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Abstract

Transformations of high-molecular-weight compounds of bituminous sands natural bitumen under the heat treatment are studied. 
Cracking and extraction of Kazakhstan’s bituminous sand bitumen were carried out. Thermal processing of natural bitumen leads to a general 
change in the chemical composition of components and an increase in the output of certain factions. Molecular structures of the tar and 
asphaltene components of natural bitumen are built from the data of elemental analysis, 1HNMR spectroscopy and molecular weight. The 
content of oil, tar and asphaltenes were determined and the elemental composition of tar-asphaltene compounds was evaluated. The high 
molecular compounds were presented as giant molecules containing small aromatic islands with some linked by aliphatic chains.
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Introduction
One of the areas of increasing the resource base of 

hydrocarbon feedstock is the development of unconventional 
sources of hydrocarbons, that including natural bitumen and 
heavy oil, which close to bitumen on the physical-chemical 
properties. Over the next few decades, their role in the energy 
balance will increase significantly as a result of changes in 
the reserves of conventional petroleum to the downside and 
necessity for their reproduction [1]. According to the US and 
Canada’s Geological Survey in North America hydrocarbon 
feedstock reserves of contained in the untraditional sources, 
larger than traditional reserves of oil and gas in all of the Middle 
East, more than 1 trillion barrels in Canada and in the United 
States as well. Their development while these vast reserves 
are a matter of great difficulty [2]. Replenish the hydrocarbon 
resource base through unconventional hydrocarbon material 
is necessary search and commercialization of cost-effective 
technologies for their development. Bituminous sand natural 
bitumen in their composition and physical-chemical properties 
differ significantly from conventional oils high content oftar-
asphaltene compounds, petroleum acids, sulfur compounds 
and metals as well as high density and viscosity [3]. Production 
methods of natural bitumen are mainly related to two issues:

 
       a) Adverse collector properties– low thermal conductivity, 
low permeability, lack of reservoir energy;

b) The organic part of bitumen layers is an inactive state.

The main reserve for the effective solution of this problem 
is study the chemical composition of heavy or high-molecular-
weight of petroleum component in the current refining 
technology 25-30% of the incoming crude oil processing and has 
been called “heavy oil residues”. If we consider that more than 
half of these “residues” are so-called non-carbon components 
of oil or tar-asphaltene substances, it becomes clear what kind 
of great scientific importance and practical relevance is the 
problem of studying the composition, structure, properties, 
chemical reactions and the main areas of chemical processing and 
technical use of petroleum tars and asphaltenes [4]. Currently, 
it accumulated a considerable amount of empirical data on the 
molecular structure of asphaltenes, obtained with the use of 
chemical and physical methods. The most reliable information 
on the structure of asphaltenes as a whole give physical methods 
that allow to work out the average idea of their structure and 
is of great practical value. However, without the involvement of 
chemical methods in the case where it is necessary, instrumental 
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methods cannot give a full picture of the object being studied. 
Research of asphaltenes chemical transformations are shown 
that asphaltenes components may serve as a perspective cheap 
natural source for practically important products for many 
areas of the economy. Among obtained products has radiation-
ion exchange materials having high dynamic and kinetic 
characteristics, agents non-sulfur vulcanization of unsaturated 
rubbers, fillers, curatives and others.

Asphaltene components are in the colloidal state in high-
viscosity petroleum, heavy oil residues and natural bitumen. In 
the presence of an excess of low-molecular-weight alkenes or 
other non-solvents with respect, which the lyophobic tars and 
aromatic hydrocarbons in liquid medium is forming dispersion 
partially or completely dissolved then asphaltenes coagulated 
[5].

