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Abstract. The composition of the products of thermal and catalytic cracking of mixtures of deasphaltened
crude oil (DAO) or maltenes with 0, 8, 12, 16 % of asphaltenes was studied. Cracking was carried out
in a batch reactor at a temperature of 450 °C for 2 hours. Microsized NiCrWC powder as an additive
for catalytic cracking was used. Data on the composition of products of cracking were obtained. It was
found out that in the course of thermal and catalytic cracking of DAO mixtures with different content
of asphaltenes the yield in gaseous and solid by-products increased with increase in their content. At
the same time, the yield of distillate fractions ibp-360 °C also increased, while the content of secondary
resins and asphaltenes decreased. The structure of the initial asphaltenes undergone significant changes
in the course of thermal and catalytic cracking. Hence, they decreased in size, became more aromatic
and had a much lower number of alkyl substituents. It was noted that the addition of NiCrWC in the
cracking of DAO mixtures with different asphaltene content did not significantly affect the destruction

of asphaltenes and did not contribute to an increase in the yield of the ibp — 360 °C fraction.
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TepMUUYeCKUN U KATAJIUTHYCCKUN KPEKUHT CMecel

acajbTeHbl / MaJIbTEHbI

I.C. lleBneBa, H.I. Boponeukas, H. H. CBupuaenko
Hncemumym xumuu nepmu Cubupcrxozo omoenenuss PAH
Poccuiickaa ®eoepayus, Tomck

AHHoTanus. B paboTte n3ydeH cocTaB MPOLYyKTOB TEPMHUUECKOTO M KaTAIUTHIECKOT0 KPEKHHTa cMece
neacoansrennsupoBanHoi HepTr (DAO) ¢ 0, 8, 12, 16 % acdansrenoB. KpekHHT IPOBOAMIICS B peakTopax
(aBTokmaBax) npu temmneparype 450 °C B reuenue 2 yacoB. [Ipu kaTaJTuTHIECKOM KPEKHUHTE B KAYeCTBE
no6asku ncronb3oBalics NiCrWC B Buzie Hopolika MEKpOHHOT0 pa3mepa. [losrydeHsl jaHHBIE IO cocTaBy
IPOAYKTOB KPEKHHTa. YCTAHOBIICHO, YTO B IIPOIIECCE TEPMUUYECKOTO M KATAINTHYECKOT0 KPEKHHTa cMecel
DAO c paznuuHbIM cofepskaHieM ac(abTeHOB 10 MEPEe YBEJINYCHUS UX COCPKAHUS YBEINIHBACTCS
BBIXOJI TOOOYHBIX — ra3000pa3HbIX U TBEP/IX IPOAYKTOB; IIPU 3TOM TAKKE yBEIMUNBACTCS BBIXOJ
nuctuinaTHbeIX ¢ppaknuii HK-360 °C, cHmkaeTcst cofepkaHne BTOPUYHBIX CMOJI M ac(abTeHOB.
CTpyKTypa HCXOHBIX ac(aibTeHOB IIpEeTEepIeBacT 3HAYNTEIbHbIC U3MEHEHHS B IPOLIECCE TEPMO-
1 KaTKPEKMHTa — OHN YMEHBIIAIOTCS B pa3Mepax, CTaHOBSTCS 00Jiee apOMaTHYHBIMU C TOPA3/]0 MEHBIINM
KOJINYECTBOM aJIKHIIBHBIX 3amecturelneil. OrmeueHo, uto podaska NiCrWC npu KpekuHre cMecei
DAO c¢ paznu4ubIM cozepxaHueM ac(aabTeHOB HE OKa3bIBACT 3HAUMMOI0 BIMSHUS HA AECTPYKIIHIO

ac(haJbTCHOB U HE CIIOCOOCTBYET yBeandYeHHIO Bhixona gpakimu HK-360 °C.

KuroueBnle ciioBa: acanbreHsl, MalbTeHbl, KpeKUHT, 100aBka NiCrWC, cTpyKTypa, COCTaB.
BaaropapHocTu. Pagora BbINojHEHA B paMKax rocyIapCTBEHHOr0 3ajanus st IHCTUTYTa XUMUU
He(ptn CO PAH u ¢punancupyercs MUHHUCTEPCTBOM HAayKH U BhIcHIero oopasosanus Poccniickoit

Denepanum.

ABTOpBI 3asIBJISIIOT, YTO Y HUX HET KOH(IUKTA HHTEPECOB, TPEOYIOIIEr0 PACKPHITHUS B JaHHOH CTaThe.

