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Abstract

In the paper, bulk property and chemical composition of Kazakhstan vacuum residuum were characterized. Sulfides and thiophenes 

were selectively isolated from the residuum and characterized by Fourier transform ion cyclotron resonance mass spectrometry 

(FT-ICR MS). Molecular weights of the sulfur compounds were varied from 150 to 800 Da and S1 , S2 , O1S1 , O2S1 , N1S1 class species 

were assigned in the heavy oil derived methylsulfonium. Vanadyl porphyrins characterized by positive-ion electrospray ionization and 

FT-ICR MS, which showed that etioporphyrins (ETIO) (CnH2n-28N4V1O1 , corresponding to DBE = 17) and deoxophylloerythroetioporphyrins 

(DPEP) (CnH2n-30N4V1O1, corresponding to DBE = 18). It should be noted that the vanadyl porphyrins were most abundant.
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1 Introduction
In connection with the growing consumption of petroleum 
and petroleum products, the gradual depletion of exploited 
oil fields, heavy hydrocarbon raw materials are becoming 
in demand in the global economy. Nowadays, the hydro-
carbon reserves are concentrated in heavy oils and the 
world's heavy oil reserves are amount to more than 6 tril-
lion barrels [1].

The main task of the oil refining industry is deepen oil 
refining in order to increase the production of high-qual-
ity motor fuels and raw materials for petrochemicals. It is 
unprofitable to process heavy oil according to the classi-
cal scheme in order to producing fuel, because it contains 
low amount of light fractions. High content of sulfur and 
resin-asphaltene substances in the heavy oil also reduces 
the equipment life of oil refineries. Rational use of heavy 
hydrocarbons, as source of energy and raw materials for 
the production of motor fuels, lubricants, bitumen, coke 
and variety of petrochemical products, has been a major 
national task for the Republic of Kazakhstan [2].

The main reserve for the effective solution of this prob-
lem is the heavy or high-molecular part of oil, which 
makes up 25 %–30 % of the crude oil, received for pro-
cessing with the modern technology of oil refining and is 
called "heavy oil residues". More than half of the heavy 
oil residues are containing resin-asphaltene substances. 
In this regard, the problem of studying the composition, 
structure, properties, the main directions of chemical pro-
cessing and the use of heavy oil residues are great scien-
tific importance and practical relevance.

In connection with the growth of deep processing of oil 
refining, as well as the involvement of oils rich in non-hy-
drocarbon components in the refining processes, the solu-
tion of problems associated with the presence of hetero-or-
ganic compounds in crude oil are becoming increasingly 
important. Due to the presence of these components, the 
technology of oil refining is significantly complicated, the 
period of validity and selectivity of catalysts decrease, and 
the operational characteristics of the products obtained 
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deteriorate [3]. In addition, a substantial part of hetero-or-
ganic compounds in the fuels are burned and emit oxides 
of sulfur, nitrogen, and metals into the atmosphere, which 
causes irreparable harm to the environment.

Methods for the separation of mixtures based on the 
application of new principles have been developed [4, 5], 
which makes it possible to quickly obtain quantitative data 
on the composition of petroleum fractions [6]. The most 
important chemical types and structural features of many 
heteroatoms have been characterized [7], as well as some 
patterns of individual classes of these compounds [8]. 
However, despite all this, further in-depth studies of the 
composition and structure of petroleum heteroatoms are 
needed, as they study the researchers face almost insur-
mountable difficulties due to the complexity and variabil-
ity of the oil composition, the extraordinary molecular 
diversity of hetero-organic compounds, and the lack of 
effective, accessible analytical methods. Analytical mate-
rial on methods for determining heteroatomic components 
in petroleum and petroleum products is scattered, uncoop-
erative, not subjected to statistical processing, and in need 
of some systematization. Considering the future develop-
ment of analytical methods, specialists do not see a single 
universal method capable of ensuring the solution of all 
analytical tasks to determine hetero-organic compounds 
in oils and oil products and satisfies all requirements at 
once (high reproducibility, wide range of content determi-
nation, simultaneous determination of a wide range of ele-
ments, possibility of using the method on-site field work). 
The lack of certified standards, calibration systems, uni-
fied methods for the preliminary preparation of petroleum 
and petroleum products for analysis are one of the difficul-
ties in ensuring the accuracy of the analysis. The possibil-
ity of systematization of analytical data is also hampered 
by the different quantitative and qualitative composition 
of hetero-organic compounds in oils, which vary depend-
ing on the region of oil production, the conditions of trans-
portation, storage and processing of oil.

In this regard, the development of effective methods for 
studying the composition and properties of hetero-organic 
compounds, as well as methods for their concentration and 
isolation in the native form, is an important scientific and 
technical challenge.

