.17 022 113 1.04
4 benzyl alcohol 1.45 1.53 0.38 0.45 1.54 1.05
S diethylamine 1.41 170 0.24 0.40 0.93 1.12
6 DMF 131 1.89 0.24 0.69 0.95 144
7 NMP 1.48 2.02 0.40 0.85 122 1.39
8 o-xylene 111 127 0.08 0.19 0.92 115
9 propylamine 147 2.01 027 0.59 0.89 1.28
10 pyridine 145 179 0.36 0.63 139 1.19
11 tetralin 1.08 1.08 0.07 0.06 1.02 1.0S

the solvent molecules causing swelling and, therefore, also
quantitatively measurable by the test tube volumetric swelling
technique. The outcomes of this observation to interpret the
differences observed between DSC and volumetric methods are
taken up in the next section.

3.2. Comparison of the Results Obtained by Volu-
metric and DSC Methods. Experimental results are
summarized in Table 3 as the average data of at least two
measurements. The volumetric swelling ratios determined by
the test-tube method (calculated by eq 1, section 2.5) and by
the DSC method (eq 6) are presented in columns 3 and 4,
respectively. The solvent mass uptake, as grams of absorbed
solvent per gram of dry kerogen, denoted as Sq (in column 5)
is calculated from the swelling ratio obtained by the test-tube
method (eq 2). The solvent mass uptake denoted as Spgc (in
column 6) is calculated by eq 4 from the data of the DSC
experiments as described in section 2.4. The void volume
fractions for dry (¢;) and swollen (&) samples were calculated
by egs 3 and 7, respectively, on the basis of the data from test
tube and DSC experiments. Corresponding ratios (&; /g;) are
shown in column 8. The average void volume fraction in a dry
centrifuged kerogen sample (¢;) was 0.57 + 0.01. The amount
of the solvent present between swollen kerogen particles in a
test tube, or so-called free solvent, is shown in column 7 as the
mass of the solvent per mass unit of kerogen (Sg..).

It is evident from Table 3 that the results from test tube and
DSC experiments (from columns 3—6) are not equal and that
in almost all cases, with the exception of tetralin, the swelling
extent determined by volumetric measurements is smaller than
that of DSC measurements (Q < Qpsc and Sq < Spsc). In the
case of tetralin, the difference between the solvent mass uptakes
obtained by two different methods is within the limits of
experimental error, and the swelling ratios are equal when
expressed in rounded numbers.

Referring back to the discussion based on Table 1 (in section
1), it can be proposed that the difference between the results
obtained by two different methods can be caused by the
difference in packing density of the dry and the swollen sample.
It is seen from column 8 in Table 3 that the void volume
fraction in a packed bed of swollen kerogen (&) is not equal to
the void volume fraction in an initial packed bed of dry kerogen
(&)). The results indicate that, when centrifuged, the swollen
kerogen sample is packed more tightly than the initial dry
sample and the void volume fraction decreases when a kerogen
sample undergoes the swelling procedure described in section
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2.3 (&/&;> 1, see column 8 in Table 3). Figure 2 shows that the
void volume fraction change correlates with the amount of
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Figure 2. Ratio of initial and final void volume fractions as a function
of solvent molar uptake.

solvent absorbed by kerogen. The increase of packing efficiency
with the solvent molar uptake increase follows a roughly
exponential trend. It seems plausible that the more solvent has
been penetrated into a kerogen structure, the more plastic and
soft the kerogen particles become, and as a result, the particles
can be packed more tightly under centrifugation impact. In coal
studies, increased flexibility of swollen macromolecular organic
matter of coal samples in comparison with rigid dry samples
was observed by Brenner.*' Similarly to Figure 2, AQ (the
difference between swelling ratios that were obtained by two
different techniques described in sections 2.3 and 2.4)
correlates empirically with Qpgc (swelling ratio from DSC
method, calculated by eq 6) as seen in Figure 3.

