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SOLVENT SWELLING OF DICTYONEMA OIL SHALE

K. KILK, N. SAVEST, J. HRULJOVA, E. TEARO,
S. KAMENEV, V. QJA

Department of Chemical Engineering
Tallinn University of Technology
Ehitajate Rd. 5, 19086 Tallinn, Estonia

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.

I ntroduction

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 shalesistypically 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
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being a low oil yield oil shale [11] (exemplary Fischer assay, |SO-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) shalein 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 origina clay minerals
were observed after acid treatment, the only original mineral left was pyrite.
The major mineral formed was hieratite (K,SiFg). Finaly, the sample was
ground and sieved to get a size fraction of 0.32—100 pum. 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 solventsused in swelling studies: molar volumes
(Vm), solubility parameters (Hildebrand &; dispersion &; polar d; hydrogen-
bonding &) and Guttmann’s electron donor numbers (EDN), and electron
acceptor numbers (EAN)

Solvents Vi d, Jp, Jp, OHs EAN | EAN
em¥mol | (MPa)¥? | (MPa)*? | (MPa)*? | (MPa)Y?

1 [Acetone 74.0 20.3 155 104 7.0 17.0 | 125
2 | Acetonitrile 52.6 24.3 15.3 18.0 6.1 141 | 189
3 | Aniline 91.5 21.3 194 51 10.2 35
4 |DMF 77.0 24.5 174 13.7 11.3 26.6 | 16.0
5 | Ethanol 58.5 26.0 15.8 8.8 194 19.2 | 37.1
6 |MEK 90.1 19.0 16.0 9.0 51
7 | Methanol 40.7 29.3 151 12.3 223 19.1 | 413
8 |[NMP 96.5 231 18.0 12.3 7.2 273 | 133
9 | n-Propanol 75.2 245 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 80.9 219 19.0 8.8 5.9 331|142
12| Tetrahydrofuran 81.7 18.6 16.8 5.7 8.0 20.0| 80
13| Benzyla chohol 103.6 24.8 184 6.3 137 | 230 36.8
14| Methylnaphthalene | 138.8 20.3 20.6 0.8 4.7
15| Benzene 89.4 18.8 184 0.0 2.0 01 | 82
16| Hexane 131.6 14.7 14.9 0.0 0.0 0.0 | 00
17| o-Xylene 106.8 18.0 17.8 1.0 31 5
18| Toluene 102.7 18.2 18.0 14 2.0 0.1
19| Nitrobenzene 715 205 20.0 8.6 41 44 | 33
20| Nitroethane 54.3 22.7 16.0 155 45 5 14.8
21| Nitromethane 63.9 26.0 15.8 18.8 51 2.7
22| Dichloromethane** | 106.8 20.3 18.2 6.3 6.1 0.0 | 205

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, afew 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 = hy/h;, where hy —initia height of the un-swollen
sample and h, —equilibrium height of swollen oil shale. In order to more
conveniently compare/analyze results, also swelling ratio on a dry mineral
matter-free basis, Qumy, and molar solvent uptake as (Qumy — 1)/Vi, Were
used. The Qg Were determined from the equation (1):
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where Xy is the kerogen mass fraction, X, iS the mass fraction of mineral
matter, pog is the kerogen density (taken 1.15 g/em®, estimated from
densities of Typell kerogens [21-23]) and pni, 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-trested Dictyonema oil shale
samples in 22 solvents. The datais re-plotted in Fig. 1 to illustrate graphically
variation of swelling ratios (dry minera free matter basis) with Hildebrand
solubility parameters of solvents. Thisis atraditional way to present swelling
results for estimation of solubility parameter. Formation of a bell-shape curve

Table 2. Swelling char acterized by means of swelling ratio Q and swelling ratio
on dry mineral ash free basis Qgmmi- The Qgmms Was calculated using equation (1)

No | Solvent Q Qdrmf
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 1.05 112
11 | Pyridine 1.07 1.16
12 | Tetrahydrofuran 1.06 1.13
13 | Benzylachohol 101 101
14 | 1-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 Tablel 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 parametersin 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 severa
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 ail
shales: 1.4-1.7 for Kukersite oil shale, up to 1.8 for Rundle cil 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, ail
shale kerogens, the complex crosslinked macromol ecules, are known to have
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two types of cross-links: covalent and non-covalent ones. While the covalent
crossiink 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-covaent 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, (Qgrmmt — 1)/Vin,
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 severa
solvents.



