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Abstract

The composition of sulphur compounds of oils in high-sulfur natural bitumen of the Ashalchi field (Rus-
sia), as well as its thermal cracking products was studied under various conditions. It was demonstrated that
depending on thermal treatment conditions gas and coke formation, the composition of the liquid cracking
products and sulphur content in them significantly changed. Cracking of bitumen in a reactor autoclave leads
to an insignificant decrease in the content of benzothiophene homologs in the composition of oils, the prod-
ucts are enriched with DBT derivatives. Cracking of bitumen in a flow reactor allows decreasing the content
of BT homologs by 37 %, and DBT homologs — by 72 rel. % in liquid cracking products.
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INTRODUCTION

With the further depletion of reserves of
light and medium oils, heavy high-viscosity oils
and natural bitumens become an important raw
source to satisfy growing needs in fuel. World
resources of heavy oils and natural bitumens
significantly exceed reserves of light ones and
are assessed as more than 810 billion t. Canada
and Venezuela have the largest reserves, Mex-
ico, the USA, Russia, Kuwait and China also
have significant reserves [1]. Increasing the
depth of oil refining with a significant increase
in the yield of commercial oil products that are
high-quality fuels and chemicals for petrochem-
ical synthesis is the most relevant area for im-
provement of technologies of oil refining.

At this point, despite a great number of
technologies and variants of conversion of
heavy petroleum residues (HPR) and natural
bitumens, their extraction, transportation, pro-
cessing and bringing to the merchantability are
not cost-effective due to high capital outlays,
the cost of hydrogen and quick poisoning (tar-
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ring and coking) of the active catalyst surface.
Heavy oils and natural bitumens are charac-
terized by high contents of aromatic hydrocar-
bons, resinous asphalt substances, high con-
centrations of metals and sulphur compounds,
elevated coking capacity. High indicators of
density and viscosity significantly increase their
extraction self-cost, make virtually impossible
transport by existing pipelines [2—6]. Economi-
cally justified extraction and processing of
heavy high-viscosity oils and natural bitumens
appear possible only because of new effective
technologies [7—12]. Therefore the knowledge of
the composition, structure and properties of sul-
phur-containing compounds of natural bitumen
is of essential practical importance, since allows
moving to the study of regularities of their dis-
tribution, elaborating more sophisticated tech-
niques of extraction of individual groups of sul-
phur compounds for the practical use [13—15].
The goal of this work is determining major
transformation directions of high molecular
mass components and sulphur-containing com-
pounds (SC) of oils in bitumen of the Ashalchi



44 E. B. KRIVTSOV et al.

field in the thermal cracking process under var-
ious conditions.

EXPERIMENTAL
Research object

A research object that is natural bitumen
on Ashalchi field (Russia, the Republic of Ta-
tarstan) is characterized by high content of sul-
phur (4.74 %), nitrogen (1.00 %), as well as high
molecular mass components — (32.4 mass %, out
of them resin — 26.2, asphaltenes — 6.2 mass %j;
mass fractions of oils is 67.7 %; there is 3.7
mass % of sulphur in oils ). The H/C ratio (hy-
drogen deficiency) in the research object is only
1.52 (this indicator for oils is on average 1.7—1.9).
The IBP of bitumen is 109 °C. The total content
of distillate fractions boiling out up to 360 °C
does not exceed 33 % (with IBP up to 200 °C —
4.6 mass %, 200—360 °C — 27.9 mass %).

Thermal cracking of bitumen

Cracking of bitumen under stationary con-
ditions was conducted in an autoclave with a
volume of 12 cm® The mass of bitumen load-
able in the reactor was 7 g. Cracking was car-
ried out at a temperature of 450 °C, the time
length was 60, 100 and 120 min. When conduct-
ing experiments the mass of the reactor with-
out a sample and the reactor mass with a sam-
ple prepared for cracking. After conducting ther-
mal treatment of natural bitumen, the yield
of gaseous products was determined according
to the loss of the reactor mass with a sample
after removing the gaseous products from the
reactor. After isolating the products, the reac-
tor was rinsed with chloroform and weighted.
After separation of the products, the reactor
was washed with chloroform and weighted. The
resulting difference between the reactor mass
before and after the experiment was determined
as solid products (coke).

