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Abstract
The presented article shows the studies of hydrocracking process of fuel oil with the purpose of obtaining light oil products 
(benzene and diesel fractions) from heavy oil residues (fuel oil), thus, deepening the refining of oil. The hydrocracking of 
fuel oil was conducted in the presence of halloysite modified with transition metals (Mo, Ni). Toward this end, halloysite was 
modified by two different methods—absorption and ion-exchange methods. It was shown that, at optimal conditions (430 °C, 
4 MPa), 46.6% (wt.), 53.0% (wt.), 63.0% (wt.) and 83.0% (wt.) light oil products are obtained by the hydrocracking process 
of fuel oil carried out without catalyst, in the presence of unmodified halloysite, halloysite modified by absorption method 
and halloysite modified by ion-exchange method, respectively. The obtained benzene and diesel fractions after hydrorefining 
process can be added to fuels as components.
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Introduction

One of the important issues is to increase the refining depth 
of petroleum by developing high-quality, ecologically clean 
processes and technologies required for the modern progress 
level of the petrochemical industry. Hydrocracking process 
is one of the effective processes for obtaining motor fuels 
of high quality from heavy oil residues (fuel oil, goudron). 
Despite the numerous works of leading foreign companies in 
this field, up to the present time, a simple and efficient tech-
nology that allows to directly and efficiently process residual 
oil products to produce fuel fractions has not been created 
[1–3]. Taking this into account, intensive works are being 
done to improve the hydrocracking technology, in particular, 
to use reactors with a fluidized bed or a suspended single-
use catalyst bed. In industry, a number of processes were 
mastered for the rundown processing of heavy hydrocarbon 
feedstock into distillate products under hydrogen pressure 
(15–27 MPa) [4].

Thus, H-Oil and LC-Fining processes were developed by 
Hydrocarbon Research (USA) and Lummus (USA) firms, 
respectively, and these processes were carried out on a flu-
idized bed of catalyst, for processing heavy raw materials 
into distillate products under hydrogen pressure 16–25 MPa 
[5, 6].

Ascending gas-feed stream provides maintenance of 
“fluidized” catalyst bed. In such a system, a uniform dis-
tribution of gas, liquid and catalyst over the cross-section 
of the reactor and the isothermal nature of the process was 
achieved. The process can be carried out with a moderate 
(65%) or high (85% and higher) degree of goudron conver-
sion (overpoint 524 °C). In the latter case, the circulation of 
the vacuum residue is applied.

Industrial plants for this and other similar methods are 
used in Japan, Germany, Kuwait and other countries [5, 6].

In Japan, the process of thermal cracking was devel-
oped at a relatively low temperature in a fluidized bed of 
inert porous material. During the processing of heavy raw 
materials (with high metal content), a large yield of mid-
dle distillates and relatively low yield of gas and coke were 
achieved. Heavy metals were collected in the pores of an 
inert material. The process is developed in two versions: 
with and without hydrogen [7].

Because of great amount of heteroatomic compounds, 
heavy organic metal compounds and asphaltenes inside 
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the fractions obtained from petroleum, the coke and metal-
organic compounds precipitate on the surface of catalyst and 
that makes serious problems in refining. Simultaneously, the 
size of the high-molecular compounds undergoing hydroc-
racking may be bigger than the size of micro- and macropo-
res of stationary catalysts in the form of tablets and granules. 
Besides, the process is always accompanied by irreversible 
precipitation of coke and metal compounds on the surface 
of catalyst. Therefore, it is significantly important to develop 
new progressive technology by using sterically accessible 
and constantly renewing the surface catalysts for deep refin-
ing of the residual products obtained from petroleum.

The selection of the catalysts for hydrocracking process 
is one of the main problems. In literature, for the catalysts of 
hydrocracking process, the following acidic components are 
most commonly used: amorphous aluminosilicates, Y-type 
zeolite, or their combination [8].

