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Abstract. The organic matter in oil shale (kerogen) contains vast potential as
its structure is rich in easily convertible and versatile building blocks. Due
to the complex structure of kerogen, simplifications are often used in order
to obtain any information about the mechanism of its processing. This paper
presents an approximate two-stage kinetic model which has been constructed
to describe the wet air oxidation (WAQO) process of the kerogen of Estonian
kukersite oil shale, i.e. an alternative oil shale treatment process. The results
obtained highlight the basic mechanisms of oil shale oxidation by molecular
oxygen in water into different products. These outcomes add to the already
existing knowledge on the structure of kerogen and validate it. The composed
two-stage reaction formula outlines a fast reaction period which describes the
dissolution of organic material, followed by a slower oxidation of dissolved
substances. The attained high dissolution rate of kukersite kerogen illustrates
the potential for recovering feedstock chemicals. The rate constants found
remained independent of the oxygen-to-carbon ratio and good agreement was
observed between calculated kinetic curves and experimental values.
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1. Introduction

Estonian oil shale, named kukersite, is a sedimentary rock from the Ordovician
era containing up to 50% of organic matter (kerogen) [1-3]. To produce oil
and chemicals, the cross-linked macromolecular structure of kerogen must be
partially decomposed to low molecular weight organic compounds. The most
common conversion process for oil shale is pyrolysis at temperatures over
400 °C, producing shale oil and some fine chemicals as by-products (phenolic
compounds). The oil products from Estonian kukersite oil shale are a complex
mixture of hydrocarbons and aromatic compounds, and, unlike oil from
conventional crude, have a high oxygen content [4-6]. Alkyl resorcinols are
the most characteristic group of oxygen-containing compounds in shale oil.

Another possibility for disintegrating oil shale macromolecular matrix is
partial oxidation. In order to investigate the air oxidation process of kerogen
and the associated CO, formation, the information about kerogen structure
is essential. The proposal about the origination of oil shale mainly from
Gloeocapsomorpha prisca microorganisms was made by Fokin [7] as early
as a hundred years ago. Later, Blokker et al. [8] showed by means of RuO,
oxidation that the kerogen matrix of kukersite mainly consists of resorcinol
units linked by hydrocarbon chains. This suggestion is well consistent with
the findings of Lille [9] and Burdelnaya [10], who analysed the structural
fragments in kukersite by the means of *C NMR. The reported estimates of
aromatic carbon content in kukersite are in the range of 15-22% [9-12].

In order to develop technologies which would directly produce valuable
dicarboxylic acids from oil shale, both nitric acid [13—16] and molecular
oxygen in a non-catalytic process [17, 18] have been used. In the previous
studies by Kaldas et al. [19, 20], the results of wet air oxidation (WAO) applied
to oil shale concentrates at temperatures up to 200 °C were presented. The aim
was to explore the potential for obtaining various feedstock chemicals through
this advanced oxidation process. In wet air oxidation, oxygen reacts with the
hydrocarbon-containing part of kerogen, resulting in decomposition primarily
to carboxylic acids and other water-soluble substances. CO, gas is also formed
concurrently with these reactions. Unlike the pyrolysis process, the conversion
of kerogen with air can be achieved at significantly lower temperatures. An
efficient dissolution of kerogen occurs even at 175 °C and 8 bar of oxygen,
without the need for an external catalyst.