Experimental Part

Materials
The object of the study was collected as a sample of the 

bituminous sand Beke field (Kazakhstan), extract of sand and 
extracted asphaltenes from organic part, as well as products of 
their transformations during thermal processing. A distinctive 
feature of this field is the output of bituminous sands to the 
ground surface. In such reopen reservoirs and areas of active 
water exchange was a loss of light fractions and residual oil 
components were affected by various supergene factors, which 
led to the weighting of their composition and the formation of 
inactive extra heavy oil and solid bitumen [6,7]. Bitumen deposits 
occur in them in small sized lens and inter-layers. Extraction 
of natural bitumen from bituminous sands was carried out in 
Soxhlet apparatus, chloroform used as solvent. The amount of 
extracted natural bitumen from bituminous sands of Beke field is 
12 wt. %. The sulfur content in the bitumen is 1.5 wt. %. Natural 
bitumen is characterized by low fraction content from boiling 
point to 200 and 350 °C.

Experimental procedure
The experimental scheme of cracking process and analysis of 

the obtained products is given in (Figure 1).

Figure1: Experimental scheme of cracking process and analysis 
of the obtained products.

The cracking of bitumen and study of the cracking products 
were described in detail in the article [6]. The molecular weight 
of tars and asphaltenes of natural bitumen and their cracking 

products measured by cryoscopic in naphthalene created in the 
Institute of Petroleum Chemistry on “Krion” instrument. Fourier 
transform infrared spectra of the tar-asphaltene components 
were filmed by Spectrum-65 Fourier IR spectrometer, which 
are used for the measurement of various organic and inorganic 
substances, with KBr cuvettes and KBr tablets in the range from 
4000 to 400 cm-1.

Elemental characteristics of samples were determined by 
elemental analyzer Vario MICRO cube (Germany). Oil samples 
are fed automatically into a combustion zone. Combustion 
gases are passing a catalytic post combustion zone and then a 
reduction zone, operating temperature was 1200°С. The formed 
analyte gases N2, H2O, CO2 and SO2 carried by helium (He) gas 
are sequentially separated by a temperature programmable 
desorption column (TPD) and quantitatively determined on 
a thermo-conductivity detector (TCD). An attached computer 
calculates the element concentrations from detector signal and 
sample weight.

Results and Discussion

Component composition of the products
Table 1: Transformation of component composition of cracking 
products.

Process
Yield, wt. % Composition of Liquid 

Products, Wt. %

Gas Liquid Coke Oil Tar Asphaltenes

Initial 
bitumen 0.00 100.00 0.00 49.17 44.89 5.94

Cracking 1.40 67.70 30.90 41.49 19.14 7.07

Thermal upgrading of natural bitumen reduces the viscosity 
and tar-asphaltene components of heavy oil. Cracking process of 
natural bitumen leads to formation gas and liquid oil products, 
solid residues as coke (Table 1). Heat treatment results in 
increasing of oil content and the amount of bitumen high-
molecular-weight components are decreased. High temperature 
leads to increasing formation of coke and gas as well as the 
destruction of tar-asphaltene components by formation light 
petroleum products. The content of the tars in the composition 
of liquid cracking products are decreased 19.14 wt. % and the 
content of gas and coke after process were 1.4% and 30.9 wt. %, 
respectively.

Elemental characteristics of tar and asphaltenes
Asphaltenes play an important role when the extraction and 

processing of heavy oil and natural bitumen. The asphaltenes are 
highly complex ring structures, the carbon skeleton containing 
naphthenic, aromatic and aliphatic hetero atomic radical cycles. 
Large fragments of molecules linked by bridges containing 
methylene groups and hetero atoms, sometimes by metals (V, Ni, 
Fe). The most typical substituent’s cycles with a small amount of 
alkyl carbon atoms and functional groups, for example, oxygen-
containing groups: carbonyl, carboxyl, hydroxyl and ether, and 
the sulfoxide group.
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Heat treatment of natural bitumen Beke field reduces the 
molecular weights high macromolecular components by 30 % 
compared to initial data. It means high temperature processing 
directly asphaltene under similar experimental conditions, it 
leads to the same results: there are significant changes in the 
structure and properties of asphaltenes that change their phase 
composition. Asphaltenes loses the main feature and solubility in 
aromatic solvents, then change to the insoluble substances such 
as carbenes and cokes. According to elemental analysis (Table 2) 
in asphaltenes structure is reduced oxygen, sulfur content and 
increased content of carbon.