Fourier transform ion cyclotron resonance mass spec-
trometry (FT-ICR MS) has been used to characterize the 
composition of highly complex hydrocarbon mixtures. 
FT-ICR MS has the highest mass resolution and mass 
accuracy, which enables the assignment of a unique ele-
mental composition to each peak in the mass spectrum [9].

The distribution of vanadium compounds in the petro-
leum vacuum residuum and their transformations in hydro-
demetallization (HDM) were investigated [10]. The results 
indicated that a highly active HDM catalyst should possess 
a highly active hydrogenesis property and macropore size 
distribution for the different V compounds removed.

In [11] the heteroatom classes and molecular structures 
of nitrogen compounds in vacuum residue are characterized 
by the electrospray ionization (ESI) FT-ICR MS combined 
with the Fourier transform infrared (FT-IR) spectroscopy.

Compositional changes of Colombian vacuum residue 
and its supercritical fluid extraction fractionation (SFEF) 
subfractions were analysed by positive- and negative mode 
electrospray (ESI) coupled with FT-ICR MS [12]. A set of 
200 representative molecules for a vacuum residue frac-
tionated with molecular distillation was obtained [13]. 
Information obtained was employed for reconstruction 
and generation of set molecules that represents the origi-
nal vacuum residue by contribution methods.

In [14] Gel Permeation Chromatography (GPC) and 
Simulated Distillation (SD) results combined for the first 
time to characterize very heavy hydrocarbon samples. 
The molecular weight of a number of vacuum residue and 
their SARA fractions typical of the Barrancabermeja refin-
ery in Colombia were determined using the Gel Permeation 
Chromatography (GPC), Vapor Pressure Osmometry 
(VPO) and Simulated Distillation at High Temperature 
adjusted to the Gamma distribution function [15].

The paper [3] explores physical and chemical proper-
ties and composition of heavy oil from Yarega field and its 
vacuum residue. An integrated process flow diagram for 
heavy Yarega oil refinement has been proposed, includ-
ing preliminary deasphalting and demetallization, hydro-
treatment, delayed coking and thermodestructive pro-
cesses or gasification.

The paper [16] presents an alternative technique for 
selective extraction of asphaltenes from two Brazilian 
vacuum residues and compares these results to the 
ones observed using the IP-143 standard methodology. 
The extracted fraction was characterized by 1H NMR and 
TG/DTG, revealing that the chemical species extracted 
using different techniques exhibited very small differ-
ences in composition but similar thermal behavior.

1H NMR spectroscopy in combination with statistical 
methods was used to study vacuum residues and vacuum 
gas oils from 32 crude oils of different origin [17]. Pseudo 
two-dimensional DOSY 1H NMR experiments were used 
to assess the composition and structural properties of 
asphaltenes in a selected crude oil and its vacuum residue 
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on the basis of their different hydrodynamic behavior and 
translational diffusion coefficients. DOSY spectra showed 
the presence of several asphaltene aggregates differing in 
size and interactions they formed.

In this work, the composition of components and the 
structure of vanadium and sulfur compounds of the heavy 
vacuum residuum of the Pavlodar Petrochemical Plant are 
determined for the first time.

2 Experimental
2.1 Samples and reagents
A heavy vacuum residuum was obtained from Pavlodar 
Petrochemical Plant LLP (Kazakhstan), which is the raw 
material of the delayed coking unit. Dichloromethane 
(DCM), n-hexane ( n-C6 ), n-heptane( n-C7 ), toluene, meth-
anol, ethyl alcohol and acetonitrile were distilled for puri-
fication before use. CH3I, AgBF4 , 4-dimethylaminopy-
ridine (DMAP), 7-azaindole were purchased from J&K 
Chemical Ltd.

2.2 Saturates/Aromatics/Resins/Asphaltenes separation
The vacuum residuum of 1 g was dissolved with 50 mL 
heptane, followed by filtting the mixture which was 
refluxed for 1 h. The substance that cannot be dissolved 
by heptane was regarded as asphaltenes. The maltenes was 
condensed by rotary evaporation to 5 mL for further sep-
aration. 50 g neutral alumina (100–200 mesh, activated at 
500 °C for 6 h, 1 wt.% water added) were loaded into a 
glass column and wetted with n-heptane. The maltenes 
added into column and eluted by heptane (80 mL), tolu-
ene (80 mL) to obtain saturates, aromatics, respectively. 
The process followed Chinese industry standard method 
SH/T 0509-92, equivalent to ASTM D2007-93.

