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Abstract. The preparation of matrices of zeolite-containing catalysts using acid-
treated (20% H2SO4) kaolinites from the Pavlodar region of Kazakhstan (NPK-
1, NPK-2 and NPK-3) with subsequent modification with aluminum hydroxo 
complexes of different concentrations (2.5, 5.0 and 7.5 mmol Al3+/g) was studied. 
and aluminum hydroxide gel prepared by the ammonia method for activity in 
cracking residual petroleum feedstock.

In the experimental part of the article for kaolinites of the Pavlodar region of 
Kazakhstan - PK-1, PK-2 and PK-3, the values of the SiO2/Al2O3 molar ratios in 
the original samples, the change in these ratios during acid activation and subsequent 
modification with aluminum hydroxo complexes are considered. It has been shown 
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that the criterion for choosing kaolinites as matrices for zeolite catalysts can be the 
increased content of aluminum oxide in the original kaolinite. From the analysis of 
data on the matrix activity of kaolinites in the cracking of vacuum gas oil, it follows 
that in order to achieve optimal yields of gasoline and light gas oil for samples 
with lower Al2O3 content, the introduction of a higher concentration of hydroxo 
complex is required.

Using the example of the Al(2.5)NPK-1 sample, it is shown that the additional 
introduction of aluminum hydroxide gel (5% Al2O3 by weight of the catalyst) 
obtained by the ammonia method into the modified kaolinite matrix, followed by 
drying and heat treatment leads to the production of a catalyst with high activity. 
The catalyst was tested in the cracking of fuel oil, a mixture of vacuum gas oil (VG) 
with fuel oil (30%). 

For comparison, data on cracking of heavy vacuum gas oil are presented. 
Gasoline yields for these types of raw materials at 5000C are 26.8; 31.9 and 39.1%; 
respectively, with raw material conversion of 88.4% and 92.1%. Cracking gasolines 
are characterized by a high content of iso-paraffin and aromatic hydrocarbons. 
Al(2.5)NPK-1+Al2O3 can be an economically beneficial and environmentally 
friendly catalyst and adsorbent.

Keywords: catalytic cracking, kaolinite, vacuum gas oil, modification.
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Аннотация. Қышқылмен өңделген (20% H2SO4) Қазақстанның Павлодар 
облысы  каолиниттерін (НПК-1, НПК-2 және НПК-3) пайдаланып, кейіннен 
көмірсутекті шикізаттың крекингіндегі белсенділігін түрлі концентрациядағы 
алюминий гидроксокешендерімен (2.5; 5.0 және 7.5 ммоль Al3+/г) және аммиак 
әдісімен дайындалған алюминий гидроксиді гелімен түрлендіре отырып, 
цеолитті катализаторлардың матрицаларын дайындау зерттелді.      

Мақаланың эксперименттік бөлігінде Қазақстанның Павлодар облысы – 
ПК-1, ПК-2 және ПК-3 каолиниттері үшін бастапқы үлгілердегі SiO2/Al2O3 
моль арақатынасының шамасы қышқылды активтендіргенде және кейіннен 
алюминий гидроксокешендерімен түрлендіру кезінде осы арақатынастардың 
өзгеруі қаралды. Каолиниттерді цеолит катализаторларының матрицалары 
ретінде таңдау критерийі бастапқы каолиниттегі алюминий оксидінің 
жоғарылауы болуы мүмкін екендігі көрсетілген. Мәліметтерді талдағанда 
вакуумдық газойль крекингіндегі каолиниттердің матрицалық белсенділігі 
бойынша бензин мен жеңіл газойльдің оңтайлы шығымын алу үшін Al2O3 
құрамы аз үлгілерге алюминий концентрациясы көп гидрокешендерді енгізу 
талап етілетінін көреміз.   

Аl(2.5)НПК-1 үлгісі мысалында аммиакты әдіспен алынған алюминий 
гидроксиді гелінің модификацияланған каолинитті матрицасына 
(катализатордың салмағынан 5% Al2O3 қосымша енгізілуі, сосын кептіру және 
термиялық өңдеу арқылы крекингтегі белсенділігі бойынша үлгісіне жақын 
активтілігі жоғары катализаторды алуға болатыны көрсетілген. Катализатор 
ВГ мазутпен (30%) қоспасының, мазуттың және вакуумдық газойльдың 
крекингінде сынақатн өткізілді. 

