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This study investigates the effect of preliminary physical activation of vacuum residue
using ultrasonic cavitation and its combination with a magnetic field on the efficiency of catalytic
hydrovisbreaking. The process was carried out at 450 °C and a hydrogen pressure of 5.0 MPa
using an HR-538/Zeocar-600 catalyst system. Feedstock activation included ultrasonic treatment
and combined ultrasonic-magnetic field exposure.

The results show that physical activation enhances the conversion of heavy hydrocarbons and
improves product distribution. The yield of light distillates increases from 56.3% to 63.1%, while gas
formation decreases from 9.5% to 5.8% and the fraction above 360°C decreases from 28.7% to
25.7%, without an increase in coke formation. The combined treatment exhibits a synergistic effect,
providing greater improvements than ultrasonic treatment alone. In addition, fuel quality improves,
with sulfur content decreasing in both gasoline and diesel fractions and aromatic hydrocarbons
being reduced, alongside an increase in saturated components. Key performance indicators such
as octane and cetane numbers remain essentially unchanged.

Overall, the combined application of ultrasonic cavitation and magnetic field treatment
represents an effective approach for intensifying hydrovisbreaking, enabling deeper and more
selective conversion of heavy feedstock without increasing process severity.
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"MHCTUTYT HESTEXUMNYECKMX MPOLIECCOB M. HO.T. MAMED,AJ'IVIEBA
MWHUNCTEPCTBA HAYKN 1 OBPASOBAHUA ASEPBAVNIXKAHA
Asepbarimxan, AZ1025, r. baky, npocnekt Xomxansl, 30

2BAKVNHCKAA BbICLWWAA LWWUKONA HE®TU
Asepbavimxan, AZ1023, r. baky, HoBoe CanbsiHckoe Locce, 25

B daHHoU pabome uccredosaHo enusiHue npedsapumeribHoU ¢hududeckol akmusayuu ay-
OpOoHa C ucnonb308aHUEM yrbmpasgyKo8oU Kagumauyuu, a makxe eé coyemaHusi ¢ MagHUMHbIM
ronem, Ha aghghekmueHOCMb Kamanumu4eckoao eudposucbpekuHea. Mpoyecc nposodurics rnpu
memnepamype 450 °C u aeneHuu sodopoda 5,0 Mlla c ucrnonb3oeaHueM kamanumu4eckoul cu-
cmembl HR-538/{eokap-600. Akmusayusi Cbipbs 8KIrOHana yrbmpa3sykosyto 06pabomky u KOM-
buHuposaHHoe 8o3delicmeue yrbmpa3ssyka U MagHUMHOo20 MOorisl.

lNoka3aHo, 4mo huduyeckas akmueayus rnosbiuiaem cmeneHb rnpespaweHuUss MsXKEnbIX
yanesodopodos u yrny4waem pacrpedernieHue npodykmos. Beixod ceemribix ducmurnsimos yee-
nuqyueaemcsi ¢ 56,3 % 0o 63,1 %, npu amom obpasosaHue 2asa cHuxxaemcsi ¢ 9,5 % 0o 5,8 %, a
Oornisa hpakyuu ¢ memnepamypol KuneHus ebiwe 360 °C ymeHbwaemcs ¢ 28,7 % 0o 25,7 % 6e3
ysernu4eHusi KokcoobpasosaHusi. KombuHuposaHHasi obpabomka nposiensgem cuHepaemuyecKkull
aghpekm, obecrnequsasi boree 8bipaxeHHbIe yryHWeEHUs M0 cpasgHEeHUIo ¢ 8030elicmauemM 00HO20
ynbmpassyka. [JJonornHumernbHO yy4uwaemcs Ka4ecmeo mornsug: CHUXaemcsi cooepxaHue cepbl
U apoMamuyecKux yarneeo0opo0os, yeernudugaemcs 00/s1 HaCbIUEHHbIX COeOUHeHUU, rpu 3mom
OKMaHoB8oe U UemaHo80oe Hucsa npakmu4yecKku He U3MEHSIIOMCS.

B yenom kombuHupogaHHOe NpuMeHeHUe yrbmpa3sgykogol Kagumauyuu U Ma2HUmHo20 rons
sensgemcsi agpchekmueHbIM MemMoOOM UHMeHcugukayuu eudposucbpekuHea, obecreqyusarouum
bornee a2nyboKyro u cenekmusHyto nepepabomky mskENoeo cbipbsi 6e3 yxxecmodyeHuss MexHoo-
a2u4eckux ycrosud.

