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ABSTRACT

This work presents the study of the conversion of model mixtures of C6-, C14-alkanes and a diesel fraction over 
ZSM-containing catalyst modified with manganese, lanthanum and zinc additives. Physico-chemical methods, in-
cluding TEM and IR, are applied for the characterization of the catalysts used. The presence of Brönsted and Lews 
acid centers as M0 - or Mn+-metal centers is identified. It is found that the structure of the acid centers can include 
MnSiO3, La5Si, Mn15Si26, LaMn2Si2, La Al11O18, La2Si2O7, La3Si2, functioning as Lewis acid centers. The results of 
the study show that the degree of conversion of hexane and tetradecane as well as the composition of the resulting 
compounds are determined by the length of the hydrocarbon chain and the conditions of the process.
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INTRODUCTION

The development of the catalytic cracking processes 
has been recently paid attention in respect to the process-
ing of heavy hydrocarbon raw materials. The catalytic 
cracking is one of the most common processes in the oil 
refining industry. It contributes to a significant increase 
of the oil refining degree and is used for the production 
of high-octane gasolines and diesel fuels from heavy oil 
fractions, as well as for the production of petrochemical 
synthesis products [1 - 5]. The paraffins are the main 
component of many oil fractions. They are thermally 
and thermodynamically stable organic compounds. 
Their cracking requires high activation energy even 
in presence of catalysts, and hence, it proceeds with a 
significant rate only at elevated temperatures. The trans-
formations of the paraffinic hydrocarbons reflect most 
fully the reaction conditions of cracking and, therefore, 
we pay great attention to the research. The determina-
tion of the primary cracking products and the simple 
low molecular paraffins is difficult because the olefins 
participate in rapid secondary transformations [6 - 8]. 

The important factor affecting the degree of conversion, 
the direction of the alkane cracking and transformation 
refers to the length of its hydrocarbon chain. Nanoscale 
catalysts based on high-silica zeolites are used in oil 
refining and petrochemical processes. Their activity is 
mainly determined by their unique acid-base proper-
ties [9, 10]. One of the possible ways to regulate the 
catalytic properties is the introduction of modifying 
additives into the catalyst composition [11]. Typically, 
the catalytic cracking is carried out in a vapor phase 
at a temperature of 450º - 520ºC. The contact time of 
the feedstock with the catalyst is within a few seconds. 
Aluminum silicates, both natural and synthetic (zeolites), 
are used as catalysts of cracking [12, 13]. The application 
of various zeolite-based catalysts is an integral part of 
the modern oil refining and petrochemical industries. 
The analysis of the patent and the scientific literature 
shows that catalysts based on high-silica zeolites are 
very promising for various processes including catalytic 
cracking and synthesis of high-octane gasoline [14-16].

This paper presents the results of an investigation 
of the dependences of conversion of model C6- and C14-
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alkanes and a diesel fraction in absence of hydrogen by 
using Al2O3+ZSM as a catalyst. The latter is modified 
by manganese, lanthanum and zinc additives.

EXPERIMENTAL

The decationization of zeolite NaZSM was carried 
out by treatment with 15 % NH4NO3 solution. One 
volume of zeolite is poured into a threefold volume 
of NH4NO3 solution. The mixture was maintained at a 
temperature of 60°C and constant stirring for 2 h. Then, 
after settling, the solution was discharged and a new 
portion of NH4NO3 solution was added. Then the zeolite 
was washed ten times the volume of the distilled water 
aiming to reach pH = 7.0. Following the washing, the 
zeolite was dried at a room temperature and in a water 
bath. It was subjected to further calcination in a muffle 
furnace at 500°C for 10 h.

The catalysts were prepared by impregnating a mix-
ture of aluminum hydroxide Al(OH)3 with HZSM-5 deca-
tionized zeolite with water-soluble salts of nitrate salts of 
the modifying elements: lanthanum, zinc and manganese 
[17, 18]. The ratio of Al2O3: ZSM was 7:3, the zeolite 
module was equal to 35.5. A catalyst of a composition 
of 1 % La - 3 % Zn - 1 % Mn/65 % Аl2O3 + 30 % ZSM-5 
was synthesized and tested. The crystallinity of the zeolite 
was 92-93%. After molding, the catalyst samples were 
dried, calcined at a temperature of 500°C for 5 h.