It should be mentioned here that the present work should
not be regarded as evidence against the suitability of the test-
tube-type volumetric swelling technique generally. The out-
comes of the present research could be characteristic for a
specified combination between experimental procedure (see
section 2.3) and material under study (kukersite oil shale
kerogen). It is important to note that there is experimental
evidence showing the validity of the simple volumetric test-tube
method: Green et al. showed that volumetric and gravimetric
(vapor sorption) methods gave close results in the case of
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Figure 3. Difference between swelling ratios calculated from DSC data
(Qpsc) and obtained by the test-tube method (Q) as a function of
swelling extent.

Bruceton and Illinois no. 6 coals;'® Gao et al. reported that the
swelling results obtained by the volumetric test-tube method
and by the orthogonal microscope image analysis method were
comparable.*” Thus, the data presented show the importance of
being careful when applying the test-tube-type volumetric
swelling technique to different materials or modifying
experimental procedures.

3.3. DSC Data Based Analysis of Swelling Behavior of
Kukersite Kerogen. Figure 4 is a plot of swelling ratio as a
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Figure 4. Swelling ratio as a function of the solvent total solubility
parameter. Swelling ratios obtained by the test-tube method with H-
bonding (O) and non-H-bonding (O) solvents and calculated from
DSC experiments with H-bonding (®) and non-H-bonding (M)
solvents.

function of the total solubility parameter (5) of applied
solvents. Open points correspond to the results of the test-tube
method (column 3, Table 3), and solid points to the results
obtained by the DSC method (column 4, Table 3). The
difference between the results is up to 1.5 times, and it varies
depending on the solvent used as a swelling agent. The
difference between the results obtained by two different
methods when expressed in terms of solvent mass uptake is
up to almost 3 times (see columns S and 6, Table 3).
Otherwise, the data, from both techniques, qualitatively support
the same conclusion and are consistent with the results of the
previous studies on kukersite solvent swelling.'"'* Kukersite
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kerogen swelling does not follow the regular solution theory
that predicts a bell-shaped curve in the plot of swelling ratio vs
solubility parameters of solvents. Scatter with relatively high
swelling ratios is observed in a broad range of solubility
parameter values, from 16 to 25 MPa'?, showing no clear
relation between Q and . Therefore, the total solubility
parameter (5) is not a key property in determining swellability
of kukersite kerogen.

In Figure S, solvent molar uptake (mmoles of solvent
absorbed by one gram of kerogen, calculated by eq S) from the
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Figure S. Solvent molar uptake obtained by the DSC method as a
function of the solvent electron donor number. Tetralin DN is not
available from the literature; the value of 0.1 for tetralin is predicted
based on benzene and toluene data (0.1 for both solvents).

DSC experiments is displayed as a function of the solvent
electron donor number. The main outcome is, again,
qualitatively consistent with the previous test-tube-based
volumetric studies,' "' indicating the importance of specific
interactions in the swelling of kukersite oil shale kerogen. It can
be seen that solvents with a low electron donor number (such
as tetralin, benzene, o-xylene, acetonitrile) are not efficient
swelling agents for kukersite kerogen. Only solvents with high
electron donor numbers (such as propylamine, pyridine, NMP,
DMEF) are able to show an extended swelling due to their ability
to specifically interact with kerogen molecules (i.e., to disrupt
kerogen—kerogen hydrogen bonds that serve as noncovalent
cross-links and to form solvent-kerogen hydrogen bonds). The
reduced cross-link density of macromolecule results in the
increase of swellability. In addition to the main outcomes
shown, the DSC data indicate one more underlying character-
istic trend. As can be seen from Figure 6, the solvent molar
uptake decreases with an increase of solvent molar volume.
There are two groups of points highlighted separately in the
plot: the points that correspond to the solvents with relatively
high and low DN (see Table 1). The same rough tendency of
influence of molar volume is seen within each group. Thus, a
relatively large molar volume of solvent can be a limiting factor
for the swelling process due to steric restrictions of the kerogen
structure. The latter conclusion may also be proposed as a
possible explanation for the relatively low diethylamine molar
uptake seen in Figure 5.