500 0С кезінде көрсетілген шикізат түрлері үшін бензин шығымы 39.1; 
31.9 және 26.8%, ал шикізат конверсиясы тиісінше, 92.1 және 88.4% құрайды. 
Крекинг бензиндері изопарафинді және ароматты көмірсутектердің көптігімен 
ерекшеленеді. Al(2.5)НПК-1+Al2O3 экономикалық тиімді және экологиялық 
қауіпсіз катализатор және адсорбент болуы мүмкін.

Кілт сөздер: катализдік крекинг, каолинит, вакуумдық газойль, түрлендіру.
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Аннотация. Исследовано приготовление матриц цеолитсодержащих 
катализаторов с использованием кислотно-обработанных (20% H2SO4) 
каолинитов Павлодарской области Казахстана (НПК-1, НПК-2 и НПК-
3) с последующим модифицированием гидроксокомплексами алюминия 
разных концентраций (2.5; 5.0 и 7.5 ммоль Al3

+/г) и гелем гидроксида 
алюминия, приготовленным аммиачным способом, на активность в крекинге 
углеводородного сырья.

В экспериментальной части статьи для каолинитов Павлодарской области 
Казахстана – ПК-1, ПК-2 и ПК-3 рассмотрены величины мольных соотношений 
SiO2/Al2O3 в исходных образцах, изменение этих соотношений при кислотной 
активации и последующем модифицировании гидроксокомплексами 
алюминия. Показано, что критерием выбора каолинитов в качестве матриц 
цеолитных катализаторов может служить повышенное содержание в исходном 
каолините оксида алюминия. Из анализа данных по матричной активности 
каолинитов в крекинге вакуумного газойля следует, что для достижения 
оптимальных выходов бензина и легкого газойля для образцов с меньшим 
содержанием Al2O3 требуется введение гидроксокомплекса с большей 
концентрацией. 
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На примере Al (2.5) НПК-1 образца показано, что дополнительное введение 
в модифицированную каолинитовую матрицу геля гидроксида алюминия 
(5% Al2О3 от веса катализатора), полученного аммиачным способом, с 
последующим высушиванием и термической обработкой приводит к 
получению катализатора c высокой активностью. Катализатор испытан 
в крекинге мазута, смеси вакуумного газойля (ВГ) с мазутом (30%). Для 
сравнения приведены данные по крекингу утяжеленного вакуумного газойля. 
Выходы бензина для указанных видов сырья при 5000С составляют 26.8; 31.9 и 
39.1%; соответственно, с конверсией сырья 88.4% и 92.1%. Бензины крекинга 
отличаются повышенным содержанием изо-парафиновых и ароматических 
углеводородов. Al (2.5) НПК-1+Al2O3 может быть экономически выгодным и 
экологически безопасным катализатором и адсорбентом.

Ключевые слова: каталитический крекинг, каолинит, вакуумный газойль, 
модифицирование.

INTRODUCTION
One of the main components of zeolite-containing cracking catalysts is a matrix 

that provides thermal stability, bulk density and formability of the contact. Bentonite 
and kaolinite clays are widely used as matrices for modern cracking catalysts [1-3]. 
For Kazakhstan, which has large reserves of clays, their use is an urgent task.

Clay mineral catalysts have been used commercially since the 1930s. Recent 
years, an increasing number of studies have appeared on the use of kaolinite as 
precursors for the synthesis of zeolites of the faujasite structure, high-silica 
zeolites and adsorbents. The research carried out has become a breakthrough in the 
technology of obtaining of catalysts in petrochemical processes. The availability, 
efficiency and environmental safety of natural clays (Murray, 2000; Hettinger, 
1991; Alaba, 2015) determine the attractiveness of this type of raw material. It was 
calculated that the cost of catalysts based on natural clays is more than an order of 
magnitude lower than the cost of catalysts based on synthetic aluminosilicates.