The catalyst was tested during the processing of C6- 
and C14- paraffins and a diesel fraction in a flow instal-
lation in an inert atmosphere (argon) in the temperature 
range 300°C - 500°C, at pressure = 0.1 MPa and a feed 
rate of 1.5 h-1.

The analysis of the starting and forming compounds 
was carried out by GLC using Chromatograph Chrom-5 
(a column 3.5 m x 0.05 m filled with Al2O3 (Supelco)). 
A complex of physicochemical methods was used to 
study the structure and the state of the catalyst surface: 
EM, BET, IR spectroscopy using ammonia as a probe 
molecule [19 - 21]. The X-ray diffraction analysis was 
performed on DRON-4-0.7 X-ray diffractometer with a 
copper anode and parameters referring to 25 kV, 25 mA, 
2θ ranging from 5 o to 80o. The samples were prepared 
by mechanical destruction of the catalyst. The crushed 
part of the catalyst was ground in an agate mortar up to 
100 μm and used for an analysis.

The surface of Al2O3 + ZSM composition was 338.3 

cm2/g, the pore volume = 0.39 ml/g, the pores of daverage 
of ca 1.0 nm and daverage of ca 6.5-7.5 nm predominated. 
The surface of La-Zn-Mn/Al2O3 was 264.5 m2/g. There 
were two types of pores - of daverage ≈ 1.5 - 2.5 nm and 
6.0 nm. The total pore volume was ca 224.23 ml/g.

RESULTS AND DISCUSSION

Researching hydrogen-free conversion of model n-
alkanes and diesel fraction

The degree of hexane conversion (T = 300ºC - 
500ºC) on La-Zn-Mn/Al2O3 + ZSM catalyst during its 
hydrogen-free processing and the yields of the main 
products formed are presented in Table 1. As can be seen 
from the data in Table 1, the temperature increase in the 
range of 320ºC - 500ºC results in significant increase of 
the degree of conversion of C6H12 to La-Zn-Mn/Al2O3 
+ ZSM from 29.1% to 96.9 %. Under these conditions, 
increase of the yield of light hydrocarbons and decrease 
of the amount of the liquid phase are observed: from 
66.7 % to 89.3 % and 33.3 % to 10.7 %, respectively.

The liquid part of the final sample at 320ºС contains 
77.6 % of naphthenic hydrocarbons C4-C14, 13.5 % of 
iso-alkanes C4-C6, 2.2 % of C4-C10 olefins, 3.7 % of aro-
matic hydrocarbons, 2.9 % of naphthenic hydrocarbons 
and 0.1 % of benzene. With increase of temperature to 
500ºC, the yields of components decrease: up to 4 % - 
for C4-C6 paraffins, to 0.2 % - for C4-C6 olefins while the 
yield of naphthenic hydrocarbons decreases also up to 
1.9 %. The concentration of the aromatic compounds and 
benzene increases up to 66.6 % and 14.1 %, respectively. 
The maximum yield of C4-C10 iso-alkanes (20.1% - 20.8 
%) is observed at 350 ºС - 400ºС.

The molecular mass of the initial alkane affects 
significantly the qualitative changes of the composition 
of the resulting compounds obtained with temperature 
increase. The cracking of tetradecane is also studied to 
identify the behavior of heavier n-alkanes in the pro-
cess of non-hydrogen processing. It is revealed that the 
conversion of tetradecane varies little with increase of 
the temperature from 350 ºС to 5000C, from 86.5% to 
87.6 % (Figs. 1, 2). Under these conditions, the yield 
of the liquid-phase products decreases from 80.0% to 
57.5 %, but the gas-phase products yield increases from 
20.0 % to 42.7 %. 