Cracking of bitumen in a flow mode was
conducted in a catalytic setup to study process-
es under conditions of elevated pressures (Kata-
kon JCS, Novosibirsk, Russia) in nitrogen me-
dium at a temperature of 450 °C and pressure
of 20, 40 and 60 atm (gas flow rate was 10

em?®/h). The flow reactor (d = 15.0 mm) was filled
with quartz chips (d =0.5-1.0 mm), the vol-
ume of the loaded chips was 10 cm?® to decrease
the operating reactor volume and increase the
surface of cracking. The raw was supplied to
the reactor using a Gilson-305 liquid dosing
pump; the raw material feed rate was 0.5 and
1.0 h L. The liquid cracking products were col-
lected in a high pressure separator. The gas-
eous products were collected during cracking.

Fractional composition determination

Fractional composition determination of the
liquid products of bitumen thermal destruc-
tion was assessed according to thermogravimet-
ric analysis data. The thermogravimetric anal-
ysis was carried out in air medium using a MOM
Q-1000 derivatograph (Hungary) that allow reg-
istering the mass loss of the analysis sample
with increasing a temperature up to 1000 °C
with a heating rate of 10 °C/min.

Material composition determination

Material composition of the initial bitumen
and cracking products was determined accord-
ing to the traditional scheme: first, the asphalt-
enes content in a sample was determined
by “cold” Golde method. For this purpose, the
analyte was applied to activated silica gel ASK,
into a Soxhlet extractor and hydrocarbon com-
ponents (oils) were sequentially washed out
with m-hexane and resins — an ethanol—ben-
zene mixture, 1: 1.

Sulphur content determination

Sulphur content determination in research sam-
ples was carried out using a Spectroscan S ener-
gy dispersive X-ray fluorescence analyser (State
Standard GOST P 51947—2002) of sulphur in oils
and oil products. The measurement range of the
mass portion of sulphur is from 0.002 to 5 %.

Group composition of sulphur compounds
of oils determination

Gas liquid chromatography (GLC) was car-
ried out using the Crystal-2000M chromato-
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graph with the quartz capillary column of
256 m x 0.22 mm, the stationary phase is SE-54
with helium carrier gas. A flame photometric
detector (FPD) was used to analyse sulphur
compounds, linear temperature rise was from
50 to 290 °C, column heating rate was 4 °C/
min. The qualitative composition of sulphur
compounds was determined by comparing the
retention times of individual compounds (di-n-
hexyl sulphide, benzothiophene, and diben-
zothiophene) and analytes, as well as using the
literature data.

RESULTS AND DISCUSSION

The composition of the initial bitumen and
liquid products of thermocracking was studied
under various conditions. It was found that the
increase in the time length of cracking of bi-
tumen in an autoclave reactor led to destruc-
tion of predominantly resinous components. At
thermal influence on bitumen of the Ashalchi
field during 60 min, the formation of gas (0.4 %)
and coke (1.1 mass %) occurs. The yield of oils
and asphaltenes increases by 2.8 and 1.2 9%, and
the content of resins decreases by 5.5 mass %
(Table 1). Heat treatment of bitumen during
100 min leads to deeper destruction of resin-
ous components, the total yield of gas and coke
increases almost twice. The increase in the time

TABLE 1

length of the process up to 120 min leads to
deep destruction of resins with the formation
of significant amounts of gas and coke. Crack-
ing during 100 min turned out optimum — the
increase in the content of oily components was
2.6 % at the total yield of gas and coke of 2.8
%, herewith, destruction of high molecular
mass components was 21 rel. %.

Cracking of the initial bitumen at a
temperature of 450 °C and time length of 60 min
leads to the number increase of fractions IBP-
200 °C and 200—360 mass % by 3.1 mass % each,
which testifies occurring destructive processes
in the reaction medium. The further increase in
the time length of cracking does not lead to the
increase of the yield of distillate fractions,
herewith, the initial boiling point of the liquid
cracking products insignificantly decreases.

The composition of the cracking products
of bitumen in a flow setup significantly dif-
fers from the cracking products in the auto-
clave reactor. It was found that the pressure
decrease (from 60 to 20 atm, raw material feed
rate is 1.0 h™!) led to a significant increase in
the yield of low molecular mass destruction
products of resinous-asphaltenic components
(distillate fractions and gas), the content of coke
in the products falls. The maximum content of
oils was noted at a pressure of 40 atm, the
further decrease in pressure to 20 atm to de-