To the best of our knowledge, no previous attempt has been made to
model the wet air oxidation of oil shale through kinetic calculations. Earlier,
the focus has been on the mechanisms of shale oil formation, which are
usually roughly divided into two sequential stages — first the formation of
thermobitumen, then volatiles [21, 22]. This paper proposes that the oxidation
of kukersite by molecular oxygen at significantly lower temperatures can
also be formally divided into two distinctive steps and that these steps can
be distinguished by CO, formation. The idea is based on the knowledge that
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the organic structure of kukersite kerogen contains compounds with widely
varying oxidation potentials. The authors of this paper have shown repeatedly
that methylresorcinols are far more sensitive towards air oxidation than the
rest of the kerogen or formed dicarboxylic acids due to the increased electron
density on the aromatic ring [20, 23]. If oxidized as single compounds,
methylresorcinols are decomposed into CO, within 1 hour at 175 °C with pO,
20 bar, together with the formation of acetic acid, formic acid and butanoic
acid [24]. Detailed analysis of the reaction products of 5-methylresorcinol
oxidation shows that resorcinol moieties follow a reaction pathway similar to
that of phenol via the sequential oxidative destruction of benzoquinones [23].
Carboxylic acids that no longer contain double bonds in their hydrocarbon
backbone remain in solution as compounds less prone to oxidation.
Therefore, the first step formally represents the decomposition of resorcinol
subunits and leads to the formation of water-soluble partially oxygenated
intermediates. The second step represents the further oxidation of the primary
oxidized material into CO,. However, as air oxidation processes are led by
free radical reactions where several pathways run in parallel, the two stages
are in mutual competition. Therefore, a kinetic model is needed for estimating
the contribution of these competing stages and to evaluate at which conditions
the highest value of dissolved organics emerges. It should also be noted that
resorcinols can act as co-oxidants if placed in the same solution with oil shale
or carboxylic acids, i.e. they can promote the oxidative decomposition of other
inherent substances and thereby increase the amount of CO, emitted [20, 23].
In this paper, the formal kinetics of the formation of water-soluble organics,
CO,, and the amount of unreacted carbon during the oxidation of kerogen by
oxygen was investigated. The findings of the paper are a good example of
whether and how the behaviour of a complex material, like kerogen, can be
predicted based on a limited amount of data when considering the general
elemental composition and structural model of kerogen. A kinetic model of
kerogen oxidation would allow modelling the course of the reaction, thereby
enabling the prediction of the distribution of products in a wide range of
reaction conditions, namely, varying the oxygen and oil shale concentrations.
The obtained results were used to discuss the oxidation mechanism and the
initial structure of kerogen and its resorcinol content. However, it should be
kept in mind that this model is only valid for kukersite oil shale kerogen as it
assumes the presence of oxygen-rich alkylresorcinols in the structure.

2. Materials and methods
2.1. Oil shale oxidation

Calculations were made using experimental data from previous publications
[19, 20]. In these experiments, oil shale with the organic content enriched to
70% was used (hereafter referred to as K-70). Briefly, the 500-mL stainless
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steel pressure reactor (4575A, Parr Instrument Company, Moline, I, USA)
was half filled with a water-K-70 slurry with concentrations of 20, 30 and
40 g/L. The volume of water added (200 ml) was kept constant throughout the
experiments. The reactor was pressurized up to 40 bar with oxygen-nitrogen
mixtures with oxygen concentrations of 21%, 50% or 100%. The reaction
temperature was set to 175 °C in all cases, however, the starting time of the
reaction was defined as the time when the reactor reached 170 °C. The reaction
taking place during the first 10 min of heating from 20 to 170 °C was assumed
to be negligible, as proved by a previous work by Kaldas et al. [20]. Due to
gas expansion, the pressure increased to ca 60 bar. To be able to calculate the
kinetic parameters of the reaction, separate experiments with varying reaction
times from 0.33 to 5 hours were run.

2.2. Measurements

As described earlier, all three phases — gas, liquid and solid — were collected
and analysed at the end of the reaction [19, 20]. The parameters measured
included the content of oxygen and carbon dioxide in the gas phase, carbon
in unreacted kerogen and carbon in the dissolved material. The elemental
composition of organic matter and the dissolved organics was used to establish
the organic carbon ratio between different phases. All insoluble material was
considered to be unreacted kerogen even if it was probably oxygenated to
some extent. Details about the used measuring instruments and procedures
can be found elsewhere [20] and the data on which the calculations are based
is presented in Tables S1 and S2 (in Appendixes).

2.3 Kinetic calculations

Kinetic calculations were done numerically using the Generalized Reduced
Gradient (GRG) solution method by easily available Excel Solver software.