In some research studies [9], beta-zeolite catalysts were 
used in hydrocracking of heavy oil residues. In the catalysts 
applied for hydrocracking process, platinum or palladium 
was used as a hydrogenating component, because hydro-
gen is soluble in platinum and palladium and accelerates 
hydrogenation process by passing into an atomic state. Usu-
ally, nickel, cobalt, molybdenum, tungsten, or their combi-
nations are used, too. The reason is that these metals are 
relatively cheaper than platinum and palladium. Also, when 
applying the listed above metals, catalysts are not contami-
nated with pollutants. These metals are added to carriers 
using impregnation, ion-exchange, precipitation, and co-
precipitation methods. Depending on the used metal, the 
amount of impregnated metal is limited as follows: Pt (Pd) 
0.1–3 wt%; Ni (Co) 2.5–5 wt%; Mo (W) 5–15 wt% in the 
form of sulfides.

The catalysts proposed by the authors [10] were investi-
gated in the hydrocracking of the heavy oil residues (which 
contain 3.39% sulfur inside). It was suggested that the nature 
of the hydrogenating component (NiMo or NiW) weakly 
impacts the conversion of heavy oil residue and the yield 
of diesel fraction, but affects the properties of the obtained 
diesel fraction. In comparison with NiW/Al2O3-amorphous 
aluminosilicates, the NiMo/Al2O3-amorphous aluminosili-
cates catalyst ensures lower sulfur amount in the obtained 
diesel fraction.

In the literature [11], sulfides of transition metals on the 
carrier were used as a catalyst. The catalyst’s cracking func-
tion is usually explained by the presence of acid centers in 
aluminum oxide or aluminosilicate carriers. The properties 
of the catalyst of the hydrocracking process are determined 
by the ratio of hydrogenation centers on metal sulfide and 
the concentration of acids in the carrier. In relatively low 
amounts of hydrogenation centers, secondary processes can 
occur which lead to the production of light hydrocarbons, 
also to oligomerization and generation of coke in the acid 

centers. The deficit of the hydrogenation function of hydro-
cracking catalyst results in a rapid decrease in its activity. 
At the same time, high hydrogenation activity prevents the 
cracking process and the isomerization process prevails.

Based on the above background, the present study was 
dedicated to investigation of hydrocracking process of fuel 
oil obtained from Baku petroleum, in the presence of nano-
structured halloysite.

Catalyst characterization

Halloysite is a two-layer aluminosilicate, mainly tubular in 
submicron diapason and chemically similar to kaolin. Hal-
loysite is mined from natural deposits in USA, New Zealand, 
Korea, China, Turkey and other countries. These minerals 
formed from kaolinite as a result of influence of the atmos-
pheric condition and hydrothermal processes, which are 
occured during the millions of years. Layers are twisted to 
nanotubes because of the deformation formed in the result 
of incompatibility of cages between aluminum oxide layers 
with silica anhydride placed close to each other [12–15].

Due to the nanotubular structure, halloysite particles 
potentially can be used in some fields of nanotechnology. 
These multi-layer tubes are usually used for capsulation 
of plastic composites, chemically and biologically active 
substances. Moreover, they can be covered with metals for 
obtaining conductive additives. Due to its porous structure 
and high catalytic activity, halloysite particles can be used 
in mines for cleaning water drain systems, in oil refining, 
and at the same time separating liquid and gaseous mixtures 
[13, 14, 16, 17].

Figure 1 shows the schematic view of halloysite (7 Å) 
nanotubes.

The outer diameter of tubes is 70  nm, on average it 
changes from 40 nm up to 100 nm. The inner lumen (hole) 
diameter changes between 10 and 50 nm and on average is 
equal to 20 nm. The length of tubes is in diapason from 0.5 
to 20 μm [15].

Aluminosilicates are still intensively used as catalysts in 
different refining processes of petroleum hydrocarbons from 

Fig. 1  Halloysite (7 Å) nanotubes
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the early development stages of the oil industry. There are 
several patents of USA on use of halloysites as a catalyst in 
the isomerization and cracking processes of hydrocarbons 
[18, 19]. In comparison with the other aluminosilicates, hal-
loysite belongs to kaolinite clay minerals class with high 
Al/Si ratio. Availability of a great amount of acid centers in 
aluminum oxide and nanoparticles causes cracking of hydro-
carbons. These acid centers accelerate heterolytic breaking 
of the chemical bonds, and this causes formation of unstable 
carbocations. The carbocations undergo decomposition of 
C–C bonds by re-grouping of chains and beta-elimination or 
hydride ion transmission. All these processes cause forma-
tion of radicals and ions with reacting capacity accelerating 
the cracking process [20].

