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The effect of water vapor on the yield and composition of products formed at 
thermal treatment of Bulgarian oil shale kerogen at atmospheric pressure 
has been studied. It was found that water steam reacts with oil shale organic 
matter significantly affecting the yield and composition of liquid and gaseous 
products. As for the yield of liquid products, it is about 20% higher than the 
yield obtained at Fischer Assay. The yield of semicoke is about 10% less. 
Liquid products formed in the presence of water vapor are richer in aromatic 
and aliphatic hydrocarbons among which long-chain paraffins with up to 33 
carbon atoms predominate. 

Introduction 

Oil shales occur all over the world and their deposits are large. For many 
countries oil shale represents a valuable potential source of liquid hydro-
carbons and energy. The role of oil shale in energy production has not yet 
been estimated well enough because its contribution to today’s world energy 
budget is minimal compared to common energy sources such as petroleum 
and coal. However, with the development of global economy accompanied 
by increasing costs of petroleum and coal, the utilization of oil shale will 
become more important [1, 2]. 

Pyrolysis is the principal method used to convert oil shale to liquid fuels. 
Since organic matter of oil shale contains much hydrogen (7–12%), its 
majority (75–85%) is converted to volatile products at low-temperature 
pyrolysis [3–5]. 

During the process of heating of solid fuels up to the temperature of their 
thermal destruction, organic matter undergoes degradation, associated with 
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breaking of chemical bonds and formation of reactive products, most 
probably free radicals, which, according to their stability, could become 
coupled to each other forming more complex molecules. In the absence of 
hydrogen (semi-coking and coking), the process is shifted towards the 
formation of products of condensation, i.e. semi-coke and coke. In the 
presence of mobile hydrogen, free bonds formed after destruction of the 
molecules are stabilized at the expense of intramolecular redistribution of 
hydrogen or due to additional hydrogen inserted, and as a result the yield of 
the ultimate products of destruction is altered and the yield of the liquid 
products increased. In the case of steam pyrolysis water acts as a physical 
factor influencing heat transfer and favouring fast desorption of low-
molecular products from the solid-phase surface, whereby their subsequent 
cracking is avoided. This helps to increase the yield of liquid products, and 
as a result the evaporated volatile products will reserve specific features of 
the kerogen structure, which allows to use thermochemical destruction as an 
analytical method for investigation of oil shale composition [6–8]. 

The aim of this work was to study thermal treatment of one sample of oil 
shale from the Krasava deposit, which is the most prospective deposit of 
mixed humin-sapropelic origin in Bulgaria. The influence of water vapour 
on the yield and composition of destruction products at atmospheric pressure 
was studied. 

Experimental  

Sample 

Oil shale sample was obtained from the Krasava deposit located near the 
town Radomir in the west of Bulgaria (60 km from the capital Sofia) [9]. For 
pyrolysis experiments, the sample was crushed and thereafter ground in a 
jaw mill until the desired parcticle size was obtained. The sample was sieved 
to obtain the size fraction < 0.2 mm and subjected to a successive 
demineralization process. The results of elemental analysis of raw and 
demineralized oil shale sample are given in Table 1. 
 

Table 1. Characteristics and elemental composition of oil shale and  
its kerogen, % 

Sample W Amf OM CO2 Spyr Stot Cmaf Hmaf Nmaf H/C 

Oil shale 0.41 59.00 24.62 16.38 1.20 1.20 75.80 8.70 1.20 1.37 
Kerogen 0.20 8.10 91.90 – 3.14 7.67 70.89 7.40 1.30 1.26 

 
maf – moisture and ash-free material 
mf – moisture-free material 
OM – organic matter 
CO2 – amount of carbon dioxide 
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Demineralization 

Oil shale sample was demineralized with 10% HCl and HF using a standard 
method [10]. 100 ml of 10% HCl was added to 10 g sample of oil shale. The 
resulting slurry was stirred for 8 hours, thereafter filtered, and 200 ml of 10% 
HCl was added again to the residue. The solid residue stayed for 10 hours at 
room temperature, thereafter it was filtered and washed with distilled water till 
the disappearance of Cl– ions. The sample was dried at 50 °C under vacuum 
for 24 hours.  

Nearly 30 g of the sample was demineralized with 10% HCl and thereafter 
treated with 100 ml conc HF for 1 h at room temperature. After removal of the 
acid, the sample was treated with 50 ml conc HCl for 30 minutes. The 
treatment was repeated, and the sample was filtered and washed with distilled 
water till the disappearance of Cl– ions, and finally dried under vacuum at 
50 °C for 24 hours. 

 
Pyrolysis of the kerogen in the presence of water vapour 

A sample of kerogen (25 g) was subjected to pyrolysis in a stream of water 
vapour under atmospheric pressure at the heating rate of 30 °C/min to the 
final pyrolysis temperature of 400 °C. The duration of pyrolysis at this tem-
perature was 25–30 min. Volatiles formed were collected in a vessel in order 
to condense. Liquid products were separated from the condensed water 
vapor and thereafter separated to organic bases, carboxylic acids, phenols 
and neutral shale oil according to the scheme presented in Fig. 1. 