3. Results and discussion
3.1. Material balances of the kerogen oxidation reaction

The two-step oxidation of kukersite is illustrated in Figure 1. During kerogen
oxidation under oxygen excess, two distinctly different slopes for the rate of
CO, formation can be observed, and the point of intersection occurs around
1 hour. Initially, the formation of the dissolved fractions of kerogen (referred
to as the first step) proceeds in parallel with CO, formation. Once the initial
kerogen is depleted, the overoxidation of the dissolved matter (referred to as
the second step) begins to dominate. As a result, the average molecular weight
of the remaining compounds decreases and the majority of the soluble fraction
is composed of formic, acetic and succinic acids (C(C1-C4)) after a 5-hour
reaction. However, it is evident that the rate of CO, emission during the second
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Fig. 1. Two-stage CO, release during kerogen air oxidation and associated organic
carbon distribution in products. Reaction conditions: K-70 = 20 g/L, pO, = 40 bar;
C(C1-C4) represents carbon in low molecular weight carboxylic acids.

stage is significantly lower than that of the initial oxidation of kerogen. During
prolonged reaction times or at higher temperatures, the complete destruction
of the organic kerogen skeleton occurs, resulting in the formation of CO, and
water [19].

The oxidation of organic matter occurs in all three different aggregate states:
solid kerogen, liquid (water, which partly dissolves the reaction products) and
gaseous oxygen. The calculations are conducted based on the assumption that
the reaction follows a two-stage process, wherein the initial stage involves the
partial oxidation of solid kerogen, resulting in dissolved organic matter. The
second stage involves the disintegration of the dissolved matter into carbon
dioxide and water. Therefore, the oxidation reaction proceeds according to the
following simplified sequence:

kerogen —> dissolved organics —> CO, + H,0

A theoretical solution for similar mixed-type reactions has been proposed
[25]. However, a closed-form calculation for determining the differential
equation cannot be employed in this case due to the need for optimization
of various factors, including the amount of carbon dioxide in the first stage
(represented by factor m), the amount of oxygen in the dissolved material
(represented by factor 1), as well as the rate constants &, and &, for example,
when the stoichiometry of the kerogen oxidation reaction is unknown.
Therefore, the kinetic reaction rates were calculated numerically using the
Generalized Reduced Gradient (GRG) solution method.
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The elemental composition of K-70 is given in Table 1. From the values in
Table 1 the carbon-based formal molecular formula of kerogen was calculated
to be CH, ,,O

1.3970.11°

Table 1. The chemical composition of the oil shale 70% concentrate sample, wt%

Parameter C H N S (0] TIC? TOCY* TOO**

Value 57.8 6.7 0.16 0.7 19.1 1.3 56.5 8.5

TIC® — total inorganic carbon; TOC® — total organic carbon; TOO® — total organic oxygen; *calculated

values.

When building the reaction model, the value of total organic oxygen
must be used to exclude the oxygen in carbonate minerals as these do not
participate in the oxidation reaction. The amount of organic and inorganic
oxygen in kerogen was estimated by using the GOST 2408.3—95 standard
method, which takes into account the content of ash, crystalline water and
other components present in the material. Additionally, this work does not
consider the oxidation of kerogen sulphur and nitrogen as their concentration
in K-70 is low, and also due to the previous knowledge on WAO processes
which suggests that most of the organic nitrogen and sulphur will be liberated
as nitrates and sulphates [23].