The widespread use of kaolinite is hampered by the presence of impurities, low 
specific surface area and low acidity. Kaolinite is known to be a hard aluminosilicate. 
It has a low cation exchange capacity. No noticeable isomorphic substitutions of 
aluminum by atoms of other metals are observed in it. Changes in the properties of 
kaolinite are promoted by activation and modification. Materials based on modified 
kaolinite (Miranda-Trevino, 2003; Shapkin, 2016; Silva-Valenzuela, 2013) have 
found practical application in the synthesis of microspherical cracking catalysts 
(Zheng, 2005; Rong, 2002; Belver, 2002; Ribero, 2013;  Panda, 2010), as adsorbents 
in water treatment, in cosmetics (Silva-Valenzuela, 2013) and other fields.

There are a number of methods for enhancing of the activity of kaolinite: 
mechanochemical activation, leading to particle fragmentation, with an increase 
of surface area and pore volume, thermal heating, chemical (acid and alkaline) 
activation. Thermal heating in the temperature range from 450 to 12000C leads 
to dehydroxylation of kaolinite with destruction of hydrogen bonds between 
dioctahedral layers with the formation of metakaolin, which is more reactive than 
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kaolin. This opens the way to increasing the efficiency of chemical activation of 
natural raw materials. Treatment of kaolinite with acid, like sequential treatment 
with acid and alkali, leads to dealumination of the material, disaggregation of 
kaolinite particles, and dissolution of its outer layer. With such treatment, the 
structure and composition of the kaolinite material change, the specific surface 
area, acidity, and the ratio of acid sites increase with the formation of stronger acid 
sites (Lenarda, 2007; Valaskova, 2011).

Based on the analysis of the physicochemical characteristics of modified 
kaolinite with varying processing conditions, conclusions were made about the 
possibility of synthesizing zeolites on their basis and methods were developed 
for obtaining of zeolites of faujasite structure from kaolinite (Johnson, 2014; 
Salahudeen, 2016; Novembro, 2011; Krishnandy, 2019; Melaningtyas, 2019) 
and high-silica zeolites (Subagio, 2015; Hartanto, 2016; Mohiuddin, 2018). The 
number of works on the synthesis of zeolites from kaolinite is constantly growing, 
which indicates the attractiveness of the process. The synthesized zeolites can be 
used in cracking reactions (Liu, 2016;  Makaou 2021) and other catalytic processes 
not only as carriers, but also as stand-alone catalysts.

In works (Liu, 2016;  Makaou 2021) it is shown that kaolinite of different 
geological places of occurrence differ in composition. Variations in the structure 
and composition of kaolinite can affect its subsequent reactivity. One of the 
fundamental principles of kaolinite modification is control over the SiO2/Al2O3 
molar ratio. Interesting data on the activity of catalysts for cracking residual 
petroleum feedstock based on Nigerian kaolinites are given in (Makaou 2021). 
Catalysts prepared included La2O3 (1) and Cr2O3 (2). In order to increase acidity, 
the catalysts were prepared with addition of silica and subjected to acid treatment. 
The authors managed to significantly increase surface area, porosity and acidity of 
the catalysts. The degree of fuel oil conversion exceeded 74.5%. In (Liu, 2016), 
the ability of kaolinites to undergo ion exchange due to the presence of various 
impurities in them was noted. This possibility of kaolinite activation we used when 
modifying kaolinite with hydroxo complexes of aluminum, iron and other metals 
(Volkova, 2020; Volkova, 2014; Zakarina, 2010). One of the fundamental principles 
for controlling changes in the characteristics of modified kaolinite is the SiO2/
Al2O3 molar ratio. We took this characteristic of modified kaolinites into account 
when synthesizing catalysts.

The aim of this work was to establish the regularities of changes in the chemical 
composition of H-kaolinite at its modification with aluminum hydroxo complexes 
to obtain effective matrixes for cracking catalysts and to determine the possibility 
of additional activation of kaolinite in the cracking of petroleum feedstock with 
the introduction of aluminum hydroxide gel obtained by the ammonia method (5% 
Al2O3).

Experimental part
The objects of study were kaolinites of the Pavlodar region of Kazakhstan PK-1, 

PK-2 and PK-3, differing in their chemical composition. The H-form of kaolinite 
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was obtained by treating the initial kaolinite clays by boiling in 20% H2SO4 solution 
for 6 hours with following washing from SO4

2- ions, drying and calcination. Due 
to decationation and dealumination, it is desirable to introduce additional amounts 
of aluminum to increase the catalytic, adsorption, and acidic characteristics (Alaba, 
2015; Liu, 2016). The loss of aluminum during acid treatment was compensated 
by introducing additional amounts of aluminum in the form of aluminum hydroxo 
complexes with concentrations of 2.5; 5.0 and 7.5 mmol Al3+/g according to the 
methods described in (Volkova, 2020; Volkova, 2014; Zakarina, 2010).