Iutuposanne: IleBuena, I'. C. Tepmuuecknii n KaTanuTHYECKHI KpeKUHT cMeceil acdanprensl/ manbrensl/ I. C. IleBueBa,
H.T. Boponenxas, H.H. Ceupunenxko // Xypn. Cub. denep. yr-ra. Xumus, 2022, 15(4). C. 466—475. DOI: 10.17516/1998-2836-0309

Introduction
The use of hydrocarbon resources of heavy oils and oil residues presents many difficulties due to a
high content of high-molecular resin-asphaltene components in them. The main trend in the development
of the oil refining industry is the conversion of heavy crude oils for the purpose of increasing the yield of

light distillate fuels [1-2]. The advantages of thermal over catalytic methods are the following: a lower
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production costs due to the technological design simplicity, the use of inexpensive catalysts, and the
absence of any restrictions on the feedstock quality [3—4]. One way of optimizing the thermal processes
of heavy oil processing is the use of various activating dispersed additives, which lead to a decrease in
the yield of gaseous products and coke [5-7].

Asphaltenes are potential sources of light hydrocarbons and coke precursors formed during
cracking [8—12]. During processing, asphaltenes undergo many reactions, including cracking,
dehydrogenation, dealkylation, and condensation, which lead to changes in their structure [13-16].
The structure and content of asphaltene, and composition of dispersion medium are the main factors
that determine the relative stability of crude oil [17].

The purpose of this work was to study the influence of a NiCrWC additive on increasing the
intensity of asphaltene degradation using the example of model mixtures with varied contents of
asphaltenes. The dispersed NiCrWC additive was a micron-sized powder, which contained W (24.1 %),
C (3.1 %), Ni (51.3 %), Cr (15.9 %), Fe (3.7 %), and O (1.9 %) [18]. Being highly active in cracking
reactions, this additive catalyzes the reactions of isomerization, dehydrogenation, and cleavage of C—C
bonds [18-21]. Deasphalted oil (maltenes) was chosen as a dispersion medium for the preparation
of model mixtures. A comparative analysis of the yields in distillate fractions and coke, as well as
changes in the chemical structure of asphaltenes and the hydrocarbon composition of the products of

thermal and catalytic cracking have been carried out.

Experimental Section

The objects of study were model mixtures obtained by mixing maltenes of Usinsk oil with various
amounts of asphaltenes isolated from the same oil by precipitation with n-hexane. The composition of
the DAO mixtures with asphaltenes is presented in Table 1.

Deasphaltization. The crude oil sample was dissolved in a 40-fold excess of n-hexane. The hexane
solution of crude oil was kept in a dark place for 24 hours. The precipitated asphaltenes were filtered off
and placed into a paper cartridge. In a Soxhlet apparatus, the cartridge with asphaltenes was washed
first with hot hexane to remove coprecipitated oils and resins, and then with chloroform to isolate
asphaltenes. The hexane solution of maltenes obtained after deasphaltization was combined with the
hexane extract after washing off the asphaltenes. The solvent was distilled off. A sample of maltenes
was dried, brought to constant weight, and the yield of maltenes was determined. The solvent was
removed from the chloroform solution, and the resulted asphaltenes were dried to constant weight.

Calculation of the average structural parameters was carried via the improved Brown-Ladner
empirical formulas based on 'H-NMR data, data of elemental analysis, and MW values [13]."H NMR

Table 1. Composition of DAO mixtures

Content of asphaltenes in a mixture, wt% 0 8 12 16
Resins, wt% 19.6 18 17.2 16.5
Oils, wt% 80.4 73.9 70.8 67.5
Fractional composition

Ibp-360 °C, wt% 35.9 33.0 29.9 26.6
>360 °C,% wt% 64.1 67.0 70.1 73.4

— 468 —



Journal of Siberian Federal University. Chemistry 2022 15(4): 466475

spectra of asphaltenes were obtained using a Bruker AVANCE-AV-400 NMR-Fourier spectrometer
at 400 MHz in CDCl; solutions with hexamethyldisiloxane as internal standard. Average molecular
weights of asphaltenes were measured by cryoscopy in naphthalene. Elemental composition was
determined using a Vario EL Cube CHNS analyzer by direct combustion at 1200 °C with subsequent
separation of gases and combustion products in three adsorption columns (helium was a carrier gas)
and identification using a thermal conductivity detector. The detection limit for each element is less
than 0.01 wt%.

Distillation curves were obtained according to ASTM-D 2887.