The initial works on using halloysite nanotubes as a cata-
lyst for hydrocarbon processing date back to the 1950s [21]. 
V. Offot and A. Vytaker from the company “Gulf R&D” 
obtained a catalyst on the basis of magnesium oxide and 
halloysite mixture for the conversion of the hydrocarbons. 
This catalyst had low coke formation in comparison with 
montmorillonite and other active cracking catalysts used at 
that time. Another advantage of halloysite was the higher 
reaction ability in cracking of hydrocarbons having a high 
amount of sulfur [21]. Since those years, the catalyst on the 
basis of halloysite attracted the attention of many research-
ers. D. Thentilli from the company “CHEVRON” has pat-
ented the catalyst on the basis of halloysite mixed with the 
metal oxides, especially Al, Mg, Si, Ti, B and Zr oxides for 
hydrorefining and hydrometalling of asphaltene-containing 
petroleum products (crude oil, shale oils, etc.) [19]. The 
oxides of Cr, V, Fe, Mo and other transition metals were 
also added to improve the performance of catalyst. It is 
shown that halloysite nanotubes with pore size of 20–70 nm 
interval are especially good for deasphalting of hydrocar-
bons. The deasphalting occurs faster with pure halloysite 
and mixture of halloysite with 5% aluminum oxide, and 
this shows a higher adsorption ability of the given porous 
substances. Transition of adsorbed hydrocarbons to another 
shape (hydrocracking, desulphurization, etc.) occurs in the 
presence of the oxides of the transition metals spread on 
halloysite [19].

Experimental section

For producing of fuel components from hydrocracking of 
fuel oil (which physico-chemical properties were given at 
Table 1), investigations were conducted at low pressure 
(0.5–6 MPa) in the presence of halloysite modified with 
transition metals (Mo,Ni) by the method of deposition from 
nanostructured halloysite and gas phase for obtaining addi-
tional light oil products with the purpose of deepening oil 
refining depth.

The preparation process of catalytic systems from nano-
structured natural halloysite mineral containing metal in 
its composition for realization of fuel oil hydrocracking 
is implemented by two methods: absorption and ion-
exchange methods.

1. Absorption method The initial carrier of the catalyst 
complex—γ-Al2O3 for synthesis of Mo, Ni/Al2O3 used 
for preparation of halloysite (Mo, Ni) catalyst was 
obtained on the basis of hydrolysis of 1,2 dichloroeth-
ane in the presence of aluminum metal. C7–C14 liquid 
paraffin hydrocarbons were used as the main solvent and 
the process temperature is 80–85 °C. But the additional 
complexes obtained from compounds  AlCl3,  AlRCl2, 
 AlR2Cl undergo hydrolysis. Hydroxychloride was 
obtained in the hydrolysis process of catalyst and then 
incurred the thermal processing. γ-Al2O3 is obtained 
from this mixture.

  For the preparation of Mo, Ni/halloysite dispersed 
catalytic system by absorption method, halloysite is 
dried at 150 °C, and mixed with 5%(NH4)6Mo7·4H2O 
and 5%  NiCl2 salt solution. The system is evaporated at 
150 °C again and treated thermally in CVD (chemical 
vapor deposition) unit in argon medium during 4 h at 
+ 850 °C.

Table 1  Physico-chemical properties of fuel oil

Name Indices

Density at 20 °C, kg/m3 939.4
Fractional composition, % (wt.)
 i.b.p.,  °C 346
 < 350 2
 350–400 4
 400–450 16
 450–500 19
 > 500 59

Coking capacity, % (wt.) 5.7
Ash content, % (wt.) 0.0658
Content of metals, %
 V 8 × 10−4