Chemical analysis of the composition of kaolinites was carried out by Х-ray 
fluorescence spectroscopy (Nitron XRF – analyzer of Thermo – Scientific company).

For cracking heavy and residual petroleum feedstocks, zeolite-free Al(2.5)
HPK-1 + Al2O3, obtained by mixing Al(2.5)HPK-1 with aluminum hydroxide gel, 
was also prepared and tested. The gel was prepared by mixing Al(NO3)3 salt with 
NH4OH, followed by thermal decomposition to Al2O3. 	

The process was carried out in a flow-type installation with a fixed catalyst bed 
according to the method described in (Volkova, 2014).

Three types of raw materials were used: fuel oil grade M-100, vacuum gas oil 
(VG) from the Pavlodar petrochemical plant with a boiling point of 5320C and a 
mixture of fuel oil (35%) with VG. The activity of the catalysts was assessed by 
the yield of gasoline obtained from cracking in accordance with ASTM D3907-13. 
We studied the change in process activity depending on the cracking temperature, 
the volumetric feed rate of raw materials, and the catalyst: raw material ratio. It 
should be noted that feeding fuel oil into the reactor is difficult due to its increased 
viscosity, which is determined by the presence of paraffin hydrocarbons, resins, and 
asphaltenes in it. To supply fuel oil, the temperature in the feed tank was maintained 
within 60-700С.

Reactors with a volume of 40 and 100 cm3 of catalyst were used. Cracking of fuel 
oil and mixtures of fuel oil with VG was carried out at 500 and 5500C, VG - at 470 
and 5000C. The cracking products and feedstock were analyzed by chromatography. 
To analyze gasoline and the gas phase in cracking products, a Chromos GC-100 
chromatograph with a 100 m capillary column with a stationary phase HP-1 (ASTM 
D 6729-04) was used. The carrier gas is helium. The hydrocarbon composition of 
the cracked raw material was determined in accordance with ASTM D 2887-95 
and ASTM D 3710-95 Auto-System XL SIMIDIS with a PE ELITE column 60 m 
long at a helium feed rate of 1 ml/min with a programmable thermostat operating 
temperature. X-ray fluorescence analysis data show that the mineral part of the 
used M-100 fuel oil includes 2.5% sulfur, 0.07 vanadium and 0.02 nickel, 0.3 iron. 
Certain elements include calcium, potassium, phosphorus, silicon, zinc.

Results and discussion
According to chromatographic analysis of the hydrocarbon composition of the 

original gas oil, a mixture of gas oil with 30% fuel oil and M-100 fuel oil (Table 1) 
VG contains the most paraffin, isoparaffin and
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Table 1 - Hydrocarbon composition of VG, mixture of VG with masut (30%) and masut aromatic 
hydrocarbons, naphthenic hydrocarbons and heavy residues - fuel oil.

Hydrocarbon composition VG VG+Masut Masut
Paraffins 34.139 28.730 28.346
Isoparaffins 24.345 23.475 22.487
Olefins 3.727 4.632 5.445
Aromatic hydrocarbons 9.440 7.860 6.396
Naphthenic hydrocarbons 3.441 3.952 5.046
Oxygen containing compounds 1.902 2.197 2.459
Resins + coke 23.0 29.15 29.82

As follows from the data on the fractional composition of the raw material 
(Table 2), vacuum gas oil contains lower-boiling fractions. At 2000C, for example, 
6.984% of VG, 5.819 mixtures of VG with fuel oil and 5.775% of fuel oil are 
distilled. In general, the difference between the three types of raw materials used 
is the higher content of resins and asphaltenes in the fuel oil and the higher boiling 
points of its components. 