4. CONCLUSION

Kukersite oil shale kerogen solvent swelling data, comparatively
obtained by two different swelling techniques, show that
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Figure 6. Solvent molar uptake obtained by the DSC method as a
function of solvent molar volume.

solvent uptakes calculated from DSC experiments are higher
than those obtained by the volumetric test-tube method of fine-
grained samples with swollen sample centrifugation. Depending
on the solvent used, the solvent mass uptake determined by
DSC could be up to almost three times greater. The differences
in determined swelling extent in these two cases were
interpreted as follows: the swollen kukersite kerogen sample
in the test tube was packed more tightly than the dry sample
and the commonly accepted specified condition (&; = &;) was
not met when the volumetric swelling procedure of this study
was applied to kukersite kerogen.

The analysis performed indicated that DSC could be a valid
technique for determining the swelling extent of kerogens. In a
larger view, the DSC-based results supported conclusions
reported in our previous publications on kukersite oil shale
swelling: (1) the total solubility parameter was not a key
parameter in determining the swellability of kukersite kerogen,
(2) the swelling extent of kukersite kerogen depended mostly
on solvent electron donor—acceptor properties. In addition, the
DSC data also revealed one more underlying trend—molar
volume of solvent could be a limiting factor.

The results of the present work should have an impact
regarding the quantification of solvent uptake from volumetric
test tube experiments, which are widely applied in fossil fuel
science. It can be concluded that applying the test-tube-type
volumetric swelling technique on different types of materials or
modifying the experimental procedures should be done with
caution.
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Abstract. The present work deals with volumetric solvent swelling of Estonian Kukersite
oil shale cross-linked macromolecular organic matter (kerogen) in binary solvent
mixtures. A two-step solvent swelling procedure was used in which swelling was
performed first in one solvent followed by the addition of a second solvent. The results
confirm the important role of specific interactions in determining the swelling behavior
of this kerogen. The kerogen swells more in strong electron donor solvents that are able
to break specific kerogen—kerogen interaction such as hydrogen bonds. When comparing
the maximum swelling achieved, the binary solvent mixtures did not perform any better
than strong electron donor solvents, regardless of how the experiments were conducted.

Keywords: oil shale, kerogen, Kukersite, solvent swelling, binary solvent mixture,
electron donor number.

1. Introduction

Solvent swelling is a simple and useful technique for determining the solubility
parameters of cross-linked polymers, for characterizing solvent—polymer interactions, or,
using suitable theoretical models, for calculating cross-link densities and molecular
weights between cross-links of polymeric networks [1-3]. Volumetric solvent swelling
has also been adapted for characterization of complex macromolecular organic structures
from solid fossil fuels such as coals and oil shales (for oil shale [4-6]). These studies have
been mostly aimed at improving the background knowledge of conversion of solid fossil
fuels to liquid fuels and energy. While coal has been of continuous commercial interest
over the past century, oil shale’s development history has been quite chaotic (with the
exception of a few locations such as Estonia, Brazil and China). However lately, due to
the increasing search for alternative liquid fuel sources, commercial utilization of oil shale
resources has gained more attention. Some general technical characteristics of oil shales
and oils can be found from [7-11].

The organic matter of an oil shale consists primarily of a heterogeneous
macromolecular structure (called kerogen) and is practically insoluble in organic solvents
at room temperature. The yield of solubles, or non-macromolecular extractables, from
Kukersite oil shale (the object of this study) in typical organic solvents does not exceed
1.5% of the organic matter [12]. Hence, while the extraction processes can influence the
thermodynamics of swelling processes (by changing solvent activity), there is not an
experimental measurement difficulty caused by significant mass loss during swelling of
these materials, if the solvent is changed so as to keep the concentration of extractables
low.

Although there have been a considerable number of experimental investigations on
oil shale kerogen swelling in single solvents, there are few data found covering swelling
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in binary solvent mixtures. This paper is an extension of the earlier work from this
laboratory [13] and is aimed at giving further insights into the mechanism of solvent
swelling of kukersite oil shale kerogen in binary mixtures. This experimental study has
been extended to examine the swelling in binary mixtures in two-step swelling procedures
— in which swelling was performed first in one solvent followed by the addition of a
second solvent in order to obtain a desired solvent mixture composition in the swelling
tube.