For the dissolved organics, the measured oxygen content included partly
soluble sulphates and other minerals (< 10 wt% of dissolved mass) as there is
no standardized method for their separation without changing the composition
of'dissolved organics. An H/C balance of 1.71 with a standard deviation 6=0.2
(see Table S2, Appendixes) was obtained from the results of the elemental
analysis of the dissolved organics. The general formula for the dissolved
organic subunit was calculated to be the following:

(CHIJIOn )N’

where n is a variable subject to this investigation and is assumed to be dependent
on the O, /C _ balance during the reaction (O - is the concentration
of dlssolve(f oxygen in the water phase and C, is the amount of carbon in
kerogen). Based on the composition of kerogen 'with the addition of x moles
of oxygen, the oxidation reaction that converts one unit of kerogen into one
unit of dissolved organic compound can be described by the following reaction

(Eq. (1)):

CH;y390011 + x0; = Cu—myHi710-m)Ona-my + mCO, + yH,0, (1)

kerogen dissolved organics

where the parameter m is the amount of CO, generated from each carbon C,
during the course of dissolution, reflecting the amount of the formed CO,,.
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The total C balance for a subunit follows Equation (2):
Crotar=1—-—m +m=1. (2)

The total H balance for a subunit obeys Equation (3):

Hiotar = 1710 —m) + 2y = 1.39. 3)
dissolved H,0 initial kerogen

From Equation (3) y must have the following value (see Eq. (4)):
y=0.86-0.15. 4

From Equations (1) and (3) the oxygen parameter x has the following value

(see Eq. (9)):
x=n/2(1-m)—0.13 + 1.39 m. &)

The second oxidation stage describes the oxidative decomposition of the
dissolved organic material and is assumed to have the following formula (see

Eq. (6)):
CH, 1,0, + z0, = CO, + 0.86H,0, (6)

where
z= (285-n)/2. (7)

3.2. The Kkinetic equations

It is assumed that both these reactions (Eqns. (1) and (6)) proceed formally
by the second-order reaction kinetics with rate constants k, and k,. Thus, the
kinetic model for Equation (1) is as follows:

TCher — —kq [Cker] [OZ(GQ)]’ ®)

wherer, is the reaction rate for the disappearance of carbon in kerogen (with
the unit mmol/(dm?s). The corresponding rate equation for stage two is the
following (Eq. (9)):

Teaiss = —K2[Cliss] [Oz(aq)], )]

where 0, is the concentration of oxygen in the liquid phase according to
Henry’s law (Oz(aq) = H-Oz(g)), with Henry’s constant H = 8.94-10* mol O,/atm
[26,27]. Thus, reactions (8) and (9) (resp. Eqns. (8) and (9)) are both dependent
on the partial pressure of oxygen.
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From the balances in Equations (5) and (7) we get Equations (10) and (11):

d02 tot deer dCdiss
= .85 — 10
dt dt dt (2.85=m)/2, (10)

0, =0, +0 (11)

2(ton) 2(aq) 22"

n
(G(1—m) =013 +139m) +

The rate of CO, development can be defined as Equation (12):
dCOZ =m deer + dCdiss
dt dt dt -~ (12)

The following data reflect the attempt to optimize the parameters n (the
amount of oxygen in the dissolved organics) and m (the amount of CO,
generated for each dissolved kerogen carbon unit) and the two rate constants
k, and k,in such a way that the calculated reaction kinetics are as close to
the experimental results as possible. These experimental results stem from 47
different measurement points, each comprising four distinct quantities. These
quantities include O,, carbon (C) in both kerogen (C, ) and dissolved matter
(C,,)> as well as CO,. The experimental values were measured at 20, 40, 60,
etc., minutes. The optimization was performed by minimizing the sum of
squared difference between experimental and assumed kinetic functions. The
numerical integration was performed at 20-second steps (dt).

The authors acknowledge that this model is a simplified representation
of the real process, starting with the second-order reaction kinetics and
considering the oxygen concentration in the liquid phase, which depends not
only on the partial pressure of oxygen but also on the pressure of other gaseous
ion concentrations in the water phase. However, the aim is to demonstrate
the feasibility of such a minimalistic model to explore future possibilities for
alternative uses of oil shale as a chemical feedstock.