2.3 Selective separation of thiophenes and sulfides
One gram vacuum residuum was dissolved in 10 mL of 
DCM and 5 mol equiv of AgBF4 and 15 mol equiv MeI 
(based on the sulfur content of the sample) were added 
successively. The mixture were stirred in the dark at room 
temperature for 24 h and the procedure was repeated once 
in order to enhance the reaction. Filtration was carried out 
to remove the yellow precipitate of AgI generated in the 
process. Then add 50 g of anhydrous Na2SO4 to the mix-
ture obtained to confirm products were adsorbed to the 
surface of sodium sulfate uniformly. The DCM was com-
pletely evaporred, by rotary evaporation. Afterwards, the 
sample was transferred to a clean glass column, unreacted 
oil and sulfonium salt was eluted by n-hexane respectively. 
10 mol equiv of 7-azaindole was added to the sulfonium 

salts. Reaction was carried out at room temperature for 
24 h. The thiophenic compounds was extracted by n-hex-
ane. Similarly, 10 mol equiv of DMAP was added to the 
raffinate, then the sulfides was obtained.

2.4 ESI FT-ICR MS analysis
The asphaltenes and sulfonium salt were analyzed using 
a Bruker Apex-Ultra FT-ICR MS equipped with a 9.4 T 
superconducting magnet. The sample solution was infused 
via an Apollo II electrospray ionization source at 200 µl/h 
using a syringe pump. The operating conditions for posi-
tive ion formation were a −3.5 kV emitter voltage, −4.0 kV 
capillary column front end voltage, and 320 V capillary 
column end voltage. Ions were accumulated for 0.01 s in a 
hexapole with 2.4 V DC voltage and 300 Vp-p RF ampli-
tude. The optimized mass for Q1 was 200 Da. An argon-
filled hexapole collision pool was operated at 5 MHz and 
400 Vp-p RF amplitude, in which ions accumulated for 
0.2 s. The extraction period for ions from the hexapole to 
the ICR cell was set to 1.3 ms. The RF excitation was atten-
uated at 11.75 dB and used to excite ions over the range of 
150–800 Da. Four M data sets were acquired. A number 
of 64 cans FT-ICR data sets were coadded to enhance the 
signal-to-noise ratio and dynamic range.

2.5 Mass calibration and data analysis
The mass spectrometer was calibrated using sodium for-
mate. Peaks with a relative abundance greater than 5 times 
the standard deviation of the baseline noise were exported 
to a spreadsheet. Data analysis was performed using cus-
tom software, which has been described elsewhere [18]. 
The data analysis was performed by selecting a two-mass 
scale-expanded segment in the middle of spectra, followed 
by detailed identification of each peak. The peak of at 
least one of each heteroatom class species was arbitrarily 
selected as a reference. Species with the same heteroatom 
class and its isotopes with different values by DBE and car-
bon number were searched within a set ±0.001 Kendrick 
mass defect KMD tolerance.

Experimental errors for all presented data range 
±0.01–0.1.

3 Results and discussion
Physical and chemical properties of the vacuum resid-
uum are listed in Table 1. The residuum has a high den-
sity and low H/C ratio, relative high oxygen and sulfur 
contents. The asphaltene and metal contents are not high 
comparing with heavy oils that have similar density. 
Regardless the mixing of different raw materials, the oil 
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shows a characteristic of marine facies origin, maturited, 
and biodegraded crude oil. The low vanadium and nickel 
contents implies the biodegradation is not severe.

Sulfur compound is one of the most important con-
cerns of heavy oil. In the last decade, using high reso-
lution FT-ICR MS, the molecular composition of sul-
fur compounds in heavy petroleum has been achieved. 
However, the molecular composition of sulfur compounds 
as a whole is not satisfying for the understanding of chem-
ical transformation properties of oil, because different iso-
mer structures of sulfur compounds, for example, sulfides 
and thiophenes could have largely different reactivities. 
Hence, the characterization of different sulfur compounds 
is needed. An effective separation method has been devel-
oped [19] and has been successfully used for processing 
crude oils and their fractions.

Table 2 shows the content of separated sulfide and thio-
phene fractions, which consists of 26.32 % and 22.23 % 
of the oil, respectively. The yields were not include polar 
molecules with sulfidic and thiophenic moities.

Fig. 1 shows the broad-band positive-ion ESI FT-ICR 
mass spectrum of the methyl derivatization products of 
the heavy oil residue and its two sulfur fractions. The data 
indicates that the molecular weight of sulfur compounds 
in heavy oil residue varied from 150 to 800 Da. The peak 
identifications were obtained without subtraction of the 
mass of derivatization group. The results from expanded 
mass scale spectra at m/z 425 shows sulfur compounds of 
C29H45S1 (DBE = 8) and C28H57S1 (DBE = 1).