2. Experimental
2.1. Oil shale sample and solvents

The oil shale kerogen sample used was isolated from Kukersite oil shale by a flotation
technique [14]. The concentrated sample had 91% organic matter content. The elemental
composition of the organic matter was 73.3 wt.% C, 8.8 wt.% H, 1.6 wt.% N, 16.3 wt.%
O+S (by difference), determined using an Exeter Analytical model CE440 clemental
analyzer. The samples were ground to a particle size smaller than 100 um. All samples
were pre-dried 1 hour at 105-110°C in air (a standard oil shale drying procedure) before
swelling measurements.

The solvents used in preparing the binary solvent mixtures were all reagent grade.
Some solvent characteristics of interest in this study are shown in Table 1, including total
(or Hildebrand) solubility parameter [15,16], Gutmann’s electron donor (EDN) and
electron acceptor (EAN) numbers [17,18], and molar volume [19]. The EDN and EAN
are empirical parameters. For example, the EDN is experimentally determined as the
negative AH-value for the 1:1 adduct formation between SbCls (reference) and the solvent
molecules in dilute solution of 1,2-dichloroethane [20].

2.2. Swelling Procedure

In this study a simple and widely used test-tube based procedure was used that involves
solvent swelling of a powdered sample with swollen sample centrifugation. General
details of the experimental procedure (test-tube dimensions, centrifugation conditions)
are same that were applied previously for kukersite kerogen swelling in single solvents
[21] or in prepared binary mixtures [13].

In the two-stage swelling procedure used in this study the kerogen sample (up to 0.25
g in the test tube) was first swollen to equilibrium in one solvent. The complete earlier
described procedure for swelling in single solvents was followed (for details see [13]).
Then, in a second stage, a different solvent was added in the amount needed to obtain the
desired final solvent mixture composition. The following two different types of
experiments were carried out at this second stage.

In the first, a large excess of the second solvent was added so that after the second
stage both solvents were in considerable excess relative to the pure component swelling-
related solvent uptake by the kerogen. For this, the solvent above the swollen kerogen
sample, swollen to equilibrium in the first solvent, was removed from the tube with a
syringe. The amount of solvent left in the swollen sample (between and inside the kerogen
particles) was measured gravimetrically. After adding the second solvent the system was
mixed well, centrifuged and allowed to swell to a new equilibrium state. The final height
of the sample was then measured after allowing 48 hours of swelling in the solvent (for
results see section 3.1). Due to experimental limitations (mainly the test tube volume
limitation) these experiments were conducted only in the concentration range of about 20
mol% to 80 mol% of the second solvent.



In the second type of experiment, only a drop of the second solvent was added to the
test tube after the first stage (using an automated pipet). The system was then mixed and
centrifuged, and the swelling equilibrium was measured after 48 hours. Then the sequence
was repeated until the second solvent concentration reached just slightly less than 5 mol%
second solvent, on the basis of total solvents added to the system (for results see section
3.2).

The volumetric swelling was characterized by the usual experimental volumetric
swelling extent parameter, the volumetric ratio Qexp, defined as the final swollen volume
(or swollen bed height after the second swelling step) divided by the initial un-swollen
volume (or initial dry bed height) (see [13]). The accuracy of Qexp for the two-step
procedure used in this study was +0.03.

The calculation of Qexp from experimental data was based on a commonly accepted
assumption of a constant void volume fraction i.e. the void volume fraction in the swollen
sample was expected to be equal to that of initial dry sample. Our latest study on swelling
in single solvents suggested that centrifugation caused the swollen sample to be packed
more tightly and the actual or true swelling ratio was higher than the measured one by the
test-tube method [22]. The study also indicated that the extent of compaction depended
mostly on the amount of solvent absorbed by the kerogen, and the relationship between
the actual swelling ratio and the difference (AQ) followed approximately an exponential
trend. Therefore, the following empirical corrective equation is derived from the data of
reference [22]: Qcor — Qexp = 0.0011 - @31021°Cor. The Qcor stands for a corrected, or
actual, swelling ratio. In order to get the most reliable fit suitable for the present study,
the constants in the equation were obtained by forcing the exponential fit curve to go
specifically through the data-points for benzene and NMP. Due to the considerable scope
of error, the Qcor values are shown mainly as an illustration of the consequence of sample
compression during centrifugation.