Separation of the neutral part of the shale oil was performed according a to 
the procedure of Sawatski [11], but at atmospheric pressure and in a glass 
column. The neutral oil was separated in a column filled with Al2O3 and silica 
gel. The scheme of the separation of the neutral shale oil is presented in Fig. 2. 

 
 

 

 

Fig. 1. Scheme of chemical group analysis of shale oil. 

b
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Fig. 2. Sheme for separation of neutral oil. 
 

 

GC-MS analyses of eluates from silica gel and Al2O3 column were 
performed on a gas chromatograph directly coupled to the Jeol-D 300 mass 
spectrometer. Capillary columns with OV-17 and OV-101 stationary phases 
were used.  

Results and discussion 

Characteristics of oil shale and kerogen samples 

For many years petroleum geochemists have been interested in obtaining 
mineral-free and chemically unaltered concentrated materials of natural 
origin. The convenient hydrochloric/hydrofluoric acid treatment is effective 
in removing carbonate, oxide and monosulfide minerals from sedimentary 
rocks, and during this treatment kerogen and pyrite remain almost fully 
unaffected [12, 13]. 

Tha data in Table 1 show that the sample of Krasava oil shale contains 
relatively much carbon dioxide and pyritic sulphur. The content of organic 
matter is 24.62%. The consecutive demineralization of the oil shale sample 
decreases the mineral content from 59 to 8.10%. The content of pyritic sulphur 
(Spyr) in kerogen is relatively high – 3.14%. Most likely, due to high dispersion 
of organic matter and high content of pyrites, it is diffucult to decrease the 
content of mineral components below 8%. Effective removal of pyrite is 
usually the main problem. The magnitute of the change in organic matter 
depends on the chemical nature of kerogen as well as on the reaction condi-
tions. Quantitative removal of pyrite is not possible without alteration of the 
composition of organic matter [14]. For that reason we did not use HNO3 to 
decrease the content of pyritic sulphur. According to the Van Krevelen dia-
gram (plot of atomic H/C vs. O/C ratios) the kerogen is classified as type II 
[14]. Type II kerogen originates from deposits with autochthonous organic 
matter formed from phytoplankton, zooplankton and microorganisms 
(bacteria), accumulated in an reductive environment. Kerogen (type II) of oil-
producing rocks and shales is usually formed in this way. 
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Characteristics of the shale  oil obtained by pyrolysis of kerogen in a 
stream of water vapour  

Table 2 presents the results of oil shale pyrolysis both in the presence of 
water vapour and in Fischer retort [3, 5]. The yields of liquid product, with 
respect to the organic substance content, are 74% (pyrolysis with water 
vapour) and 50% (Fischer method), respectively, at hydrothermal treatment, 
while the yield of semicoke is lower (17 and 29%, respectively). The 
elemental composition of the shale oil is: C – 82.3% and H – 8.26%.  

The high yield of volatile products shows that the dominant part of oil 
shale organic matter is converted to oil during the process of pyrolysis with 
water vapour in mild conditions, which allows to investigate the primary 
products formed after decomposition of kerogen. 

IR spectra of the shale oil obtained by both pyrolysis with water vapour 
and Fischer method are presented in Fig. 3. The juxtaposition of both spectra 
shows that the IR spectrum for shale oil obtained by pyrolysis with water 
vapour clearly shows dominant presence of long aliphatic chains (a band at 
720 cm-1), relatively high concentration of –CH3 aliphatic groups (bands at 
1380 and 2860 cm-1), methylene –CH2- and alicyclic groups at 1465 and 
2940 cm-1, in comparison with the shale oil, obtained in Fischer retort.  

Table 2. Yield of the products obtained from kerogen at pyrolysis in the 
presence of water vapour and in Fischer retort 

Yield, wt.% Products 

Pyrolysis with water vapour Fischer retort 

Semicoke 17.0 29.0 
Shale oil 74.0 50.0 
Gas + pyrolytic water + losses 9.0 21.0 

 

 

 

 
Fig. 3. IR spectra of shale oil: 1 – shale oil obtained in Fischer retort, 2 – shale oil 
obtained by pyrolysis in the presence of water vapour. 
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NMR 1H spectrum of shale oil shows that the dominant amount of 
hydrogen is in aliphatic groups not connected with aromatic ring. Phenolic 
aromatic protons and protons of alkyl chains connected with aromatic rings 
have been established, too (Table 3). 

Chemical group analysis (Fig. 1) shows that the main part of shale oil is 
represented by neutral oil (78.4%) and heteroatomic compounds, mainly 
phenols (3.1%).  