Table 2 - Fractional composition of VG, mixtures of VG + masut and masut
Тboil, 

0С VG VG+Masut Masut
100 6.2 5.279 5.138
150 6.768 6.663 5.842
200 6.984 5.819 5.775
250 8.247 7.478 6.403
300 11.247 8.328 6.981
350 13.675 10.516 7.848
400 14.469 11.809 10.030
450 32.0 26.944 25.373

After the experiment the liquid phase was subjected to distillation. Fraction 
n.c. - 2050C was attributed to gasoline, 205-3500C - to light gas oil, > 3500C - to 
heavy gas oil. Previously, we [24-26] showed that modification of kaolinites with 
aluminum hydroxo complexes leads to an increase in pore volume, the number of 
mesopores, and an increase in acidity. The data obtained suggested that the Al2O3 
content in the initial kaolinite is one of the factors of the possible initial (matrix) 
activity of the contact.

The chemical composition of the initial kaolinites, H-forms, and samples of 
modified kaolinites and so the calculation of the molar ratios of SiO2/Al2O3 are 
given in the table 3.

Table 3 - Chemical composition of PK-1, PK-2, PK-3, their H- and aluminum-modified forms
Sample Amount, weight %

Al2O3 SiO2 MgO K2O CaO Na2O TiO2 Fe2O3 SiO2/Al2O3

PK-3 28.44 57.4 0.83 2.14 1.50 0.70 0.72 8.20 2.02
НPK-3 27.22 60.7 0.64 2.10 0.69 0.12 0.70 7.83 2.23
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Al(2.5)НPK-3 29.61 58.84 0.42 2.16 0.34 0.10 0.78 7.75 1.99
Al(5.0)НPK-3 31.36 57.66 0.36 2.15 0.37 0.10 0.78 7.28 1.84
Al(7.5)НPK-3 33.38 54.29 0.81 2.44 0.41 0.10 0.88 7.69 1.63
PK-2 29.52 59.07 0.00 1.58 0.71 0.84 0.82 7.46 2.01
НPK-2 28.46 62.12 0.00 1.56 0.21 0.10 0.71 6.84 2.19
Al(2.5)НPK-2 31.24 59.34 0.00 1.58 0.15 0.10 0.75 6.84 1.90
Al(5.0)НPK-2 32.62 57.94 0.00 1.58 0.19 0.10 0.76 6.85 1.78
Al(7.5)НPK-2 32.75 57.26 0.00 1.67 0.23 0.10 0.79 7.20 1.75
PK-1 34.86 59.52 0.08 0.10 0.15 0.18 1.25 3.83 1.71
НPK-1 32.81 63.10 0.03 0.08 0.10 0.03 1.28 2.57 1.93
Al(2.5)НPK-1 35.00 59.80 0.12 0.14 0.14 0.12 1.20 4.50 1.71
Al(5.0)НPK-1 35.80 59.26 0.10 0.12 0.10 0.10 1.25 3.27 1.66
Al(7.5)НPK-1 36.10 58.76 0.10 0.10 0.10 0.10 1.27 3.47 1.63

As follows from the data in the table, PK-1 - kaolinite - 34.86% with SiO2 / Al2O3 
= 1.71 has the largest amount of aluminum in the initial sample. Acid activation 
leads to decationation and dealumination of the samples. Subsequent modification 
with aluminum leads to an increase in the Al2O3 content, as a result of which the 
SiO2 / Al2O3 molar ratios become close for all three studied samples.

The figure 1 shows data on the yield of the main products of the cracking of 
vacuum gas oil - gasoline and the sum of light products(of gasoline and light gas oil).

	

Figure 1 - The yields of gasoline and light products in an amount cracking of VG on  kaolinites 
modified with aluminum depending on the concentration of aluminum hydroxocomplexes at 5000C

Modified by aluminum kaolinites exhibit a fairly close matrix activity. The 
highest yields of gasoline (9.1%) and the amount of light products (54.3%) are 
obtained on the Al(2.5)HPK-1 sample with the maximum initial Al2O3 content. The 
maximum yields of gasoline and light gas oil are observed on Al(5.0)HPK-2 and 
Al (5.0)HPK-3 contacts. 

Previously (Volkova, 2020; Volkova, 2014; Zakarina, 2010) it was shown by 
us that the modification of kaolinites by aluminum hydroxocomplexes leads to an 
increase of pore volume, the number of mesopores and an increase of acidity. The 
data obtained suggest that the Al2O3 content in the initial kaolinite is one of the 
factors of the possible matrix activity of the sample.
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As noted above, an additional modification of the Al (2.5) HPK-1 sample was 
carried out with an aluminum hydroxide gel. Table 4 shows data on the cracking 
of vacuum gas oil, a mixture of VG with 30% fuel oil and fuel oil on the Al(2.5)
HPK-1 + Al2O3 (5%) catalyst.