Cracking of the samples with and without additive was carried out in a batch reactor of 12 ¢m?
at a temperature of 450 °C and duration of 120 minutes. The weight of the feedstock loaded into the
reactor was 7 g. The amount of NiCrWC additive was 0.5 wt% [21]. Argumentation in support of these
conditions is described in [22]

As a catalytic additive, NiCrWC was used in the form of a micron-sized powder with a small
specific surface (Ssp = 0.4014 m2 / g), containing W (24.1 %), C (3.1 %), Ni (51.3 %), Cr (15.9 %), Fe
(3.7 %) and O (1.9 %).

The procedure for preparing the NiCrWC additive and investigating its structure by X-ray
diffraction analysis (Bruker D 8 X-ray powder diffractometer), electron microscopy, and electron
microprobe analysis (scanning electron microscope with a Hitachi TM-1000 energy dispersive X-ray
spectrometer) is described in [18]. It is shown that NiCrWC powder consists of particles of tungsten
carbide and nichrome. Small amounts of nickel, chromium, iron, and oxygen are present on the surfaces
of tungsten carbide particles, while those of tungsten, carbon, iron, and oxygen are observed on the

surface of nichrome particles.

Results and discussion

Table 2 presents the data on the mass balance of catalytic cracking (CC)of model mixtures.The
reactions of destruction of crude oil components in the course of cracking promoted the formation
of light hydrocarbons, which were included into the gas, gasoline, and diesel fractions [18]. With

an increase in the asphaltene content, the yield in gases during thermal cracking (TC) increased

Table 2. Mass balance of cracking

Content of asphaltenes

in a mixture, wt% 0 8 12 16

TC CC TC CcC TC CcC TC CcC
Coke, wt% 0.3 1.1 6.6 2.4 7.4 7.8 8.5 8.0
Gas, wt% 2.7 4.8 8.3 4.1 10.0 8.1 124 6.9
Liquid products including 97.0 94.1 85.1 93.5 82.6 84.1 80.8 85.9
Oils, wt% 70.9 75.6 73.0 76.2 68.8 70.6 63.0 69.6
Secondary resins, wt% 25.0 15.2 8.7 12.1 9.2 9.0 10.8 9.9
Secondary asphaltenes, wt% 1.1 33 34 5.2 4.6 4.5 7.0 6.4
Fractional composition:
ibp-360 °C, wt% 34.6 527 56.4 62.9 52.5 54.9 48.2 54.6
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from 2.7 to 12.4 %, while in the presence of a NiCrWC additive it increased from 4.8 to 6.9 %. The
yield of gases from cracking of a mixture containing 8 % of asphaltenes in a presence of NiCrWC
is lower (4.1 %) than that from cracking of maltenes, although asphaltenes should be an additional
potential source of light hydrocarbons in this case.During cracking of DAO mixtures with 8-16 %
asphaltenes in the presence of NiCrWC additive, the yield in gases was 1.2-2.0 times lower than
that during thermal cracking. According to the data obtained, no clear dependence of the yield of
gaseous products of cracking in the presence of NiCrWC on the content of asphaltenes in the model
mixtures was revealed.

In addition to gaseous products, insoluble solid products like coke are also by-products of cracking.
Free radicals resulted from reactions of degradation of hydrocarbons, resins, and asphaltenes may be
involved in reactions of condensation to form coke. As can be seen from Table 2, the yield of coke from
cracking increases with increasing of content of asphaltenes in the mixture. Coke is also formed during
the cracking of maltenes (0 % of asphaltenes), which is probably due to the condensation of resins and
high molecular weight hydrocarbons. In the case of catalytic cracking of DAO with 0 % of asphaltenes,
the coke yield was 1.1 %. Thermal cracking of DAO with 8 % of asphaltenes led to a sharp increase in
coke yield from 0.3 to 6.6 % compared to that for DAO with 0 % asphaltenes. In the case of cracking
with NiCrWC, the rate of condensation reactions of DAO with 8 % of asphaltenes was significantly
lower than in the course of TC. With a further increase in the amount of asphaltenes in the mixture
with DAO to 12 and 16 %, 7.4 and 8.5 % of coke were formed during thermal cracking, while during
CC the yield in coke was 7.8 and 8.0 %, respectively.

In liquid products of TC and CC, the content of ibp-360 °C distillate fractions was higher than
their content in the initial mixtures (Tables 1,2). Most of these fractions were formed during cracking
of DAO mixtures with 8 % asphaltenes both in the presence of NiCrWC additive and without it. With
an increase in the amount of asphaltenes to 12 and 16 %, the yields of these fractions decreased, but
remained rather high and exceeded the content of the ibp — 360 °C fraction in the initial DAO mixtures
by 1.8-2.0 times.