Composition of the cracking products of bitumen under various conditions

Cracking conditions IBP, °C Fractional composition, mass % Composition of the products, mass %
IBP, °C Gas Oils Resins  Asphaltenes Coke
<200 200—360 >360
Initial bitumen 109 46 279 67.5 0.0 67.6 26.2 6.2 0.0
Autoclave reactor
60 min 113 7.7 31.0 59.8 04 704 20.7 74 11
100 min 106 7.7 30.1 59.4 1.0 70.2 19.7 7.3 1.8
120 min 103 8.3 29.6 56.1 26 68.9 18.0 7.1 34
Flow reactor
60 atm, 1 h™! 98 18.1 327 47.3 0.3 735 145 6.5 5.2
40 atm, 1 h™! 84 20.1 29.9 40.9 41 75.8 9.9 5.2 5.0
20 atm, 1 h7! 75 21.6 26.3 384 9.2 69.9 9.2 5.9 47
60 atm, 0.5 h™! 69 26.0 284 217.7 115 62.1 10.9 5.4 10.1
40 atm, 0.5 h™! 61 292 25.7 20.7 12.8 66.9 9.6 1.8 89
20 atm, 05 h™! 45 43.1 18.3 15.8 19.2 69.9 4.3 3.0 36
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struction of 5.9 9% of oils with the formation of
additional amounts of gaseous and coke-like
cracking products. In comparison with the com-
position of the initial bitumen, the content of
oils and liquid cracking products is increased, that
of resinous-asphaltenic components is reduced by
more than 35 9% at a pressure of 60 atm and
above 50 rel. % at pressures up to 20—40 atm.

Cracking of bitumen in a flow reactor (20—
60 atm, the raw material feed rate is 1.0 h™?1)
allows significantly decreasing the initial boil-
ing point of liquid cracking products (by 34 °C).
It was found that the maximum increase of
the yield of distillate fractions (IBP-360 °C) oc-
curs at a pressure of 60 atm — 18.3 mass %. A
decrease in pressure in the reactor to 40 atm
leads to an additional increment of low-boiling
fractions by 17.5 mass %. The increase of gaso-
line fractions of 17.0 % and reduction of die-
sel fractions (by 1.6 mass %) are observed at a
pressure of 20 atm as destructive consequenc-
es of a part of oils with the formation of ad-
ditional amounts of gas.

A decrease in the raw material feed rate up
to 0.5h7! leads to an increase in stay of raw
materials in the reactor (heat treatment time
length) and therefore significantly increases
cracking level of all initial bitumen components.
A decrease in pressure from 60 to 40 atm leads
to an increase in the formation of gas (from
115 to 12.8 %) and oils (from 62.9 to 66.9 %),
deep destruction of resins (the residual con-
tent is 9.6 mass %), as well as to a decrease in
the amount of asphaltenes and coke in the
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products. A decrease in pressure to 20 atm leads
to a change in the directionality of destruction
reactions of high molecular mass bitumen com-
ponents to the side of the formation of signif-
icant amounts of low molecular mass compo-
nents that are gas (19.2 %) and gasoline frac-
tion (43.1 mass %). The content of resins and
asphaltenes is decreased by 84 and 52 rel %,
that of oils is increased by 2.3 mass %.

At the raw material feed rate of 0.5h™! and
pressure of 60 atm, an increase in the content
of IBP-200 and 200—360 °C fractions is observed
in the composition of liquid cracking products
by 21.4 and 0.5 mass %, respectively (in com-
parison with the initial bitumen). Reduction in
pressure to 40 atm leads to the decrease in IBP
of the products by 48 °C and an increase in
the number of gasoline fractions (by 24.6 %),
the content of diesel fractions reduces by
2.2 mass %. The initial boiling point of liquid
cracking products at 20 atm is only 45 °C, the
maximum yield of IBP-200 °C fractions (43.1
mass %) driven by deep cracking of resinous-
asphaltenic components and kerosene-gasoil
fractions of bitumen is observed. Thus, the in-
crease in the raw material feed rate and pres-
sure slows down cracking reactions of high
molecular mass bitumen components with the
formation of distillate fractions.

The composition of sulphur compounds (SC)
in the initial bitumen oils is presented in Fig. 1.
Substituted benzothiophenes (BT) prevail in the
Ashalchi bitumen field. With an increase in the
degree of substitution, the content of BT homologs
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Fig. 1. Group composition of sulphur compounds (SC) in bituminous oil from the Ashalchi natural bitumen field.
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increases, and dibenzothiophenes (DBT) decreas-
es. The content of sulphide sulphur (determined
according to the difference) is 1.26 mass %.