3. Results and discussion

In previous studies [21-23] on Kukersite oil shale kerogen swelling in single solvents it
was observed that the maximum swelling occurred in high electron donor number (EDN)
solvents such as propylamine and 1-methyl-2-pyrrolidinone (NMP). The molar solvent
uptake by Kukersite kerogen is shown in Figure 1 as a function of the EDN of solvents
used in this study. The value of solvent molar uptake was calculated from Qexp as
(Qexp - 1) /Vu, where Vi is the solvent molar volume (for values see Table 1). The
figure shows the same general trend observed previously for Kukersite oil shale swelling
in 22 pure solvents [21] and emphasizes that high EDN solvents are effective in breaking
kerogen—kerogen non-covalent bond interactions (such as hydrogen bonds), resulting in
maximum swellability. It also shows that there is a limiting molar uptake of high EDN
solvents by the kerogen macromolecular structure (see [24]).

3.1. Swelling in binary mixtures over the whole concentration range

Figures 2 to 4 compare the results from the two-stage swelling experiments with the
results obtained from the earlier reported binary mixture experiments involving direct
single step exposure to pre-prepared binary solvent mixtures (for details see [13]). Open
points correspond to experimental Q values (noted as Qexp) measured using the test-tube
method and, for illustrative purposes, the solid points show corrected Q values as
discussed above (noted as Qcor). Three solvent mixtures (benzene and n-propanol;
benzene and NMP; n-propanol and NMP) were selected here because these result in
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different kerogen swelling behaviors in pre-pared mixtures, as seen and interpreted in our
previous paper [13]. The following is a brief summary of interpretations given in that
study [13]: in the case of the pre-prepared benzene—NMP mixture, a small amount of high
EDN solvent NMP (less than 10 mol% of NMP) increases swelling to approximately the
level of pure NMP due to the NMP’s ability to reduce apparent cross-link density
involving dissociating kerogen—kerogen non-covalent cross-links (i.e. hydrogen bonds);
in the case of the pre-prepared benzene—propanol mixture, the swelling behavior can be
explained as an interplay between the ability of the weaker (than NMP) donor n-propanol
to disrupt kerogen—kerogen non-covalent cross-links and a mixture solubility parameter
mismatch (according to classic thermodynamic swelling theories, the maximum swelling
occurs when values of the solubility parameters of the macromolecule and of the solvent
mixture do match); in the case of propanol-NMP mixture, the swelling behavior is
believed to be influenced by the ability of n-propanol to act in the role of an electron
acceptor (EAN=37.7; EDN=19.8) relative to the strong electron donor solvent NMP in
the mixture. Again, the pre-prepared mixture swelling experiments were done by the
method previously described [13], whereas in the two-stage swelling procedure of interest
of this study, the swelling was performed first in one solvent followed by addition of a
desired amount of a second solvent achieving a desired solvent mixture composition in
the swelling tube. For the two-stage swelling, in the case of benzene—n-propanol and
benzene—NMP mixtures, benzene was the first solvent added to the tube, and in the case
of the n-propanol-NMP mixtures, the n-propanol was the first added solvent.