KITKOYEBBIE CJTI0OBA: sucbpekuHz, 2yOpoH, MagHUMHOe rorse, yrbmpa3sykogas kagumauusi.
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Byn xymbicma 2y0poHObI andbiH ana ¢u3ukarnbik 6enceHdipydiH (yrnbmpadbibbicmbIK Ka-
suUMauyUsi xeHe OHbIH Ma2HUM epiciMeH yUrneckeH acepi) kKamanumukarblk 2u0posucbpeKkuHe
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npoueciHiH muimoinieiHe acepi 3epmmendi. lNpouecc 450 °C memnepamypada xoHe 5,0 MlNa
cymek KbicbiMbiHOa HR-538/Zeocar-600 kamanumukarbiK XyUeciH KorndaHy apKbiribi XYpai3inoi.
Lukisammbi 6enceHOipy yrnbmpadbibbicmbik 6HOeyOi xoHe yribmpadblbbIC MeH MazHUM 6piCiHiH
ylneckeH acepiH KammbiObl.

Hemuxenep kepcemxkeHdel, ¢hudukasbik 6esiceHOipy aybip kemipcymekmepdiH aliHany 0spe-
JKeCiH apmmbIpbin, eHiMOepdiH maparybiH xakcapmadsbl. KeHin ducmunnsimmapObiH WhIFbIMbI
56,3 %-0aH 63,1 %-ra OeliiH apmadsbl, 2a3 mya3inyi 9,5 %-0aH 5,8 %-ra OeliiH memeHOelidi, an
KaltHay memnepamypacski 360 °C-maH xofapbi hpakyusinap yneci 28,7 %-0aH 25,7 %-ra OeliH
asasiibl, byn pemme KOKcmbIH my3inyi apmnalobl. bipikmipineeH eHOey yrnbmpadblbbiCrieH FaHa
acep emyMeH carnbicmbipraHOa aHarypribIM XofFapbl Homuxenep 6epemiH cuHepeemuKarbik acep
kepcemedi. CoOHbIMEH Kamap, XaHapmal canackl xakcapaobl: KyKipm rneH apomMammbl Kemipcy-
mekmepdiH Menwepi memeHAelOdi, KaHbIKKaH KOCbIlbicmapObiH yreci apmadhbi, asl OKmaH XXoHe
uemaH caHdapsbl ic Xy3iH0e e32epmelioi.

Xannbi anFaHda, yrnbmpadbibbicmbiK Kagumauusi MeH MazHUm epiciH bipee KorndaHy 2udpo-
sucbpekuHea npoueciH KapkbiHOamyObiH muimOi 8dici 6051bin mabbinadbl XoHe MEXHOI02USIbIK
Jardalnapobl Kywetimneli-ak 2yOpoHObI mepeH api cenekmusmi eHOeydi kammamachki3 emeoi.

TYUIH CO3[EP: sucbpekuHa, 2yOpoH, MasHUm epici, yrbmpadbibbicmbik Kagumauyus.

and highly viscous crude oils is steadily increasing, while reserves of conventional
light hydrocarbons are declining. This trend makes the development of efficient
technologies for the processing of heavy oils and natural bitumen an urgent task [1].

Upgrading of heavy petroleum feedstock is aimed at converting high-molecular-weight
components into lighter fractions with improved physicochemical properties. The main
industrial approaches include thermal cracking, catalytic cracking, and hydrocracking.
Thermal cracking is characterized by high severity and significant coke formation, along
with limited control over product distribution. Catalytic cracking improves selectivity
and reduces coke yield but is often limited by catalyst deactivation. Hydrocracking
and hydrovisbreaking combine catalytic and hydrogenation functions, enabling deeper
conversion of heavy hydrocarbons with simultaneous removal of heteroatoms such as
sulfur and nitrogen [2-5].

Hydrovisbreaking involves hydrogen-assisted cleavage of C—C bonds and hydro-
genation of aromatic structures, leading to the formation of lighter petroleum products
[6]. The process is typically conducted at temperatures of 300—450 °C in the presence of
bifunctional catalysts such as metal/zeolite systems (e.g., NiMo/Y-zeolite, Pt/ZSM-5),
which provide both hydrogenation and acidic cracking functions [7-9]. Compared with
purely thermal processes, hydroprocessing technologies offer improved selectivity and
lower coke formation due to stabilization of reactive intermediates by hydrogen [10—11].