Table 3. Distribution of hydrogen  

 
Major assignments 

H shift range 
(ppm) 

 
% 

Hal (CH3) 0.5–1.1    19.4 
Hal  and Halicycl (=CH2, =CH-) 1.1–1.9    47.1 
Hal (CH3, =CH2, =CH-), bonded to Ar. structures 1.9–3.5    21.3 
Hal (=CH2, =CH-), bonded to oxygen 3.5–6.5      2.6 
HAr (=CH-) and Hphen 6.5–9.0      9.6 

 

Hal – aliphatic hydrogen 
Halicycl – alicyclic hydrogen 
Hphen – hydrogen in phenolic groups 
HAr – hydrogen in aromatic structres 

 
Investigation of neutral shale oil 

Neutral shale oil was separated out into six fractions by application of column 
chromatography, and the fractions were investigated by GC and GC-MS 
(Fig. 2). 

The first fraction was eluated with pentane. Alkanes and alkenes dominate 
in the first fraction (81% of the mixture). Cyclic and branched structures 
amounts to 19% (Table 4). The presence of unsaturated structures is generally 
accepted to be an indicator of the development of cracking processes. 
Quantitative distribution of the paraffinic and olefinic hydrocarbons is similar. 
The dominance of long-chain hydrocarbons evidences for marginal develop-
ment of cracking processes. 

Table 4. Compounds identified in fraction I 
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The second fraction (Table 5) contains paraffinic, olefinic and naphthenic 
hydrocarbons uneluated with pentan. Naphthenic hydrocarbons are repre-
sented by monocyclic compounds with different substitutes. The maximum 
number of carbon atoms in the substitutes is 17. 

The third fraction contains aromatic hydrocarbons (Table 6). The content 
of  substituted  aromatic  hydrocarbons  and  structures is high  (55.6% of the  

Table 5. Compounds identified in fraction II 

 
 
 

Table 6. Compounds identified in fraction III 
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identified compounds). The number of carbon atoms in the substitutes 
reaches 20. The content of naphthenic hydrocarbons is less (12.7%) and 
chains of their substitutes are shorter (up to 8 carbon atoms). Substituted 
polycyclic aromatic hydrocarbons have not been identified. In addition, 
phenanthrene (or anthracene) is present. There is no reason to consider it a 
product formed by destruction. Phenanthrene probably originates from 
kerogen matrix being released after destruction of kerogen macromolecule. 
Taking into consideration that the investigated products are obtained as the 
result of thermal destruction, which creates conditions for additional 
aromatization, we can assert that kerogen macromolecure does not contain 
highly condensed aromatic structures. Substituted tetralin structures detected 
evidence of the presence of hydroaromatic cycles. 

The fraction IV contains no new classes of compounds. This fraction 
contains alkylsubstituted benzenes.   

The fractions V and VI eluated with strong polaric solvents probably 
contain tar components. Using another method for separation we established 
pentacyclic triterpenes in the fraction eluated with dichlorethylene. Some  
of them have hopane structure (C30H50 and C30H52) and others – perihydro-
pycen structure (C29H50, C30H50, C30H52). The established component 
composition of the investigated fractions evidence that kerogen macro-
molecule does not contain polycyclic aromatic compounds (compounds with 
more than 2–3 rings). The content of naphthalene structures in the neutral 
part of the shale oil is low – 0.45%. Saturated hydrocarbons (acyclic and 
cyclic ones) represent the main part of the identified compounds (fractions I 
and II). Cyclic saturated hydrocarbons are represented by cyclohexanes 
(1.85% of the neutral oil). A considerable amount of paraffinic and olefinic 
hydrocarbons as well as long alkyl substitutes of cyclohexane and aromatic 
rings form a large part of kerogen macromolecule, which consists of un-
branched chains. Tertiary and quaternary carbon atoms or cycles (cyclo-
alkanes, benzene, naphthalene), can probably become centers of netting as 
places for breaking of such chains. 

The presence of pentacyclic triterpenes is considered an evidence for the 
progress of widely running microbial processes. 

Conclusions 

Pyrolysis of Bulgarian oil shale sample in the presence of water vapour  
has been carried out. The amount of the liquid product resulting from this 
hydrothermal treatment is 24% higher than that obtained by Fischer method. 
Pyrolysis in water vapour is suggested to be an appropriate procedure for 
structural studies of organic matter of oil shale, since a large quantity of 
informative products is obtained. The data obtained indicate that the macro-
molecule of kerogen is built of two types of structures. The first one is of 
more expressed aromatic character occupying the peripheral parts of the 



Steam Pyrolysis of Bulgarian Oil Shale Kerogen 

 

35 

macromolecule. Structures of the second type are mostly of aliphatic nature. 
Organic matter of kerogen contains straight hydrocarbon chains with the 
length of up to 33 carbon atoms. These chains can play connecting and 
netting role. Benzene and naphthalene are dominating aromatic structures in 
kerogen. The composition of the products shows that diagenesis of oil shale 
has been soft owing to what oil shale cannot bear high temperatures and 
pressures. 
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