Figures 2 to 4 show similarities in the trends in the results from both types of
experiments: for the same solvent pairs the kerogen’s swelling behavior follows quite
similar trends as a function of solvent composition (composition based on solvents added
to the test tube). Also, the maximum extent of swelling is comparable, regardless of how
the experiments are conducted, though the absolute values are often clearly different from
the two types of experiments. Although the differences seen are modest in extent (keeping
in mind the £ 0.03 deviation for two-step swelling and +£0.02 for pre-prepared mixture
swelling), these results might still be significant in terms of signaling a possible path
dependence of the swelling process. For example, Figure 2 shows that when the n-
propanol is added after the kerogen has first been swollen in benzene, low concentrations
(<40%) of n-propanol are not particularly effective in increasing the swelling to values
above those for benzene by itself, while above 50 mol% equivalent in the final mixture
of the sequential experiment, the swelling is always comparable to that from the
experiment in which the two solvents are added at the same time. This could reflect the
fact that the n-propanol cannot be readily absorbed by the benzene-swollen kerogen
matrix, until the chemical potential of the propanol exceeds a critical value. There is a
large solubility parameter mismatch between these two solvents (see Table 1), though
they are miscible. The observed behavior, in which the kerogen is more effectively
swollen by an equimolar solvent mixture than in the sequential exposure experiments,
mirrors other results obtained by swelling coal with methylnaphthalene (a non-
specifically interacting solvent, like benzene) and methanol (a specifically interacting
solvent, like n-propanol). In these latter experiments, immediate exposure to the mixed
solvent resulted in a higher asymptotic swelling than sequential exposure, regardless of
which solvent was used for the initial swelling [25]. Such path-dependent swelling
behavior is not unique to the cross-linked organic matter of fossil fuels. Such hysteresis-
like behavior has been observed in the swelling of cross-linked polystyrene resins in
binary solvents [26]. It should be kept in mind that we believe that the results shown in
Figure 2 are not kinetically determined, in that enough time has been allowed for the
system to reach apparent equilibrium.



On the other hand, it is important to note, that due to kerogen’s capabilities to
selectively uptake solvent from the solvent mixture [13], it cannot be unequivocally
claimed that the solvent compositions shown in Figures 2 to 4 for the two different
experiments are identical, insofar as the actual liquid concentrations were not measured
here. For example, in one preliminary experiment we determined directly the change in
solvent concentration during kukersite swelling in pre-prepared binary mixtures of
propanol:benzene (at 10:90) by gas chromatography. The experiment showed that the
solvent mixture concentration above the swollen kukersite changed by about 2% (from
10:90 of propanol:benzene to 8:92), indicating that estimated solvent composition
contained within the swollen network was about 20:80, thereby confirming existence of
selective uptake, even in the case of solvents with weaker donor strength such as propanol
(EDN=19.8). Thus it is likely that some of differences between the two different types of
experiments in Figures 2 through 4 are attributable to differences in uptake of the two
components, despite plotting of the points from the two different experiments at the same
nominal concentrations. Still, the similarity of the trends with composition are so striking
that it is unlikely that differences in amounts of uptake in the two experiments can explain
the observed absolute differences.

3.2. Drop based swelling experiments

Figure 5 presents the results of experiments in which the second solvent was added by
sequential drops to a pre-swollen sample. These experiments are similar to those
performed by Larsen et al. on coals [27]. Like the coal studies, Figure 5 shows swelling
ratio profiles where the swelling ratio data are plotted as a function of millimoles of
second solvent added per gram of dry kerogen. The non-polar (non-specifically
interacting) solvent toluene was chosen as the base solvent, i.e., as the solvent for the first
swelling stage. Two different strong EDN solvents, NMP (EDN = 27.3) and propylamine
(EDN = 55.5), were used as swelling-promoting solvents in the second stage. While in
the first series of experiments described in the previous section, following the second
swelling stage both solvents were in excess relative to their kerogen uptake capacities,
then here the second solvent, that added dropwise, can be in deficit relative to the
capability of the kerogen to imbibe it.

The two experimental swelling ratio profiles (open squares for NMP and open circles
for propylamine as the second solvent) in Figure 5 show similar trends to each other and
also qualitatively similar trends to that described by Larsen et al. [27] for coals — addition
of small amounts of high EDN solvents can result in increased swelling of a network that
was previously in equilibrium with respect to a non-specifically interacting solvent. In
the earlier coal studies, this increase of the swelling ratio upon addition of high EDN
solvent was explained by the solvent’s ability to act as a hydrogen bond (or other strong
electron donor-acceptor) breaker. This led to reducing macromolecule-macromolecule
physical interactions, reducing effective network cross-links, and rendering the structure
more elastic. In this way, the entropic favorability of solvent imbibition manifests itself,
as there is no longer as large an enthalpic penalty for swelling the network structure by
greater solvent uptake. The same phenomenon is likely responsible in the system in this
study.