In addition to the fractional composition, the content of resins and asphaltenes in liquid products
of cracking of model mixtures also changes (Table 2). Figure 1 shows the amount of secondary resins
and asphaltenes in liquid products of cracking change curves with content of asphaltenes. In the initial
DAO, the resins content was 19.6 %. The content of secondary resins in the thermal cracking products
of DAO without asphaltenes reached 25.0 %.The increase in the content of resins was possibly due to
the destruction of large molecules of initial resins, which resulted in the formation of a higher amount
of secondary resins with a lower molecular weight and lower H/C ratio. They contained a lower number
of heteroatoms and carbon atoms in the alkyl side chains, as well as a lower number of aromatic rings
compared to the initial resins molecules [23]. In addition, resins could also be formed as a result of
condensation reactions with the participation of hydrocarbon radicals.

In other products of TC and CC, the content of secondary resins was lower than in the initial
ones. Probably, in these cases, asphaltenes determined the direction of thermal conversions of mixture
components, hence condensation reactions became predominant, which led to the involvement of resins
into the formation of secondary asphaltenes and then coke. In comparison with thermal cracking, the
addition of NiCrWC had no significant effect on the yield of secondary resins when the content of
asphaltenes in mixtures with DAO was 12 and 16 % (Fig.1a).
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Fig. 1. Content of resins (a) and asphaltenes (b) in DAO mixtures and cracking products

The precursors of secondary asphaltenes were the initial asphaltenes decomposed in the processes
of TC and CC, as well as asphaltenes formed from resins and polyarenes [24-25]. As can be seen from
Table 2, secondary asphaltenes are also formed during cracking maltenes. Comparison of the yields of
secondary asphaltenes with the amount of asphaltenes contained in the initial model mixtures shows
that cracking in the presence of NiCrWC leads to a decrease in the amount of asphaltenes by a factor
of 1.5-2.7. Differences in the yield of secondary asphaltenes during TC and CC were observed only for
DAO mixtures with 0 and 8 %. With an increase in the amount of asphaltenes in the mixture to 12 and

16 %, the presence of the additive had no effect on the yield of secondary asphaltenes (Fig. 1b).

Structural group characteristics of asphaltenes

The structure of the initial asphaltenes changed during cracking due to the reactions of
destruction, dehydrogenation, dealkylation, aromatization, and condensation [12, 26]. Table 3 presents
the structural parameters of the initial asphaltenes and secondary asphaltenes formed during cracking.

Thermal cracking of DAO with 0 % asphaltenes led to the formation of asphaltenes, whose
MW and the H/C ratio were similar to those of the initial asphaltenes. Asphaltenes formed during
cracking of DAO with 0 % asphaltenes in the presence of NiCrWC additive were hydrogen-depleted
(H/C = 0.80) and smaller in size than asphaltenes formed during thermal cracking. This was due to
the effect of NiCrWC additive on the direction of thermal conversions of crude oil components and, as
a consequence, the formation of asphaltenes, which differed in structure from the asphaltenes formed
during thermal cracking.

The molecules of secondary asphaltenes of the products of TC and CC of DAO mixtures with an
asphaltene content of 8, 12, and 16 % were smaller than the molecules of the initial asphaltenes and
asphaltenes formed during the TC and CC of DAO with 0 % asphaltenes (Table 3). It should be noted
that in all cases the effect of the additive on the size of asphaltene molecules was observed. Hence, the
molecular weights of secondary asphaltenes molecules formed during catalytic cracking were higher
than those of molecules formed during thermal cracking. The H/C ratios of secondary asphaltenes
formed during TC and CC were similar. In comparison with the initial asphaltenes, an increase in
nitrogen content and a decrease in total sulfur were observed in secondary asphaltenes.

The asphaltenes formed during the cracking of DAO with 0 % asphaltenes were structurally

similar to the initial asphaltenes, as evidenced by the close values of the length of alkyl substituents
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Table 3. Structural parameters of initial asphaltenes and secondary asphaltenes of the products of cracking