32 K. Kilk et al.

unusual phenomenon in solvent swelling studies, and a dight shrinking has
been observed aso 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 mineras [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, isthat 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 qil 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 Goynik [4] oil shales using the Flory-Rehner model and its
extension, the Kovak modd [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 (Qumr = 0.89 for acetone) was taken to be 1,
and others were corrected accordingly by adding 0.11 to corresponding
swelling ratios Qumny. 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 (x) 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,
X=Xs+ (- 0), )

where y is interaction parameter, ys is taken constant with a value of 0.35, R
isideal gas constant, T is temperature, Vs is molar volume of the solvent, d¢
is solubility parameter of solvent and ¢ 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 Geeis given as:

QQ = exp[-aQ(3, - 3)°], 3

where Q and Q. are the swelling ratio and the maximum swelling ratio
respectively, ds and ¢ 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
[QIN(QrendQ)]M? versus s of solvents used [31, 32]. Figure3 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 Table4 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. Thetotal solubility parameter (in principle the Hildebrand solubility
parameter) calculated from three deter mined Hansen solubility parameters
are shown for comparison

Hiildebrand o) % o} &= 5% + é + cﬁ

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
[Q7 IN(Qued/Q)]¥? as a function of solubility parameters (do) of solvents. The
scettery 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 aver age molecular weights
per cross-linksfor Dictyonema oil shale. Literature valuesfor other oil shales
(Green River [6], Goynuk [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
Goynuk 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 pointsin 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 swelability
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 crosdinks.

Acknowledgements

The authors wish to thank the Institute of Geology of TTU for providing
Dictyonema Agrillite samples. Thiswork received financial support from the
Estonian Science Foundation, under Grant 7222.



Solvent Swelling of Dictyonema Oil Shale 35

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

Lutch, L. M., Peppas, N. A. Crossinked macromolecular structures in
bituminous coas. Theorethical and experimental considerations// AIP Conf.
Proc. 1981. Val. 70, No. 1. P. 28-48.

Otake, Y., Suuberg, E. M. Temperature dependence of solvent swelling and
diffusion processesin coals// Energ. Fuel. 1997. Vol. 11, No. 6. P. 1155-1164.
Savest, N., Oja, V., Kaevand, T., Lille U.// Fuel. 2007. Vol. 86, No. 1-2.
P. 17-21.

Ballice, L. Solvent swelling studies of Goynik (Kerogen Type-1) and Beypazari
oil shales (Kerogen Type-11) // Fuel. 2003. Vol. 82, No. 11. P. 1317-1321.
Larsen, J. W, Li, S. An initial comparison of the interactions of Type | and 111
kerogens with organic liquids // Org. Geochem. 1997. Vol. 26, No. 5/6. P. 305—
309.

Larsen, J. W, Li, S Solvent swelling studies of Green River kerogen // Energ.
Fuel. 1994. Val. 8, No. 4. P. 932—936.

Solomon, P. R, Serio, M. A., Suuberg, E. M. Coa pyrolysis: experiments,
kinetic rates and mechanisms// Prog. Energ. Combust. 1992. Vol. 18. No. 2.
P. 133-220.

Solomon, P. R, Hamblen, D. G.,, Carangelo, R M., Serio, M. A, Desh-
pande, G. V. General model of coal devolatilization // Energ. Fuel. 1988. Val. 2,
No. 4. P. 405-422.

Fomina, A. S. Chemical Composition of Baltic Qil Shale Kerogen// United
Nations Symposium on the Development and Utilization of Qil Shale
Resources. — Tallinn: Academy of Science of Estonian SSR, 1968.

Koel, M., Ljovin, S, Hallis, K., Rubin, J. Using neoteric solvents in oil shale
studies // Pure Appl. Chem. 2001. Vol. 73, No. 1. P. 153-159.

Oja, V. Is it time to improve the status of oil shale science? // Oil Shale. 2007.
Vol. 24, No. 2. P. 97-99.

Elenurm, A., Oja, V., Tali, E., Tearo, E., Yanchilin, A. Thermal processing of
dictyonema argillite and kukersite oil shale: transformation and distribution of
sulfur compounds in pilot-scale Galoter process// Oil Shale. 2008. Vol. 25,
No. 3. P. 328-334.

Loog, A., Kurvits, T., Aruvéli,J., Petersell,V. Garin size anaysis and
mineralogy of the Tremadocian Dictyonema shale in Estonia// Oil Shale. 2001.
Vol. 18, No. 4. P. 281-297.

Graber, E.R, Mingelgrin,U. Clay swelling and regular solution
theory // Environ. Sci. Technol. 1994. Vol. 28, No. 13. P. 2360-2365.