 Ni 13.2 × 10−4

 Fe 4.0 × 10−4

 Cu 0.54 × 10−4

 Na 3.2 × 10−4

Freezing temperature,  °C + 22
Kinematic viscosity,  mm2/s (100 °C) 17.9
Content of asphaltenes, % (wt.) 2.8
Molecular weight 475
Content of resins, % (wt.) 10.28
Content of sulfur, % (wt.) 0.4
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2. Ion-exchange method Halloysite is first dried for 2 h 
at 200 °C for preparing the catalyst by processing hal-
loysite with HCl solvent. 100 g of 2.5 N HCl solution 
was added for releasing the metal mixtures settled in 
the dried halloysite pores. Accordingly the halloysite 
is mixed for 6 h by stirring with HCl solution of 1:10 
ratio until a homogeneous solution is obtained. After 
completion of the process, the solution is washed with 
water until the chlorine ions are removed and then dried 
at 100 °C. H-shape halloysite is mixed at 1:10 molar 
ratio with water solution of metal chloride for 6 h at 
90 °C, then it is dried at 100 °C. The dried sample was 
processed in argon medium for 4 h at 850 °C in CVD 
unit.

The catalyst of the process was dispersed by grinding 
up to a size of 25–50 micron. 1–2.5% of the catalyst was 
added to the fuel oil, homogenized at 80–90 °C, stirred 
until it became uniform to prepare the suspension. The 
hydrocracking process of the obtained uniform suspension 
was carried out at pressure of 0.5–6.0 MPa, temperature 
of 430 °C in the unit of “Heavy oil residues hydrocrack-
ing” (SPR-1) with modern software, that can be controlled 
online. The SPR-1 unit consists of a continuously auto-
mated CSTR (continuously stirred tank reactor) device. 
The CSTR system consists of a 100 mL internal-capacity 
reactor which is continuously filled with mazut, natural 
zeolite catalysts and hydrogen. Factors applied for the 
hydrocracking process carried out on the SPR-1 are these: 
maximum pressure and temperature for hydrocracking pro-
cess are 60 bar and 525 °C, respectively.

The obtained product of hydrogenation process after 
filtration from catalytic additive was deposited on coke-
like products as well as metals (Ni, V, Fe and Cu), and 
then was distilled with isolation of gasoline (start of boil-
ing − 200 °C), diesel (200–360 °C) fractions and residue 
(> 360 °C).

Compositions of the products were analyzed using gas 
chromatography (AutoSystem XL, PerkinElmer). Chroma-
tographic separations were achieved using helium gas in a 
Zebron ZB-1 capillary column coated with a dimethyl poly-
siloxane polymer as the stationary phase. Octane numbers 
were calculated on the basis of compositions of the gasoline 
fractions obtained from gas chromatograph (AutoSystem 
XL, PerkinElmer). Distillation fractions were determined 
by a crude oil distillation system (B/R Instruments Com-
pany, Easton, MD, USA) by ASTM D2892 and ASTM D86 
standards. The sulfur content in gasoline and diesel frac-
tions was determined by a SLFA-20 X-ray fluorescence sul-
fur in oil analyzer (Horiba Scientific) by the ASTM D4294 
method. Densities of the gasoline and diesel fractions were 
measured with density meters (DMA 4500 M, Anton Paar) 
according to the ASTM D5002 method. The iodine number 

was determined by reacting the sample with iodine in chlo-
roform solution and titrating residual iodine with sodium 
thiosulfate.

Results and discussion

The analysis of the obtained results shows that the yield of 
the light color petroleum products changes depending on 
the catalyst. Thus, without catalyst, 46.6% (wt.) light petro-
leum products are obtained from the hydrocracking of fuel 
oil. The yield of the light petroleum products constitutes 
53.0% which was increased by 7% by adding 2.5% halloysite 
catalyst to the system and, in this case, the yields of the 
gas, coke and residual fraction decrease properly from 13 
to 10, 6.3 to 5.5 and 34.1 to 31.96%, while the yield of the 
gasoline increases from 16.2 up to 25.74%. When the pro-
cess is conducted with halloysite catalyst modified with Mo 
and Ni by absorption method, the yield of the light petro-
leum products constitutes 63% (wt.) increasing by 10% in 
comparison with unmodified halloysite, but when using hal-
loysite modified with Mo and Ni by ion-exchange method, it 
constitutes 83.0% increasing by 30%, and, hereby, the yields 
of the gas, coke and residual fraction decrease properly from 
13 to 10%, 6.3 to 5.5%, 34.1 to 31.96%, while the yield of 
the gasoline increases from 16.2 up to 25.4%. As seen from 
the results, the yield of the light petroleum products is by 
20% (wt.) more when using halloysite modified with Mo and 
Ni by ion-exchange method in comparison with halloysite 
modified by absorption method. This is related to almost 
complete removal of the aluminum oxide from the surface of 
the crystal particles when the halloysite is modified by ion-
exchange method, where the natural halloysite mineral with 
dominating Al and Si oxides on surface layer is processed 
with HCl solution.