3.3. The reaction model of oxidation

The calculated values from seven different combinations of oxygen
concentrations and amounts of K-70 are presented in Table 2. The different
experimental conditions are characterized by the amounts of oxygen dissolved
and carbon in kerogen at the start of the reaction (02( /C, att=0). The
N R R _ 2(aq) ker
calculation considers the optimum values for seven different k, k,, and n and
one single m. Various test optimizations showed that the best fit for the system
was when the value of parameter m was set constant for all the seven cases,
e.g., further optimization was calculated with a mutual CO, development. This
indicated that the kerogen decomposition yielded constant amounts of CO,
independently of oxygen concentration. Table 2 shows the optimum value of
m (-ACO,/AC, ) to be close to 0.2.
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Table 2. The calculated reaction parameters for kerogen oxidation with oxygen

O, conc., K-70, AOz(aq)/AC o ks ks n, m,

% g mmol/mol dm’/(mmol-s) | dm’/(mmols) | OinC, | ACO,/AC,,
100 4 56.1 1.65E-05 1.26E-06 1.73

50 4 28.0 1.58E-05 2.14E-06 1.30

50 6 18.8 1.48E-05 2.88E-06 0.85

50 8 14.0 1.41E-05 1.51E-06 0.95 0.216
21 4 11.8 1.38E-05 6.82E-06 0.30

21 6 7.8 1.31E-05 1.04E-05 1.22

21 8 5.9 3.68E-05 2.93E-06 1.29

conc. — concentration

Based on these data, kinetic curves were formed to compare the calculated
and experimental values (Fig. 2).

Despite all the simplifications, the introduced two-stage oxidation model
describes the experimental results reasonably well as indicated by a close fit
between the experimental and calculated concentrations of C,, CO,, C, and
O, (see Fig. 2, (a)~(f)). The R* values were averaged for all measurands —
oxygen in the gas phase and carbon in kerogen showed excellent fits (values
0f 0.95 and 0.99, respectively) and carbon as CO, exhibited an acceptable fit
(0.9). For the dissolved carbon, the average R* was only 0.76, but this can be
attributed to the complexity of analytical procedures — during evaporation,
some volatile compounds were released. Therefore, the R? result for this
parameter does not accurately describe the fit between the experimental and
calculated results.

The values of k, and k, against Oz(aq)/Cker are presented in Figure 3a. The
variation of parameter n, which is the amount of oxygen in the dissolved
organic matter, against the O,/C, balance is presented in Figure 3b.

As can be seen from Figure 3a, the rate constants &, and k, were shown to be
independent of the oxygen-to-carbon ratio at values higher than 15 mmol/mol,
proving the validity of the model. The rate of dissolution is about one magnitude
higher than the rate of complete oxidation to CO, and H,O (as indicated by
k>>k,). This difference in reaction rates opens a window of opportunity to
produce functional chemicals from the solid organic material called kerogen.
The low conformity of the model with the experimental data at lower O,
concentrations may be caused by the reduced solubility of O, which does not
exactly follow Henry’s law at low partial pressures. As is well discussed by
other researchers, the overall kinetic regime of the wet air oxidation systems is
not only dependent on the relative rates of the reactions occurring in the liquid
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Fig. 2. Calculated (dashed lines) and experimental data (markers) for kerogen
dissolution: (a) 21% O, and 8 g of K-70; (b) 21% O, and 6 g of K-70; (c) 21% O, and
4 g of K-70; (d) 50% O, and 8 g of K-70; () 50% O, and 6 g of K-70; (f) 50% O, and
4 g of K-70. The concentration of dissolved organic matter is marked in red colour,
the increasing concentration of CO, in green, the decreasing concentration of kerogen
in grey and the decreasing concentration of oxygen in blue. All units are mmol/dm? of
water volume, except oxygen, which is the amount of oxygen in the reactor in mmol.



354 Birgit Mets et al.

phase, but also on the mass transfer of oxygen from the gas phase to the liquid
phase [28-30]. Both the decreased oxygen solubility and the ratio of oxygen
gas to fluid at reduced partial pressures affect the oxygen transportation
across the gas-liquid interface. Therefore, the overall oxidation process and
the formation of oxidation promoting radicals proceed more slowly at lower
oxygen concentrations. This indicates that the dissolution mechanism is
following a different path at severe oxygen deficit, but this aspect is outside
the scope of the present investigation.
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Fig. 3. (a) rate constants at different O,/C,  relations (blue — k, orange — £,);
(b) variation of parameter n with O,/C, balance (the trendline does not include 21%
oxygen concentration kerogen loadings of 6 and 8§ g).