Mesci, N., Sendlet, A, Togrul, T., Olcay, A. Effect of acid treatment on volumetric
swelling ratios of coals// Turk. J. Chem. 2001. Vol. 25, No. 4. P. 397-403.
Hansen, C. M. Hansen Solubility Parameters: A User’'s Handbook. — Boca
Raton, Florida: CRC Press, 2000.

Karger, B. L., Shyder, L. R,, Eon, C. An expanded solubility parameter treat-
ment for classification and use of chromatographic solvents and adsorbents.
Parameters for dispersion, dipole and hydrogen bonding interactions// J.
Chromatogr. 1976. Vol. 125, No. 1. P. 71-88.

Terada, M., Marchessault, R. H. Determination of solubility parameters for
poly(3-hydroxyalkanoates) // Int. J. Biol. Macromol. 1999. Vol. 25, No. 1-3.
P. 207-215.



36

K. Kilk et al.

19.

20.

21.

22,

23.

24,

25,

26.

27.

28.

29.

30.

31.

32.

33.

Behbehani, G. R, Hamedi, M., Rajabi, F. H. The solvation of urea, tetra-
methlyurea, TMU, in some organic solvents// Int. J. Vibr. Spec. 2001. Vol. 5,
No. 6. [http://www.ijvs.com/volumeb/edition6/section3.html].

Malavolta, L., Oliveira, E., Cilli, E. M., Nakaie, C. R. Solvation of polymers as
model for solvent effect investigation: proposition of a novel polarity
scale // Tetrahedron. 2002. Vol. 58, No. 22. P. 4383-4394.

Okiongho, K. S, Aplin, A. C., Larter, S. R. Changes in Type Il kerogen density
as a function of maturity: evidence from the Kimmeridge clay formation //
Energ. Fuel. 2005. Val. 19, No. 6. P. 2495-2499.

Senftle, J. T., Yordy, K. L., Barron, L. S, Crelling, J. C. Whole rock and isolated
kerogen characterization studies: observations of sample type preparations upon
petrographic and chemical characterization of New Albany Shale// Org.
Geochem. 1991. Vol. 17, No. 2. P. 275.

Sankiewicz, B. A., Kruge, M. A, Crelling, J. C., Salmon, G. L. Density gradient
centrifugation: application to the separation of macerals of type I, II, and Il1
sedimentary organic matter // Energ. Fuel. 1994. Val. 8, No. 6. P. 1513-1521.
Smith, J. W. Relationship of Oil Yield to Oil Shale Industry // United Nations
Symposium on the Development and Utilization of Oil Shale Resources. -
Tallinn: Academy of Science of Estonian SSR, 1968.

Suuberg, E. M., Otake, Y., Langner, M. J., Leung, K. T., Milosavijevic, |. Coal
macromolecular network structure analysis. solvent swelling thermodynamics
and itsimplications // Energ. Fuel. 1994. Vol. 8, No. 6. P. 1247-1262.
Carbognani, L., Rogel, E. Solvent swelling of petroleum asphaltenes // Energ.
Fuel. 2002. Val. 16, No. 6. P. 1348-1358.

Larsen, J. W,, Flores, C. 1. Kerogen chemistry 5. Anhydride formation in,
solvent swelling of, and loss of organics on demineralization of Kimmeridge
shales// Fuel Process. Technol. 2008. Val. 89, No. 4. P. 314-321.

Barr-Howell, B. D., Peppas, N. A. Importance of junction functionality in
highly cross-linked polymers // Polym. Bull. 1985. Vol. 13, No. 2. P. 91-96.
Peppas, N. A., Lucht, L. M. Macromolecular structure of coals. X. Thermo-
dynamic interaction parameter for solvents and coa networks// Polym. Bull.
1986. VVal. 16, No. 4. P. 375-379.

Farve, E. Swelling of crossdinked polydimethylsiloxane networks by pure
solvents: influence of temperature// Eur. Polym. J. 1996. Vol. 32, No. 10.
P. 1183-1188.

Gee, G. Interaction between rubber and liquid. V. Factors governing the
absorption of oil by rubber // Trans. Inst. Rubber Ind. 1943. Vol. 18. P. 266—
281.

Yagi, Y., Inomata, H., Saito, S. Solubility parameters of an N-isopropylacryl-
amide gel // Macromolecules. 1992. Vol. 25, No. 11. P. 2997-2998.

Oja, V. Characterization of tars from Estonian Kukersite oil shale based on their
volatility // J. Anal. Appl. Pyrolysis. 2005. Vol. 74, No. 1-2. P. 55-60.

Suuberg, E. M., Sherman, J., Lilly, W.D. Product evolution during rapid
pyrolysis of Green River Formation oil shale// Fuel. 1987. Vol. 66, No. 9.
P. 1176-1184.

Received September 23, 2009