Table 2: Elemental composition of tar and asphaltene components

Elements Initial 
Asphaltenes

Cracking 
Asphaltenes Initial Tars Cracking 

Tars

С 77.30 81.91 79.70 81.01

Н 7.59 7.00 9.77 10.52

S 1.00 0.64 0.56 0.26

N 1.07 1.45 0.72 0.10

O 13.04 9.00 9.26 8.11

С/Н 10.18 11.69 8.16 7.69

Molecular 
weights, 

amu
2044 1304 751 499

.     The elemental composition of tar-asphaltene components 
of cracking products shows a decrease hetero element content 
in liquid products. At high temperatures within the molecular 
cyclization, recombination with benzyl and heterocyclic radicals, 
dehydrogenation, condensation – all these processes lead to an 
increase in the degree of condensation and aromaticity of system. 
Chain transfer processes and recombination can occur between 
two or more asphaltene plates, which go to the formation of a 
cross linked insoluble product – coke. C/Hratio varies from 7.69 
to 11.69 in the range 300-500 °C, it is assumed that the transition 
to coke is carried out at a higher additional cross-linking.

Infrared spectroscopy analysis of high macromolecular 
components

Figure 2: FTIR spectrums of tar composition of bitumen.

The chemical composition of tar and asphaltene of natural 
bitumen was studied by Fourier transform infrared spectroscopy 
(FTIR). FTIR spectrum of tars (Figure 2) peaks absorbance bands 
754, 817, 877.8, 1600.7 cm-1 provides information condensed 
aromatic hydrocarbon tar structure. FTIR spectrum of the 
figure observed absorption band 721.2 cm-1, characteristic of 

the alkyl substituent groups (CH3, CH2) with long branched 
structures. It should be noted (Figure 2a) a rather high intensity 
of the band in 1376.8 cm-1, which belongs to the compounds 
of methylbenzene. Absorption band at 3355.5cm-1 shows the 
acidic hydroxyl group, absorption spectra bands 1600.7 and 
1703 cm-1 give information stretching vibrations C-O-C and 
C-OH in conjunction carbonyl groups. After heating intensity 
peaks of these oxygen compounds of tar components were 
declined (Figure 2b), otherwise reduction of peaks area outcome 
of transformation reaction cyclic alkenes and removal of oxygen 
by formation water, carbon dioxide and molecular oxygen. At 
spectrum 1462.3 cm-1 absorption bands belong to the stretching 
vibrations of methylene groups and characterize the degree of 
branching of paraffin compounds.

Figure 3: IR spectrums of asphaltene composition of bitumen.

Based on the obtained FTIR spectrums (Figure 3) can be 
concluded that having broad absorption bands in asphaltenes 
3000-3700 cm-1 are characteristic for polycyclic aromatic 
hydrocarbons and aliphatic chains. The cracking results 
of bitumen (Figure 3b) clearly indicated that polycyclic 
aromatic hydrocarbon units were produced from asphaltene 
macromolecular structures and some bigger polycyclic 
aromatic hydrocarbon compounds have been transferred to 
aliphatic component to one containing shorter chains. These 
hydrocarbons are at the ends of free functional groups (carboxyl, 
carbonyl, and hydroxyl) which forming hydrogen bonds. The 
peaks of the initial asphaltenes (Figure 3a) absorption bands 
at 3694.29, 3619.09 cm-1 is due to stretching vibrations OH 
groups that actively involved in the formation of intermolecular 
hydrogen bonds. At the FTIR spectrum absorption bands with 
minimum at 2850 and 3055.9 cm-1 which characteristic for alkyl 
substituent (CH3, CH2). Stretching and deformation vibrations 
CH2 and CH3 groups presented at absorption bands 1455.76 and 
1376.11 cm-1. As shown presence intensity bands of stretching 
vibrations C-O-C and in the region 1000-1200 cm-1 is combined 
with intense carbonyl groups absorption bands in the 1600.26 
and 1696.64 cm-1, which C-OH groups are missing after heat 
treatment of bitumen. These absorption bands are included 
aromatic compounds and due to the presence of hydrocarbons 
C=O groups. The absorption band in the spectrum 1032.5 cm-1 
has given information about functional group S=O, and it is 
expressed by organic form RSO3H, RSO3 groups. Low intensity 
peaks present oxygenates (1100-1300 cm-1) is not clearly 
allocated at this spectrum, indicating that oxygen content is low, 
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while the aromatic structure (753.5, 799, 874.14 cm-1) captured 
most clearly in asphaltenes spectrum. Fluctuations stretching 
benzene ring presented at 874.14 cm-1 band.