Figure 3b reveals the oxygen content in the dissolved organics and shows
that the amount of oxygen incorporated into the dissolved chemicals increased
with higher oxygen concentrations. The values obtained for the O/C molar
ratio of the dissolved material were in good accordance with the mean O/C
values measured during experiments (0.8—1.3, Table S2), indicating the
formation of highly oxygenated compounds such as low molecular weight
dicarboxylic acids. The only exceptions are very low oxygen concentrations,
showing once again that processes with insufficient oxygen have a different
dissolution mechanism.

The reliability of the constructed model was tested through additional
experiments under two different conditions, as indicated in Table 3.

Table 3. Experiments to test the reliability of the proposed model

. pOZ’ Tlme’ ker-initial® 02’ Cker" CCUZ’ Cdis:’
Experiment bar h mmol/dm? mmol mmol/dm? mmol/dm? mmol/dm?
Fig. 4a 30 0.5 685.9 482.4 307.9 113.1 244.8

Fig. 4b 15 0.33 685.9 252.2 559.8 45.5 100.86




A two-step model for assessing the potential of shale-derived chemicals by oxidation of kukersite 355

Using the average values of k, and k,, the corresponding computational
curves for kerogen dissolution were generated based on the input oxygen and
kerogen quantities. The relative difference between the experimental data
(Fig. 4) and the corresponding calculated values for kerogen conversion and
CO, formation is smaller than 15%, indicating a high level of precision in the
model’s assessment.
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Fig. 4. Comparison of the proposed computational results (lines) with additional
experimental data (crosses): (a) K-70 = 20 g/L, pO, = 15 bar, t = 30 min;
(b) K-70 =20 g/L, pO, = 30 bar, t = 20 min.

According to the proposed model, the CO, in the first stage of the process
originates from the decomposition of resorcinol ring carbon. This suggestion
is supported by the fact that the factor m was found to be 0.216, implying
that ~22% of the oxidizing carbons are resorcinol-bound. This is in good
agreement with the findings of other researchers showing that the resorcinol
carbon content in kerogen is close to 21% [9, 10, 12]. Therefore, it can be
proposed that the Lille-Blokker structural model of kukersite used by Mets et
al. [31] may serve as a basis for identifying structure-based transformations
for the further valorization of this fossil fuel, which could become a significant
source of chemicals.

4. Conclusions

The results of this study have established that the oxidation process of oil shale
kerogen with oxygen can be described kinetically as a two-step process. The
presented approach provides a simple model for the oxidation of kukersite,
highlighting the significant role of resorcinol units, particularly at the beginning
of the oxidation process. Comparisons between the calculated kinetic curves
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and experimental values demonstrated good agreement. Furthermore, it was
observed that the rate constants remained independent of the oxygen-to-carbon
ratio. The model showed limited conformity with experimental data at lower
O, concentrations due to the reduced solubility of O,. The dissolution rate
was found to be approximately one order of magnitude higher than the rate of
complete oxidation to CO, and H,O, indicating the possibility of recovering
dissolved compounds. Based on the determined value of m, which represents
the amount of carbon released as CO, per carbon of oxidizing kerogen, it was
concluded that kukersite likely contains around 22% resorcinols.