Content Qf asphaltenes in a 0% 39 2% 16 %
mixture, wt%
o Initial Secondary asphaltenes
Analysis items

asphaltenes TC CcC TC C€C TC CC TC CC
Molecular weight, MW 1400 1253 930 738 832 528 569 603 637
Carbon, wt% 78.9 829 847 842 835 798 833 82.0 840
Hydrogen, wt% 7.8 7.8 5.6 53 5.4 5.5 5.4 5.6 5.6
H/C, mol/mol 1.19 .13 080 076 077 082 079 082 0.80
Sulfur, wt% 39 4.0 2.3 3.5 3.6 32 3.6 33 3.6
Nitrogen, wt% 1.1 1.3 1.8 1.9 1.9 1.9 1.8 1.9 1.9
Hau/Ca 0.60 053 049 045 044 052 048 051 048
Length of alkyl substituents, n 3.69 378 233 257 266 242 251 248 255
Total rings, Ry 16.1 16.8 169 141 15.7 9.1 10.6 106 118
Aromatic rings, R 9.6 11.1 129 115 127 7.0 8.4 8.2 9.3
Naphthenicrings, Ry 6.5 57 4.0 2.6 3.0 2.4 2.2 2.4 2.5
Totalcarbonnumbers, Cr 92.1 86.6  65.6 51.8 57.9 35.1 39.5 41.2 446
Aromaticcarbonnumbers, Cy 443 41.4 47.0 38.3 41.9 289 288 34.0 32.0
Aromaticityfactor, (f,) 0.48 050 072 074 072 072 073 071 072
c 0.48 049 035 030 032 031 030 032 032

(n), the total number of rings (Rr), the aromatic factor (f,), and the degree of hydrogen substitution in
aromatic systems (c). The cracking of DAO with NiCrWC resulted in the formation of asphaltenes,
whose structure was more aromatic and poor in side aliphatic chains as compared to the initial analogs.

Secondary asphaltenes formed during thermal cracking of a mixture of DAO with 8 % of
asphaltenes were smaller in size than the initial asphaltenes and consisted of 14.1 rings, 80 % of
which were aromatic, while the structure of the initial asphaltene molecules contained 16.1 rings,
where only 60 % were aromatic rings. In addition, they contained 1.4 times less of alkyl substituents
than the molecules of the initial asphaltenes. Molecules of secondary asphaltenes formed during
thermal cracking of a mixture of DAO with 12 % and 16 % of asphaltenes had 9.1 and 10.6 cycles in
their structure, respectively, where on average 78 % were aromatic cycles. The number of alkyl side
chains was practically the same as in the molecules of secondary asphaltenes during the cracking of
a mixture of DAO with 8 % asphaltenes.

A similar tendency was observed in the catalytic cracking of a DAO mixture with an asphaltene
content of 8 %, 12 %, and 16 % in the presence of NiCrWC. Hence, the structure of the molecule was
2 cycles larger, and the degree of aromaticity was similar to that of secondary asphaltenes during TC.
The number of alkyl substituents slightly exceeded that in the molecule of secondary asphaltenes
during thermal cracking of the same mixtures. Apparently, the condensation reactions leading to the
formation of coke were slightly inhibited due to the use of NiCrWC additive.

It should be noted that the difference between the average structures of asphaltenes obtained after
TC and CC decreased in the following series of asphaltene content: 0 — 8 — 12 — 16 %. This fact can

be explained by the more active destruction of asphaltenes on the catalyst surface, which, accordingly,
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leads to the active deposition of condensation products. Thus, the faster the catalyst cokes, the smaller
the difference between the structural changes of asphaltene molecules.

Secondary asphaltenes become more aromatic and their solubility decreases. Changes in the
chemical structure of asphaltenes promote their aggregation and deposition on the surface of catalytic

particles, which contributes to the formation of coke.

Conclusion

Comparative analysis of the data on the mass balance of the products of thermal and catalytic
cracking of DAO mixtures with different content of asphaltenes revealed that with an increase in the
amount of asphaltenes in the mixture, the yield of gaseous and solid by-products increased, but at the
same time the yield in distillate ibp-200 °C and 200-360 °C fractions also increased, while the content
of secondary resins and asphaltenes decreased. The positive effect of use the NiCrWC additive was a
decrease in the yield of gaseous products and a significantly higher increase in the yield of the 200—
360 °C fraction as compared to thermal cracking. The formation of coke during thermal and catalytic
cracking also occurred in the absence of asphaltenes, which was probably due to the condensation
reactions of the resulting radicals of resin components and high molecular weight hydrocarbons.

The structure of the initial asphaltenes undergone significant changes in the course of thermal
and catalytic cracking. Hence, the molecular weight and the H/C ratio decreased, while the degree of
aromaticity increased. The H/C ratio of secondary asphaltenes formed during thermal and catalytic
cracking are similar.

The investigation has shown that the use of NiCrWC additive for the cracking of DAO mixtures
with different content of asphaltenes did not have a significant effect on the destruction of asphaltenes

and did not contribute to an increase in the yield of the ibp — 200 °C fraction.
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