Usually, thermal reactions result in the formation of high-
molar-mass aromatic components in solution in the liquid 
phase. Reactions that contribute to this process are the cracking 
of side chains from aromatic groups, dimerization reactions, 
dehydrogenation of naphthenes (to form aromatics) and ring 
closure reactions (to form larger ring groups). Loss of side chains 
always accompanies thermal cracking. The formation of oligomers 
is enhanced by the presence of olefins, which themselves are 
products of cracking. When aromatic components reach a critical 
concentration, phase separation occurs to give a denser and more 
aromatic liquid phase. Aromaticity is the dominant factor that 
controls this phase separation. This observation suggests that 
increasing the molar mass is a significant factor in the formation 
of coke from bitumen.

Molecular structure of tar and asphaltenes

Figure 4: Averaged hypothetical asphaltenes molecular 
structures

Monte Carlo method was used to construct the molecular 
structure of macromolecular compounds. This method is used in 
cases where it is impossible to obtain accurate information about 
the structure of the chemical compound, or when there are many 
possible embodiments of structures of a class of compounds, 
such as asphaltenes. Constructing molecular structure program 
is written in Fortran Version 6.6. The developed program for the 
construction of molecular structure used as input parameters 
analytical data and calculated using the structural-group analysis, 
which describes the structural fragments of average molecular 
structure tars and asphaltenes. In the constructing program 
expanded polycyclic structures library, which used in the 
construction of high molecular weight components of bitumen 
by comparison with similar published scientific literature 
procedures and has been included distribution of hetero atoms 
into functional groups of molecules. The input parameters are 
the analytical data obtained from elemental analysis, 1HNMR 
spectroscopy, molecular weight of tars and asphaltenes (Figures 
4 & 5).

Figure 5: Averaged hypothetical tars molecular structures.

1HNMR spectroscopy (Table 3) was employed to characterize 
aromaticity of hydrocarbons and to measure the inside changing 
of molecules. From the results of 1H NMR the aromatic carbon 
content was the key structural information. The feed asphaltenes 
and tars contained about 14.28 and 4.82 wt. % aromatic carbon, 
respectively, which was consistent with high content of coke. 
The easily reacted side chains attached to aromatics and sulfides 
would be cracked and evolved as gases which reduced hydrogen 
content (Table 2). In contrast, the aromatic compounds were 
intact and preserved in the course of thermal cracking, except 
for the significant yield of coke. The net concentration of 
aromatics in liquid product kept going higher with removal of 
aliphatic as fragments in the gas fraction. Aromatics in liquid 
product can be created either from naphthenes or side chains in 
aromatic bitumen. The olefins from cracked side chains can build 
aromatics by free-radical additions followed by rearrangements 
[8-11].

Table 3:PMR results of macromolecular compounds.

Sample
1HNMR Results, Wt. %

Н(Aromatic) Н(СН3) Н(СН2) Н(СН)

Initial asphaltenes 14.28 24.97 45.94 14.81

Cracking 
asphaltenes 14.75 24.63 50.19 10.43

Initial tars 4.82 14.41 67.21 13.56

Cracking tars 7.45 14.88 63.29 14.38

The calculations data determined the most stable 
conformation of tars and asphaltenes molecules. It was found 
that the stability of the molecules affect structural characteristics 
such as the number of structural blocks, their size and spatial 
arrangement of atoms with respect to each other. Consisting 
of more structural blocks of smaller size molecules are more 
thermodynamically stable in compared with mono block 
structure. Molecules which constituting the burst structure 
are the thermodynamically more stable than a non-layered 
structures.
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