It is evident from the data presented in Figs. 1 and 
2 that the amount of light C1-C4 alkanes formed in the 
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gas phase at 350ºC is 57.7 %, that of C4-C7 iso-alkanes 
amounts to 22.3 %, while that of C2-C10-olefins is equal to 
17.8 %. There is an insignificant amount of aromatic and 
naphthenic hydrocarbons. Under these conditions 23.7 % 
of C4-C14 paraffins, 19.9 % ​​of C4-C10 iso-alkanes, 13.1 % of 
C4-C10 olefins, 21.6 % of aromatic hydrocarbons, 20.9 % of 
naphthene hydrocarbons and 0.8 % of benzene are formed 
in the liquid part of the final sample. With temperature 

increase up to 500ºC, the transformations of tetradecane 
proceed predominantly in direction of aromatic deriva-
tives formation: the amount of aromatic hydrocarbons 
and benzene formed increases to 61.9 % and 11.4 %, 
respectively. The content of C4-C14 paraffins, C4-C14 iso-
alkanes and C5-C10 olefins decreases to 12.8 %, 12.1 % 
and 0.5 %, respectively. 

The temperature dependence of the activity of La-

Yield of components,  % Process temperature, ºС 

320 350 400 450 500 

Composition of a gas phase, % 

Paraffins  С1-С4 75.9 76.9 76.5 82.2 89.2 

Olefins  С2-С7 1.9 1.1 0.6 0.4 0.3 

Isoparaffins С4-С7 21.3 21.1 21.5 11.1 2.1 

Naphthenic hydrocarbons С5-С7 0.3 0,3 0.2 0.1 0.07 

Aromatic hydrocarbons С6-С7 0.08 0.1 0.1 1.2 2.8 

Hydrogen 0.4 0.5 1.0 5.0 5.6 

Yield of a gas phase 66.7 80.0 82.7 86.7 89.3 

Yield of a liquid phase 33.3 20.0 17.3 13.3 10.7 

Conversion   29.1 50.1 82.2 86.1 96.9 

Composition of a liquid phase, % 

∑ Paraffins  С4-С6 77.6 60.7 20.6 15.2 4.0 

∑ Iso-alkanes С4-С6 13.5 20.8 20.1 18.1 13.1 

∑ Olefins  С4-С6 2.2 0.9 0.6 0.6 0.2 

∑ Aromatic hydrocarbons 3.7 14.4 54.0 57.8 66.6 

Benzene 0.1 0.4 1.9 5.6 14.1 

∑ Naphthenic hydrocarbons 2.9 2.8 2.7 2.6 1.9 

Octane number (research method)  39.9 55.1 85.2 92.3 101.6 

Octane number (motor method)  49.3 57.9 75.9 79.8 85.4 

 

Table 1. Influence of temperature on the process of hydrogen-free conversion of hexane at Р = 0.1MPa 
and V = 1.5 h-1.
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Zn-Mn/Al2O3+ZSM catalyst during the non-hydrogen 
processing of alkanes is probably connected with vari-
ation of the structure and the state of the active sites of 
the catalyst.

Thus, it is found that in case of hydrogen-free trans-
formation of hexane and tetradecane on a La-Zn-Mn/
Al2O3 + ZSM catalyst their molecular mass affects sig-
nificantly the qualitative changes of the composition of 
the resulting compounds. They occur with increase of the 
temperature from 320ºC to 500ºC and affect especially 
the yield of C4-Cn-alkanes. In case of hexane processing, 
their amount varies from 77.6 % to 4.0 %, while in that 
of tetradecane their yield varies within the limits of 23.7 
% - 12.8 %. The amount of C4-C10-olefins formed during 
the cracking of tetradecane is 13.1 % - 0.5 %. In case 
of hexane, their yield is lower and equals 2.2 % - 0.2 
%. The maximum yield of aromatic compounds in the 
processing of hexane is higher than that of tetradecane: 
66.6 % and 61.9 %, respectively.            