Despite these advantages, hydroprocessing remains associated with high hydrogen
consumption and significant operational costs. Therefore, current research is focused on
process intensification methods that enhance conversion efficiency without increasing
reaction severity [12].

One promising approach is the preliminary physical activation of feedstock. Ultrasonic
treatment has been widely studied as a method for improving the properties of heavy oils.
According to previous studies [13—14], ultrasonic cavitation promotes the disruption of
asphaltene—resin structures, enhances mass transfer, and generates localized high-temperature
and high-pressure microzones. These effects facilitate bond cleavage in heavy hydrocarbons

ntroduction. In the global structure of hydrocarbon resources, the share of heavy
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and improve their reactivity during subsequent catalytic processing. The selection of a short
ultrasonic treatment time (on the order of minutes) is typically sufficient to induce cavitation
effects while avoiding excessive heating or secondary recombination processes.

Magnetic field treatment is another physical method that has been investigated for
modifying the properties of crude oils. Previous studies have shown that magnetic fields in
the range of tens of millitesla can reduce viscosity and influence the structural organization
of complex hydrocarbon systems [15]. These effects are generally attributed to changes
in intermolecular interactions and possible influences on the behavior of paramagnetic
species present in crude oil. However, the mechanisms of magnetic field action remain a
subject of discussion, and its influence is often interpreted as indirect, affecting aggregation
states and transport properties rather than causing direct chemical transformations.

In the present work, the selected magnetic field intensity (20-55 mT) corresponds
to the range reported in the literature as effective for modifying the rheological and
structural properties of heavy hydrocarbons, while maintaining low energy consumption.
The duration of magnetic treatment (several hours) is chosen to ensure sufficient interaction
time for structural reorganization within the dispersed system.

Although ultrasonic and magnetic treatments have been studied separately, their
combined application in catalytic hydrovisbreaking processes remains insufficiently
explored. The potential for a synergistic effect may arise from the simultaneous
enhancement of dispersion, mass transfer, and stabilization of reactive intermediates,
leading to improved conversion and selectivity.

The aim of this study is to investigate the effect of ultrasonic cavitation and magnetic
field treatment, both individually and in combination, on the efficiency and selectivity of
catalytic hydrovisbreaking of vacuum residue, with particular emphasis on identifying a
synergistic effect between these physical activation methods.

Materials and methods

The aim of this study is to investigate the effect of physical factors, such as a magnetic
field and ultrasonic cavitation, on the catalytic hydrovisbreaking process of vacuum residue.
In this work, the hydrovisbreaking process of vacuum residue obtained from a blend of
Baku crude oils was studied at a temperature of 450 °C and a hydrogen pressure of 5 MPa.
The process was carried out with the separation of both gasoline and diesel fractions.

The quality characteristics of the vacuum residue used are presented in Table 1.

The experiments were carried out in an autoclave of type 8218/8c, made of forged
chromium—nickel steel and equipped with a heating jacket and a rotating stirrer operating
at a speed of 50-86 rpm.

Experimental procedure

The feedstock was kept in a magnetic field with an intensity of 20—55 mT for 3-5
hours, then activated by ultrasound for 3 minutes and placed into the autoclave for the
hydrocracking process.

An amount of 200-300 mL of feedstock was loaded into a 1 L autoclave.

During the thermocatalytic conversion of the feedstock, a calculated amount of catalyst
was added simultaneously.

The autoclave was hermetically sealed, and the required pressure was created using
the appropriate gases.
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Table 1 - Physicochemical properties of vacuum residue

Parameter Value
Density at 20 °C, kg/m? 959.0
Kinematic viscosity at 20 °C, mm?/s 61.68
Flash point, °C 201
Fractional composition, wt.%
up to 450 °C 5
up to 475 °C 19.5
up to 500 °C 30
Hydrocarbon composition, wt.%
Paraffin—naphthenic hydrocarbons 29.7
Light aromatic hydrocarbons 9.5
Medium aromatic hydrocarbons 4.8
Heavy aromatic hydrocarbons 18.0
Resins:
I 8.0
Il 9.5
Asphaltenes 3.4
Sulfur, mg/kg 0.8

The reactor was then held for 20-30 minutes at room temperature without motion
to check for tightness.

After confirming tightness, the heating elements were switched on. When the
temperature reached approximately 50 °C below the target value, the motor was activated
to rotate the autoclave and hydrogen was supplied to establish the required pressure.