Moreover, in the earlier coal studies it was also determined, by gas-chromatographic
measurements, that all the added high EDN solvent was completely absorbed into the coal
macromolecular swollen structure, up to some specific limiting concentration (measured
in millimole of high EDN solvent per gram of coal), with the specific concentration
depending on the coal used. Assuming that the complete absorption of high EDN solvent
can occur also in kukersite kerogen swelling, then the lines in Figure 5 correspond to
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“hypothetical swelling increase” that could be caused only by absorption of all drop-wise
added strong electron donor solvent (NMP solid line, propylamine dashed line). It can be
seen from Figure 5 that initially (below 1 mmol of solvent added per gram of kerogen)
the increase in swelling ratio (Qexp) is clearly larger than could be accounted for by uptake
of the swelling promoting solvent alone. Again, the open points (Qexp) are the
experimentally measured values, and the corresponding lines correspond to a system
where no compaction occurs during swollen sample centrifugation. Therefore, for
illustrative purposes, the corrected swelling ratios for NMP as a second solvent are also
shown as solid points in Figure 5. This comparison illustrates the consequence of the
greater elasticity of the swollen network right away at the smallest amounts of added
second solvent, as it is network elasticity that also results in greater compaction.

4. Conclusions

The observation that significant extents of swelling of Kukersite kerogen macromolecular
organic matter is achievable only in the presence of strong electron donor number (EDN)
solvents, which are able to disrupt kerogen—kerogen specific interactions (such as
hydrogen bonds), is supported by the results of this investigation.

Small amounts of specifically interacting high EDN solvents, such as NMP and
propylamine, can act as promoters for increased swelling when added to pre-swollen
samples in the non-polar (non-specifically interacting) solvent such as toluene. This is
consistent with observations from earlier studies on coal macromolecular networks.

Over the whole concentration range, regardless of how the binary mixture based
solvent swelling experiments were conducted (using pre-prepared mixtures or the two-
step swelling procedure), the swelling behavior and the maximum extents of swelling
obtained were comparable. In terms of maximizing the swelling, the binary solvent
mixtures did not perform any better than pure strong electron donor solvents (such as
NMP or propylamine).
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Table 1. Properties of the solvents used

Solubility parameter
Solvent 5, 1{4‘1’,31 : EDN EAN R\qf(;:?:nvng/l::ﬁe
Propylamine 18.2 55.5% 4.8° 83.0
NMP® 23.1 27.3 13.3 96.5
n-Propanol 24.5 19.8 37.7 75.2
Benzene 18.8 0.1 8.2 89.4
Toluene 18.2 0.1 3.3 106.8

* Ethylamine EDN and EAN values were used for propylamine.
® NMP stands for 1-methyl-2-pyrrolidinone.

(Q-1)/Vy;, mmol/cm?

5

5_

® 4
4_
3 ¢ 3
¢ 1
‘92
1 T T T T T
0 10 20 30 40 50

EDN

Fig. 1. Variation of solvent molar uptakes with Gutmann’s electron donor number (EDN).
(1) benzene; (2) toluene; (3) n-propanol; (4) NMP; (5) propylamine (EDN value in this
case is taken to be the same as that for ethylamine). The parameter Vv is solvent molar
volume, as given in Table 1.
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Fig. 2. Kukersite kerogen swelling in benzene and n-propanol mixtures. The open
triangles correspond to results from the two-step swelling experiments with benzene as
the first solvent. The open circles are for the comparative pre-prepared solvent mixture
experiments. The solid points are corrected values for illustrative purposes.
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correspond to the results from the two-step swelling experiments with benzene as the first
solvent. The open circles are for the comparative pre-prepared solvent mixture
experiments. The solid points are corrected values for illustrative purposes.
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Fig. 4. Kukersite kerogen swelling in n-propanol and NMP mixtures. The open triangles
correspond to the results of the two-step swelling experiments with n-propanol as the first
solvent. The open circles are for the comparative pre-prepared solvent mixture
experiments. The solid points are corrected values for illustrative purposes.
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Fig. 5. Impact of small amounts of swelling promoting solvents on swelling of Kukersite
kerogen pre-swollen in toluene. Lines indicate “hypothetical swelling increase” when
only all dropwise added strong electron donor solvent (EDN solvent) is absorbed into
kerogen structure and causes the extended swelling.
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