Fig. 2 shows the relative abundance of heteroatoms 
assigned from the positive-ion ESI FT-ICR mass-spec-
tra of the methylated vacuum residuum, sulfide and thio-
phene. Relative abundance is defined as the magnitude 
of each peak divided by the magnitudes of all identified 
peaks (exclude the isotopic peaks) in the MS spectrum. 
The vacuum residuum has highest relative abundance of 
S1 class species, followed by S2 , O1S1 , N1S1 , O2S1 . The dis-
tribution of heteroatoms in sulfide fraction and thiophene 
fraction are similar to that of the vacuum residuum. It is 
worth noting that the relative abundance of S2 class species 
in thiophene fraction is higher than sulfide fraction, which 
implies that both of the sulfur atoms in the S2 class species 
are in the form of thiophene.

Fig. 3 shows the distribution plots of DBE versus car-
bon number for S1 class species from the positive-ion ESI 
FT-ICR MS spectra of methylated vacuum residuum and its 
sulfide and thiophene fractions. Generally, benzothiophenes 
and/or dibenzothiophenes are the most abundant sulfur 

(a)

(b)

(c)

Fig. 1 Broad-band positive-ion ESI FT-ICR MS spectra of the methyl 
derivatization products of vacuum residuum fraction (a), its sulfidic (b) 
and thiophenic (c) fractions. The inset shows the expanded mass spectra 

at m/z 425.

Table 1 Properties and elemental contents of the vacuum residuum

Properties Values Methods

Density (20 °C, kg/m3) 981.0 ASTM D1298-12b

Coking (wt.%) 14.0 ASTM D189-06

Ash content (wt.%) 0.02 ASTM
D482-19

Water content (wt.%) up to 0.1 ASTM D6304-20

Boiling point (°C) 380 ASTM D1160-18

Group composition
Saturates (wt.%)
Aromatics (wt.%)
Resins (wt.%)
Asphaltenes (wt.%)

21.8
50.5
23.9
3.8

SH/T 0509-92

Elemental composition
C (wt.%)
H (wt.%)
O (wt.%)
N (wt.%)
S (wt.%)
H/C
Vanadium (wppm)
Nickel (wppm)
Iron (wppm)

85.49
10.76
1.35
0.59
2.68
1.51
10.76
1.35
0.59

GB/T 19143

Table 2 The content of sulfur-containing compounds of 
vacuum residuum

Compounds Content (mg/L) Content (%)

Thiophenes 156.3 22.23

Sulphides 186.0 26.32

Polar compounds 503.4 42.73

Non-polar compounds 31.2 8.83
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compounds in petroleum, which have DBE values of 6 and 
9, respectively. Fig. 3 (a) displays that the most abundant S1 
class species varied over a wide range of DBE (1–22) and 
carbon number (10–55). Furthermore, the S1 class species 
with carbon numbers of 20–40 and DBE values from 6 to 
12 have the highest abundance, which indicated thiophene 
series compounds were dominant in sulfur compounds. 
For the sulfide fraction (Fig. 3 (c)), compounds with DBE 
value of 1 should be sulfides with 1 naphthenic ring, while 
the compounds with DBE values of 5–7, which having high 
relative abundance, are likely aromatic sulfides. Fig. 3 (c) 
shows the sulfur compound ditribution of thiophene frac-
tion. As mentioned above, DBE values of 6–12 correspond 
to benzothiophenes, dibenzothiophenes and benzonaph-
thothiophenes. The absence of DBE = 1 series indicates the 
successful separation of sulfides from thiophenes.

The positive-ion broad-band ESI FT-ICR MS spectrum 
of asphaltene in the vacuum residue shows that its molec-
ular weight varied from 250 to 800 Da. The inset shows 
an expanded mass spectrum at m/z 380–400, which con-
tain the highest relative abundance of O4 class species, 
such as C24H39O4 .

Fig. 4 shows the distribution plots of DBE versus car-
bon number for vanadyl porphyrins from positive-ion ESI 
FT-ICR MS spectrum of the asphaltenes. The double-bond 

equivalent (DBE) is defined as the number of double 
bonds plus rings. The double bond in the vanadyl group 
(V=O) is not counted in DBE, which only co-valent dou-
ble bonds connected with carbon atoms are considered. 
Alkyl porphyrins containing the main structure N4VO 
have been discovered. As Fig. 4 shows the N4VO class 
has DBE value of 17–24 and carbon number of 24–44. 
The etioporphyrins (ETIO) (CnH2n-28N4V1O1 , correspond-
ing to DBE=17) and deoxophylloerythroetioporphyrins 
(DPEP) (CnH2n-30N4V1O1 , corresponding to DBE=18) are 

(a)

(b)

(c)

Fig. 2 Relative abundance of heteroatom class assigned from the 
methylated heavy oil fraction (a), its sulfide (b) and thiophene (c) 

fractions derived from positive-ion ESI FT-ICR MS spectra

(a)

(b)

(c)

Fig. 3 Plots of DBE as a function of the carbon number for S1 class 
species in methylated samples of heavy oil residuum (a), its sulfidic (b) 

and thiophenic (c) fractions from positive-ion ESI FT-ICR MS.
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