This data provides valuable insights into the alternative transformation
process of kukersite kerogen and directs future experimental research in this

arca.
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Appendixes
Table 1S. Oxidation results

o, K-70, Time, o, o Coor C,o Chor
% g h mmol | mmol/dm® | mmol/dm® | mmol/dm® | mmol/dm?
100 4 0 703 943 - - -
100 4 0.33 641 387 182 239 135
100 4 0.66 573 89 308 324 222
100 4 1 542 33 450 289 170
100 4 2 512 27 481 219 216
100 4 3 493 22 496 196 228
100 4 4 508 21 496 174 251
50 4 0 343 943 0 0 0
50 4 0.33 310 602 50 67 224
50 4 0.66 291 397 107 169 270
50 4 1 252 313 201 283 145
50 4 2 194 72 330 249 291
50 4 3 158 17 363 194 368
50 4 4 177 18 446 158 320
50 4 5 178 14 488 132 308
50 6 0 343 1414 0 0 -
50 6 0.33 307 947 59 60 349
50 6 0.66 276 675 136 215 387
50 6 1 220 509 295 382 228
50 6 2 133 147 473 369 424
50 6 3 112 39 669 299 407
50 6 4 97 33 702 239 440
50 6 5 93 26 706 208 474
50 8 0 343 1885 0 0 0
50 8 0.33 304 1271 71 88 455
50 8 0.66 261 996 183 246 460
50 8 1 230 661 268 353 603
50 8 2 141 315 458 468 643
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Table 1S. (continued)

o, K-70, Time, o, C..» Coor tse? ross?
% g h mmol | mmol/dm® | mmol/dm® | mmol/dm® | mmol/dm?
50 8 3 114 199 552 430 704
50 8 4 81 138 600 384 762
50 8 5 61 172 681 353 678
21 4 0 144 943 - - -
21 4 0.33 125 761 48 58 76
21 4 0.66 102 638 95 96 114
21 4 1 103 640 102 145 56
21 4 2 59 400 202 233 108
21 4 3 34 238 311 215 178
21 4 4 15 224 359 207 153
21 4 5 7 176 377 187 202
21 6 0 144 1414 - - -
21 6 1 79 1012 140 198 64
21 6 2 27 767 259 265 123
21 6 3 13 627 325 273 189
21 6 4 4 657 326 226 205
21 6 5 1 621 374 262 157
21 8 0 343 1885 0 0 0
21 8 0.33 304 1271 71 88 455
21 8 0.66 261 996 183 246 460
21 8 1 230 661 268 353 603
21 8 2 141 315 458 468 643
21 8 3 114 199 552 430 704
21 8 4 81 138 600 384 762
21 8 5 61 172 681 353 678

Note: C, is the concentration of carbon in the enriched oil shale K-70, C

co2

is the amount of carbon bound

in CO, (mmol), C,, is the carbon bound to dissolved organics and C,  is the carbon amount not accounted.

In the calculations, C, is added to the dissolved carbon as it consists of lighter acids and other oxidized

products formed from oil shale, such as formic and acetic acids. These smaller molecules have a lower

boiling point and will evaporate during the drying of the dissolved material.
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Table 2S. The elemental composition of dissolved material