After completion of the process, heating was switched off and the autoclave
temperature was reduced as quickly as possible.

On the following day, the residual pressure was recorded; part of the generated gases
was collected in a gas holder for analysis, while the remaining gases were released. The
autoclave was then opened, and the obtained catalysate was sent for further analysis.

HR-538/Zeokar-600 is a mixture of HR-538 (a hydrogenation catalyst supplied by the
French company Acssens) with 10 wt.% of the industrial cracking catalyst Zeokar-600.

Table 2 — Quality characteristics of the HR-538 catalyst

Parameter Value
NiO 3.5wt.%
MoO; 17.0 wt.%
Surface area 210 m?*/g
Total pore volume 0.47 cm*/g
Pellet sizes 1.2mm/1.6 mm/25mm
Bulk density 0.67 kg/L (for 1.2 mm) / =0.70 kg/L (for 1.6-2.5 mm)
Compressive strength ~1.49 MPa
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Table 3 — Quality characteristics of the Zeokar-600 catalyst

Parameter shamdalrd
value

Bulk density under test conditions, kg/m? 680-780

Mass fraction of target fraction 3.0-6.0 mm, %, not less than 92

Mass fraction of intact and mechanically strong beads of fraction 2.5-5.0 86

mm, %, not less than

Stable gasoline yield activity, %, not less than 52

Selectivity, %, not less than 75

Moisture content removed at 800 °C, %, not more than 2.5

Mass fraction of rare earth elements (as oxides), %, not less than 1.8

Mass fraction of components, %, not more than:

- sodium oxide 0.55

—iron oxide 0.30

Platinum content characteristic - volumetric ratio of carbon dioxide to 15

carbon monoxide (CO,/CO), not less than ’

Chatalyst strength under impact-abrasion conditions for 300 s, %, not less 50

than

Results and discussion

The material balance of vacuum residue hydrovisbreaking under different feedstock
pretreatment conditions is presented in 7able 4. Three regimes were studied: standard
conditions, ultrasonic cavitation, and combined ultrasonic cavitation with a magnetic field
(0.25 T). The results demonstrate a systematic redistribution of products toward lighter
fractions with simultaneous suppression of gas formation.

Under standard conditions, liquid products account for 56.3 wt.% with 9.5 wt.% gases
and 4.0 wt.% coke. Ultrasonic cavitation increases light fractions to 58.9 wt.% and reduces
gas formation to 8.7 wt.%, indicating more selective cracking of heavy components. The
combined ultrasonic—magnetic treatment further enhances conversion, raising middle
distillates to 37.4 wt.% and total liquids to 63.1 wt.%, while reducing gas yield to 5.8 wt.%

Table 4 — Material balance of the vacuum residue hydrocracking process at 450 °C
and a hydrogen pressure of 5.0 MPa

Product Standard Ultrasonic Ultrasonic cavitation +
conditions cavitation 0.25 T magnetic field

Gasesup to C, 9.5 8.7 5.8
IBP-180 °C 27.6 27.8 25.7
180-360 °C 28.7 31.1 374
> gasoline + diesel 56.3 58.9 63.1
Fraction =360 °C 28.7 27.0 25.7
Coke 4.0 3.8 3.7
Losses 1.5 1.6 1.7
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with nearly unchanged coke (3.7 wt.%). This suggests suppressed radical recombination
and improved selectivity toward liquid products.

Overall, physical activation increases conversion depth and liquid yield while limiting
gas formation and maintaining low coke production.

Gasoline fraction analysis

The properties of gasoline fractions obtained under different activation modes are
summarized in 7able 5. Feedstock pretreatment modifies both fractional composition and
hydrocarbon distribution, although the boiling range remains characteristic of hydrocracked

gasoline.

Table 5 — Quality characteristics of gasoline fractions obtained by hydrocracking at 450 °C

and a hydrogen pressure of 5.0 MPa using the HR-538/Zeokar-600

Parameter - + ++
Distillation range, °C
Initial boiling point 40 35 42
10 % distilled 48 45 47
50 % distilled 87 83 90
90 % distilled 160.0 154 156
Final boiling point 190.0 185 187
Density at 20 °C, kg/m> 0.6953 0.6873 0.6908
lodine number, g 1,/100 g 10 10.5 10.5
Hydrocarbon composition, wt.%
Paraffins 70.4 68.8 69.9
Olefins 4.5 5.2 5.0
Naphthenes 11.1 12.8 12.4
Aromatics 14.0 13.2 12.7
Sulfur, wt.% 0.0534 0.0481 0.0438
Octane number (RON) 83 83 83