Molybdenum and nickel oxides substitute the aluminum 
oxide on the surface of the halloysite modified by the ion-
exchange method. The surface layer of the halloysite crystals 
modified by ion-exchange method with Mo and Ni consists 
of 22.92% MoO, 18.03% NiO, and 48.76%  SiO2. But in 
halloysite samples modified with Mo and Ni by absorp-
tion method, the aluminum oxide is preserved and met-
als are adsorbed on the surface of the halloysite. But the 
surface layer of the halloysite crystals modified by absorp-
tion method with Mo and Ni consists of 15.71% of  Al2O3, 
38.58%  MoO2, 22.12% NiO, 14.32%  SiO2. As seen in the 
sample modified by ion-exchange method, in the surface 
layers of the mineral, Mo and Ni elements were distributed 
more than in the sample modified by absorption method. 
Therefore, the maximum yield of the light petroleum prod-
ucts is obtained from hydrocracking process of fuel oil with 
halloysite modified by ion-exchange method equaling 83.0% 
(wt.) (Table 2). For comparison, it should be noted that, in 
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the previous years, the authors of this article conducted the 
hydrocracking process of mazut in the presence of local nat-
ural aluminosilicate catalyst (Az 4), modified (via impregna-
tion method) by transition metals. During the process, 63% 
(wt.) of light oil products were obtained [22].

As seen from Table 3, in hydrocarbon composition of 
gasoline fraction obtained from the hydrocracking of fuel 
oil without the catalyst, the amount of n-paraffins constitutes 
42.98, iso-paraffins 29.71, and unsaturated hydrocarbons 
12%. The amount of n-paraffins in the composition of gaso-
line obtained from hydrocracking process decreased from 
42.98 to 26.37%, while the amount of iso-paraffins increased 
from 29.71 up to 32.76%, and unsaturated hydrocarbons 

decreased from 12 to 10% when 2.5% of the halloysite cata-
lyst is added to the system. The amount of iso-paraffins prop-
erly increased up from 32.76 to 37.88 and 45.08%, while 
the amount of unsaturated hydrocarbons decreases from 10 
to 6.69% and 4.33%, when the hydrocracking process was 
conducted with halloysite modified by absorption and ion-
exchange methods. The amount of sulfur decreased from 
0.0797 to 0.0512 and 0.0485% in gasoline fraction and in 
diesel fraction from 0.25 to 0.23 and 0.18%. The increase 
in the iso-structured saturated hydrocarbons amount, the 
reduction in unsaturated and aromatic hydrocarbons amount 
in gasoline composition can be explained by the modifica-
tion of halloysite catalyst with transition metals (Ni, Mo). 

Table 2  The material balance 
of the hydrocracking of fuel oil 
in the presence of the halloysite 
catalyst

Indices P
H

2

 = 4.0  
MPa; 
T = 430 °C
Without the 
catalyst

P
H

2

 = 4.0  
MPa; 
T = 430 °C
2.5% hal-
loysite

P
H

2

 = 4.0 MPa; 
T = 430 °C
2.5% Halloysite/
Mo, Ni (absorption 
method)

P
H

2

 = 4.0 MPa; 
T = 430 °C
2.5% Halloysite/Mo, Ni 
(ion-exchange method)

Yield of products, % (wt.)
 Gas C1–C4 13 10 10.91 6
 Gasoline i.b.p. − 200 °C 16.2 25.74 27.6 33.06
 Fraction 200–360 °C 30.4 27.3 35.4 49.94
 Σ fraction < 360 °C
 (mass)  %:

46.6 53.04 63 83

 Residue > 360 °C 34.1 31.96 21.13 8.72
 Coke 6.3 5.5 5.0 2.1

Table 3  Qualitative characteristics of products of hydrocracking of fuel oil in the presence of different halloysite catalysts

Indices P
H

2

 = 4.0 MPa; 
T = 430 °C
Without the catalyst

P
H

2

 = 4.0 MPa; 
T = 430 °C
2.5% halloysite

P
H

2

 = 4.0 MPa; T = 430 °C
2.5% halloysite/Mo, Ni 
(absorption method)

P
H

2

 = 4.0 MPa; 
T = 430 °C
2.5% halloysite/Mo, Ni 
(ion-exchange method)

Gasoline fraction
 Density at 20 °C, kg/m3 725 712.8 708.2 723.5
 Hydrocarbon content, % (wt.)
 Paraffins 42.98 26.37 25.95 30.3
 Iso-paraffins 29.71 32.76 37.88 45.08
 Unsaturated 12 10 6.69 4.33
 Naphthenes 6.51 18.92 19.1 12.02
 Aromatics 8.8 15.72 7.07 6.3
 Octane number 63 65 65.5 75.0
 Content of sulfur, % (wt.) 0.1 0.0797 0.0512 0.0485
 Iodine number, g J2/100 g 24.2 19.3 12.1 8.0
 Freezing temperature, °C − 60 − 60 − 60 − 60

Diesel fraction
 Density at 20 °C, kg/m3 856.2 0.8380 0.8367 0.8397
 Kinematic viscosity,  mm2/s, 40 °C 3.3 2.5599 2.6087 2.4390
 Resins content, mg/100 ml 16 12 10 8
 Content of sulfur, % (wt.) 0.3 0.25 0.23 0.18
 Freezing temperature, °C − 20 − 25 − 30 − 25
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In other words, it is supposed that the hydrogenation and 
isomerization reactions occur more intensively with the 
impact of the transition metals. But the increase of the iso-
structured saturated hydrocarbons amount, when compar-
ing the sample modified by ion-exchange method with the 
sample modified by absorption method, can be explained 
by more distribution of Mo and Ni elements on the surface 
layers of halloysite.

NMR analysis

Structural characteristics of the gasoline fractions obtained 
from fuel oil hydrocracking in the presence of halloysite 
catalyst modified by absorption and ion-exchange methods 
with Mo, Ni and halloysite have been determined by NMR 
method (Table 4, Figs. 2, 3, 4, 5).

Structural characteristics of the diesel fractions obtained 
from fuel oil hydrocracking in the presence of halloysite 
catalyst modified by absorption and ion-exchange methods 
with Mo, Ni and Halloysite have been determined by NMR 
method (Table 5, Figs. 6, 7, 8, 9).

Results on composition of the gas extracted during the 
hydrocracking processes are shown in Table 6.

Conclusions

Thus, the following results were obtained from the hydro-
cracking process of fuel oil (in the presence of suspended 
halloysite modified by transition metals, through the two 
methods—absorption and ion-exchange methods):

• When the hydrocracking of fuel oil is conducted without 
catalyst, 46.6% (wt.) of light petroleum products (gaso-
line and diesel fractions) are obtained.

• When the process is carried out with halloysite modified 
by absorption method the yield of these products is 53%, 
in the case of using halloysite modified by ion-exchange 
method the yield is 83.0% (wt.).

As was noted in article, the increased yield during the 
process conducted in the presence of halloysite modified 
by ion-exchange method, can be explained so: when the 

Table 4  Structural characteristic 
of gasoline fractions obtained 
from fuel oil hydrocracking 
without catalyst, with halloysite, 
in the presence of the halloysite 
catalyst modified by absorption 
and ion-exchange method with 
Mo, Ni (by NMR method)

Indices P
H

2

 = 4.0 MPa; 
T = 430 °C
Without the 
catalyst

P
H

2

 = 4.0 MPa; 
T = 430 °C
2.5% halloysite

P
H

2

 = 4.0 MPa; 
T = 430 °C
2.5% halloysite/Mo, Ni 
(absorption method)