Based on chromatography data on the con-
tent of benzo- and dibenzothiophene (BT and
DBT) homologs in the initial bitumen and crack-
ing products, the calculation of the SC con-
tent (S total, S in oils, 2BT, 2DBT) of isolat-
ed oils was carried out (Table 2). The Ashalchi
bitumen field contains 78 % from the total
amount of sulphur, including sulphide sulphur —
1.26 mass %. It was found that cracking of nat-
ural bitumen in an autoclave reactor led to a
decrease in sulphur content in liquid cracking
products and oils (by 14 rel. %). An increase in
the time length of heat cracking of bitumen
from 60 to 120 min contributes to an insignifi-
cant increase in desulphurization of liquid
cracking products. The content of BT homologs
almost does not change, DTB homologs decreas-
es but exceed such in the initial bitumen. Ap-
parently, molecules of resins of this bitumen
contain sulphur atoms mainly in the composi-
tion of dibenzothiophene structures that fall into
oils at cracking. A decrease in the content of
DBT homologs at an increase in the time length
of thermal cracking of bitumen is probably
driven by their participation in occurring con-
densation reactions following the route: resins
— asphaltenes - coke.

Cracking of bitumen in a flow reactor al-
lows significantly increasing the degree of des-

TABLE 2

ulphurization of liquid products (up to 49 %),
oils — to 44 %, the content of sulphide sulphur
in oils significantly reduces. The composition
of organosulphur compounds (OSC) of oils in
the products of cracking of bitumen in a flow
setup significantly differs from cracking prod-
ucts in an autoclave reactor. It was found that
a decrease in pressure (from 60 to
20 atm, the raw material feed rate is 1.0 h™1)
led to a decrease in sulphur content in liquid
products and oils, the amount of sulphide sul-
phur is less than half from the original value.
The removal degree of BT homologs does not
exceed 31 rel. %, DBT homologs — 8 rel. %. This
is probably explained by occurring destruction
reactions of resins and asphaltenes molecules
with a transition of low molecular mass sul-
phur-containing fragments (newly formed BT
and DBT homologs) into the composition of oils.

A decrease in the raw material feed
rate leads to an increase in the destruction
depth of raw material components and conse-
quently, to a significant increase in the destruc-
tion degree of all SC groups. A decrease in pres-
sure (from 60 to 20 atm, the raw material feed
rate is 0.5h™!) allows additionally removing
0.7 % sulphur from the composition of the
products, the sulphur content in oils decreases
by 0.82 %, including sulphide — by 0.36 mass
%. Significant destruction of BT homologs (37 %)
and DBT — 72 9% of the initial quantity, oc-
curs. Taking into account a high yield of gas-

Content of sulphur compound in the cracking products of bitumen under various conditions

Cracking conditions Content, mass %

Siot S in oils SSulloh 2BT 2DBT
Initial bitumen 4.74 3.70 1.26 10.92 3.46
Autoclave reactor
60 min 4.06 3.17 0.81 8.81 5.04
100 min 4.00 3.12 0.90 8.56 435
120 min 3.98 3.12 0.94 8.81 3.78
Flow reactor
60 atm, 1h™! 3.21 2.74 0.64 8.50 3.95
40 atm, 1 h™! 3.08 2.56 0.62 7.08 425
20 atm, 1 h™! 2.99 248 0.60 757 3.17
60 atm, 0.5h™! 3.11 2.88 0.64 9.73 2.82
40 atm, 05h7! 2.90 241 051 8.48 3.59
20 atm, 05h7! 241 2.06 0.28 6.91 0.96
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eous cracking products one can suggest that the
major amount of sulphur is removed from raw
material composition as hydrogen sulphide.

CONCLUSION

It was found that bitumen on the Ashalchi
field in an autoclave reactor led to insignificant
destruction of resins and asphaltenes. The with-
drawal of cracking products from the reaction
zone allows increasing destruction of resinous
components (to 63.0 rel. %), due to which the
yield of IBP-360 °C fractions increases by 28.9
mass % and the sulphur content in cracking
products reduces by 51 rel. %.

Cracking of bitumen in an autoclave reac-
tor leads to a minor reduction in the content
of benzothiophene homologs in the composition
of oils. Products are enriched with DBT deriv-
atives. Apparently, molecules of resins of this
bitumen contain sulphur atoms mainly in the
composition of dibenzothiophene structures.

Cracking of bitumen in a flow reactor al-
lows decreasing the content of BT homologs
by 37 9% and DBT homologs — by 72 rel. %. The
content of DBT homologs decreases probably
due to occurring condensation reactions follow-
ing the route: resins — asphaltenes — coke.
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