() standard conditions, (+) ultrasonic activation, (++) combined ultrasonic and magnetic field activation

Ultrasonic treatment shifts distillation to lower temperatures, indicating mild
cracking of heavy precursors, while the combined ultrasonic—-magnetic mode stabilizes
the boiling profile. Density decreases under ultrasound (0.6953 — 0.6873 kg/m?®) due
to higher paraffin content, with a slight increase under combined conditions reflecting
structural reorganization. Aromatics decrease while naphthenes and olefins increase,
especially under combined activation, suggesting intensified hydrogen transfer and partial
aromatic saturation. Sulfur content progressively decreases, confirming improved catalytic
accessibility. Despite these changes, RON remains constant (83), indicating a balance
between paraffinic increase and aromatic/olefinic variations.

Diesel fraction analysis

The properties of diesel fractions are given in 7able 6. Feedstock pretreatment affects
low-temperature behavior, sulfur content, and hydrocarbon composition, while maintaining
a stable distillation range typical of hydrocracked diesel.

Ultrasonic activation slightly lowers early boiling temperatures, indicating mild cracking
of heavy molecules, while the combined ultrasonic—-magnetic treatment stabilizes this effect
and limits over-fragmentation. Density decreases under ultrasound (0.8290 — 0.8237 kg/m?),
reflecting reduced aromatics, with a slight rise under combined treatment due to structural
rebalancing toward paraffin—naphthenes. Sulfur content drops from 0.132 to 0.100 wt.% in
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Table 6 — Quality characteristics of diesel fractions obtained by hydrocracking of vacuum residue at
450 °C and a hydrogen pressure of 5.0 MPa using the HR-538/Zeokar-600

Parameter - + ++
Distillation range, °C
Initial boiling point 182 180 183
10 % distilled 190 187 189
50 % distilled 285 283 281
90 % distilled 338 335 335
Final boiling point 340 338 338
Density at 20 °C, kg/m> 0.8290 0.8237 0.8259
lodine number, g I,/100 g 9.4 10.0 10.4
Acid number, mg KOH/g 0 0 0
Pour point, °C -30 -32 -32
Total sulfur, wt.% 0.132 0.100 0.100
Hydrocarbon composition, wt.%
Paraffin-naphthenes 75.2 75.4 76.5
Olefins 6.4 7.0 6.7
Aromatics 18.4 17.6 16.8
Cetane number 48 48 48.5

(=) standard conditions, (+) ultrasonic activation, (++) combined ultrasonic and magnetic field activation

both modes, showing that ultrasound is the main driver of desulfurization, while the magnetic
field has a secondary effect. Hydrocarbons shift toward more paraffinic-naphthenic and fewer
aromatic structures, improving fuel quality. The cetane number remains stable (48—48.5), and
the pour point decreases to —32 °C, indicating better low-temperature performance.

Conclusions

The results obtained demonstrate that preliminary physical activation of feedstock
has a pronounced influence on the efficiency and selectivity of catalytic hydrocracking
of heavy petroleum residues. In general, ultrasonic treatment enhances the conversion of
high-molecular-weight hydrocarbons, promoting their transformation into lighter fractions
and improving overall process efficiency.

The combined application of ultrasonic cavitation and magnetic field treatment exhibits
the most significant effect, indicating the presence of a synergistic interaction between the
two physical factors. This synergy manifests itself in a more selective conversion pathway
characterized by enhanced formation of liquid products and suppression of undesirable
gas-phase reactions and secondary degradation processes.

From a compositional perspective, physical activation contributes to a more favorable
redistribution of hydrocarbon groups in both gasoline and diesel fractions. This is reflected
in a general decrease in sulfur- and aromatic-containing structures and a relative increase
in more saturated hydrocarbon types, which are associated with improved fuel quality and
environmental performance. Importantly, these changes occur without deterioration of key
performance indicators such as octane and cetane numbers, indicating the preservation
of combustion characteristics.

Overall, the findings confirm that the integration of physical field-assisted pretreatment
with catalytic hydroprocessing represents a promising strategy for intensifying heavy
feedstock upgrading. The approach enables deeper and more selective conversion under
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relatively mild operating conditions, highlighting its potential for further development in
energy-efficient refinery technologies. @
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