= =
s | 21512 s s s s |52 lolo
S| 3| & % Z | J | £ 4 | B S | = S
= S

100 | 20 | 033| 68| 0.8 |41.84 | 495 | 231 | nd | nd | 14| nd
100 | 20 | 066 | 104 | 0153736 | 523 | 219 | nd | nd | 17| nd
100 | 20 1] 96| 018 3633 | 509 | 279 | nd | nd | 17| nd
100 | 20 2| 76| 024 3456 | 46| 377 | nd | nd | 16| nd
100 | 20 30 74| 0243162 499 | 376 | nd | nd | 19| nd
100 | 20 40 70| 024 12074 | 437 | 319 | nd | nd | 18| nd
100 | 20 S| 65| 0472833 | 427 | 366 | nd | nd | 18| nd
50 | 20 | 033 | 3.0 | 012 |2640 | 426 | 539 | 049 |39.53 | 19 | 1.1
S0 | 20 | 066 | 59| 016 |3405 | 514 | 323 |<LOD |42.53 | 18| 09
50 | 20 1| 94| 021 3609 | 571 | 262 |<LOD |4243 | 19| 09
50 | 20 2| 84| 025 3569 | 485 | 390 |<LOD | nd. | 16| na
50 | 20 3| 74| 032 3152 | 485 | 414 |<LOD | nd. | 18 | na
50 | 20 4] 75| 0322548 | 499 | 453 | 001 | 4526 | 24 | 13
50 | 20 5| 65| 035 2456 | 428 | 597 |<LOD | nd. | 21| na
S0 | 30 | 033 38| 001 |2355 | 371 | 599 | 094 3900 | 19 | 12
50 | 30 | 066 &1 | 0.5 |31.88 | 518 | 321 <LOD |43.94 | 2.0 | 1.0
s0 | 30 1] 118 | 024 3889 | 510 | 321 | 002 [3922| 16| 08
s0 | 30 2| 135 | 024 |3287 | 519 | 362 |<LOD | 3626 | 19 | 08
50 | 30 30 107 | 037 |3351 | 557 | 208 |<LOD | nd. | 20 | na
50 | 30 4| 104 | 037 |2759 | 463 | 415 |<LOD | 4520 | 20 | 12
50 | 30 5| 90| 039 2767 | 419 | 496 | 010 | nd. | 18| na
S0 | 40 | 033 | 43 | 001 |2441 | 386 | 560 | 085 | 4211 | 19 | 13
S0 | 40 | 066 | 85 | 0.07 3479 | 465 | 324 | 001 4042 | 16 09
50| 40 1 113 | 017 |3742 | 472 | 2.58 |<LOD |39.83 | 15 | 08
50 | 40 2| 152 | 017 3699 | 487 | 228 |<LoD |3947 | 16 | 08
50 | 40 3 150 | 017 3434 | 515 | 229 |<LOD |44.67 | 18 | 10
50 | 40 4] 129 | 019 3565 | 435 | 245 | 001 3192 | 15| 07
50| 40 s | 138 | 018 3075 | 474 | 221 | na 4011 | 19 | 10
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Table 2S. (continued)

o =
= ;D 5 2 B 5 B = = = 9] 9)
s | 5 | E & Z | J = s = s | = S

v = ) E

o} O
21 20 0.33 20| 022 {3524 | 472 | 297 |[<LOD | nd. 1.6 | na
21 20 0.66 3.6 0.17 | 31.54 5.00 2.75 |<LOD n.d. 1.9 n.a
21 20 1 5.7 0.21 | 30.45 4.52 3.61 | 0.009 | 39.35 1.8 0.97
21 20 2 7.9 0.22 | 35.19 4.77 3.07 |<LOD | 38.69 1.6 0.82
21 20 3 7.4 0.24 | 34.84 4.83 3.80 |<LOD n.d. 1.7 n.a
21 20 4 7.7 | 026 | 3242 | 423 | 4.05 |[<LOD | 42.10 1.6 | 097
21 20 5 6.7 0.29 | 33.65 4.25 3.25 |<LOD | 42.33 1.5 0.94
21 30 1 7.1 0.22 | 33.63 4.38 3.36 0.01 | 39.60 1.6 0.9
21 30 2 9.7 0.20 | 32.81 4.95 3.30 0.02 | 40.58 1.8 0.9
21 30 3 8.9 0.22 | 35.83 5.07 3.37 |<LOD n.d. 1.7 n.a.
21 30 4 8.8 0.18 | 30.71 4.77 3.94 |<LOD | 40.01 1.9 1.0
21 30 5 9.1 0.21 | 34.66 4.59 3.30 |[<LOD | 39.73 1.6 0.9
21 40 1 6.3 0.13 | 27.47 3.78 4.04 1.09 | 32.31 1.7 0.9
21 40 2 9.4 0.17 | 32.99 441 3.54 0.03 | 33.72 1.6 0.8
21 40 3 11.1 0.09 | 25.73 4.95 2.93 |<LOD n.d. 2.3 n.a.
21 40 4 9.0 0.11 | 33.07 4.46 2.84 0.03 | 31.76 1.6 0.7
21 40 5 9.1 0.09 | 29.11 4.13 4.34 0.29 | 33.68 1.7 0.9

n.d. — not determined; n.a. — not applicable, as O, % is not determined; <LOD — below the limit of detection
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