P
H

2

 = 4.0 MPa; 
T = 430 °C
2.5% halloysite/Mo, Ni 
(ion-exchange method)

Distribution of hydrogen in structural groups, %
 Har 1.6 2.8 1.9 8.6
 Huns 0.8 1.2 0.4 1.9
 Hα 4.1 8.8 2.2 15.0

Hydrocarbon content, %
 Aromatics 5.5 10.6 5.1 25.4
 Unsaturated 5.1 7.7 2.7 12.2
 Naphthenes 89.4 81.7 92.2 62.4
 Octane number 63 65 65.5 75

Fig. 2  NMR spectrum of 
gasoline fraction obtained from 
fuel oil hydrocracking without 
the catalyst
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halloysite (Al and Si oxides are dominant on the surface) 
modified by ion-exchange method is treated with HCl solu-
tion, aluminum oxide is almost completely being removed 

from the surface of the crystal particles. Aluminum oxide 
is replaced by Mo and Ni oxides on the surface of the hal-
loysite modified by ion-exchange method. But, in halloysite 

Fig. 3  NMR spectrum of 
gasoline fraction obtained from 
fuel oil hydrocracking in the 
presence of halloysite

Fig. 4  NMR spectrum of 
gasoline fraction obtained from 
fuel oil hydrocracking in the 
presence of halloysite cata-
lyst modified with Mo, Ni by 
absorption method

Fig. 5  NMR spectrum of 
gasoline fraction obtained from 
fuel oil hydrocracking in the 
presence of halloysite catalyst 
modified with Mo, Ni by ion-
exchange method
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samples modified by absorption method, Al oxide remains, 
and metals are absorbed on the surface of halloysite. In 
the sample modified by ion-exchange method, Mo and Ni 
elements are more distributed on the surface layers of hal-
loysite in comparison with the sample modified by absorp-
tion method. That is why the maximum yield of the light 

petroleum products obtained from hydrocracking process of 
fuel oil with halloysite modified by ion-exchange method is 
83.0% (wt.).

The gasoline fraction obtained from hydrocracking 
is characterized by stable low content of aromatic and 
unsaturated hydrocarbons. Its octane number is 75 p. by 

Table 5  Structural 
characteristics of diesel 
fractions obtained from fuel 
oil hydrocracking without 
catalyst, with halloysite, in 
the presence of the halloysite 
catalyst, modified with Mo, Ni 
by absorption and ion-exchange 
methods (by NMR method)

Indices P
H

2

 = 4.0 MPa; 
T = 430 °C
Without the 
catalyst

P
H

2

 = 4.0 MPa; 
T = 430 °C
2.5% halloysite

P
H

2

 = 4.0 MPa; 
T = 430 °C
2.5% Halloysite/Mo, Ni 
(absorption method)

P
H

2

 = 4.0 MPa; 
T = 430 °C 
2.5%
halloysite/Mo, 
Ni (ion-exchange 
method)

Distribution of hydrogen in structural groups, %
 Har 4.9 3.7 3.0 5.2
 Huns 0.4 1.6 3.0 3.0
 Hα 8.1 10.5 0.8 13.4

Hydrocarbon content, %
 Aromatics 14.2 13.2 12.4 11.0
 Unsaturated 2.6 10.1 11.8 13.7
 Naphthenes 83.2 76.7 65.3 56.8
 Cetane number 53.7 54.0 55 55.5

Fig. 6  NMR spectrum of diesel 
fraction obtained from fuel 
oil hydrocracking without the 
catalyst
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Fig. 7  NMR spectrum of diesel 
fraction obtained from fuel oil 
hydrocracking in the presence 
of halloysite

Fig. 8  NMR spectrum of diesel 
fraction obtained from fuel oil 
hydrocracking in the presence 
of halloysite catalyst modified 
with Mo, Ni by absorption 
method
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research method. Diesel fraction is also characterized by 
the low content of aromatic hydrocarbons that defines its 
high cetane number of 53–55 points. The analysis of the 
quality of gasoline and diesel fractions shows that, after 
the additional light hydrotreatment, the obtained products 
can be recommended as components to fuels and the gaso-
line fraction can be used as a component after hydrotreat-
ing or as a raw material for pyrolysis process.
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