Table 4 - Cracking of masut, mixtures of masut with VG and VG on the Al(2.5)HPK-1 + Al2O3 
catalyst

Name of products Masut Masut + VG VG
5000С 5500С 5000С 5500С 4700С 5000С

Gas 28.1 28.0 23.4 26.4 15.2 17.0
Gasoline (to 2050С) 23.8 26.8 29.6 31.9 36.7 39.1
Coke 15.1 13.3 10.0 9.0 8.5 7.8
Light gas oil (2050 – 3500С) 19.3 20.3 25.7 21.1 28.3 28.2
Heavy gas oil 13.7 9.6 9.4 9.6 9.3 5.9
Losses 2.0 2.0 2.0 2.0 2.0 2.0
Conversion 84.3 88.4 88.7 88.4 82.7 92.1
Sum of light products 43.1 47.1 55.3 53.0 65.0 67.3
Octane number 78 78 78 78 78 78
Total 100 100 100 100 100 100

In the cracking of VG on this modified contact at 5000C, the gasoline yield 
is 39.1% at 5000C. In the cracking of masut the yield of gasoline was 26.8% at 
5500C, in the cracking of a mixture of masut with VG - 31.9%. The conversion of 
raw materials is the highest (92.1%) in VG cracking at 5000C, in masut cracking 
- 88.4% at 5500C. Thus, there is an economic feasibility of using a zeolite-free 
activated Al(2.5)HPK-1+Al2O3 contact in the cracking of all three types of raw 
materials.

Table 5 - Hydrocarbon compositions of the gasoline fraction on the Al(2.5)HPK-1 + Al2O3 catalyst
Raw Т, 0С Paraffins Isoparaffins Aromatic hydrocarbons Naphthenes Olefins
VG 470 14.1 26.8 29.4 11.0 17.7
VG 500 12.6 27.9 33.6 8.7 17.3
VG+M 500 12.1 25.9 27.5 10.6 23.7
VG+M 550 13.2 34.1 38.1 6.1 8.5
Masut 500 12.4 25.6 30.7 8.3 23.0
Masut 550 12.5 27.3 38.3 5.6 16.3

The gasolines of cracking are characterized by a significant content of 
isoparaffinic and aromatic hydrocarbons, the content of which increases with 
increasing temperature(table 5). Cracking on the matrix by comparison with zeolite 
contacts proceeds with the release of significant amounts of dry gas(table 6), which 
is optimal in the cracking of masut, the ratio of ethylene and propylene is close to 
1.0 at the cracking of mixture and masut. In VG cracking, the propylene: ethylene 
ratio is 1.33. A significant amount of butylenes is formed on this catalyst (up to 
13.1% in VG cracking).
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Table 6 - Hydrocarbon composition of the gas phase in the cracking of masut, a mixture of masut 
with VG and VG on the Al(2.5)HPK-1 + Al2O3 catalyst at 5000C
Name of products VG VG+Masut Masut

5000С 5000С 5000С
Dry gas:
                  methane
                  ethane

35.0
15.9
19.1

40.5
25.2
15.3

43.7
26.3
17.4

Ethylene 15.1 15.9 18.1
Propane 10.1 9.8 7.0
Propylene 20.2 18.3 19.4
Iso-butane 3.5 2.9 2.5
Butane 3.0 3.5 2.7
Butylenes 13.1 9.1 6.6
Ʃ C2 + C3-alkenes 35.3 34.2 37.5
ƩС2 + С4 –alkenes 48.4 43.3 44.1

CONCLUSION
On the obtained experimental data, the following conclusions are made:
1 The optimal activity in cracking is showed on Pavlodar kaolinite with the 

highest Al2O3 content and the lowest SiO2/Al2O3 ratio.
2 Acid activation leads to decationing and dealumination of contacts and the 

convergence of SiO2/Al2O3 values.
 Thus, aluminum-modified acid-activated kaolinites having an initial matrix 

activity can be proposed as catalysts and components of cracking catalysts.
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