The refining of the diesel fraction is also investigated 
(Table 2). It is shown that the yield of the liquid phase 
decreases from 53.3 % at 350ºC to 27.0 % at 450ºC. 
The yield of the diesel fraction hydrocarbons increases 
under these conditions from 28.0 % to 62.0 %, while 

the octane number changes from 79.8 to 74.6 (accord-
ing to the motor method) and from 97.0 to 109.7 (ac-
cording to the research method). It should be noted that 
a significant amount of hydrogen is formed when the 
diesel fraction is processed in absence of hydrogen but 
using the catalyst developed. It should be noted that the 
olefinic hydrocarbons in the catalytic cracking process 
are primarily subjected to reactions of cleavage of the 
C-C bond, isomerization of the double bonds, skeletal 
isomerization, hydrogen transfer, disproportionation, 
cyclization and polymerization [22 - 24].

Determination of the physicochemical characteristics 
of the synthesized catalysts

The structure and the state of the La-Zn-Mn/Al2O3 
+ ZSM catalyst active sites are studied using TEM and 
IR spectroscopy. The X-ray diffraction analysis is used 
for determination of the phase content of the developed 
catalysts (the phase composition). 

The TEM studies of the dispersity, the structure, 
and the states of La-Zn-Mn/Al2O3+ZSM active centers 
(Fig. 3) show a significant inhomogeneity of the catalyst 
surface. It is associated with the formation of surface 
structures of heteronuclear nanoscale particles that differ 

Fig. 1. Composition of the gas phase for hydrogen-free 
conversion of tetradecane at  Р = 0.1 MPa, V = 1.5 h-1: 
1 - paraffins C1-C4, 2 - olefins С2-С7, 3 - isoparaffins 
С4-С7, 4 - naphthenic hydrocarbons С5-С7, 5 - aromatic 
hydrocarbons С6 -С7, 6 - Hydrogen, 7 - yield of a gas 
phase, 8 - yield of a liquid phase, 9 - conversion.

Fig. 2. Composition of the liquid phase for hydrogen-free 
conversion of tetradecane at  Р = 0.1 MPa, V = 1.5 h-1 : 1 - 
∑Parafins С4-С14 , 2 - ∑Iso-alkanes  С4-С14,  3 - ∑Olefins  
С4-С10, 4 - ∑ Aromatic hydrocarbons, 5 - Benzene, 6 - 
∑Naphthenic hydrocarbons, 7 - Octane number (research 
method), 8 - Octane number (motor method).
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in their structure. 
The X-ray diffraction analysis and TEM show that 

on the surface of La-Zn-Mn/Al2O3 + ZSM catalyst there 
are:

- non-uniformly distributed aggregates of large 
dense particles of cut features and d ≈ 150.0-300.0 nm; 
they are identified by X-ray diffraction analysis as a 
complex mixture of LaMn2Si2, LaMnO3,15, LaSi2, ZnO 
and β-MnO2.

- small formations of d of ca 7.0 nm -10.0 nm, which 
include Mn2O3, Mn3O4, La2Si2O7, La Al11O18 and Mn 

(OH)2 (according to X-ray diffraction analysis).
- extensive clusters of particles of d of ca 3.0 nm - 4.0 

nm; the microdiffraction studies show that they consist 
of La2O3, Mn2O3, La Al11O18 La3Si2 and ZnO.

 The TEM and X-ray diffraction data reveal also 
small accumulations of particles consisting of oxidized 
and reduced forms of lanthanum - La2O3, LaO and La0 
of d of ca 3.0 nm, structures of d of ca 5.0 nm - 7.0 nm 
formed by La2O3, La5Si, Mn15Si26 and single particles 
MnSiO3 of d of ca 10.0 nm -20.0 nm.

The TEM results show the presence of strong inter-

Yield of components, % 
 

Process temperature, ºС 

350 400 450 

Composition of the gas phase,%, 

Paraffins 63.9 74.1 85.0 

Olefins 1.9 1.8 1.1 

Iso-paraffins 30.5 17.6 3.3 

Naphthenic hydrocarbons 0.2 0.05 - 

Aromatic hydrocarbons 0.2 0.2 0.2 

Hydrogen 3.0 6.0 9.5 

Yield of a gas phase 46.7 56.0 73.0 

Yield of a liquid phase 53.3 44.0 27.0 

Hydrocarbon composition of gasoline fraction 
∑ Parafins С4-С14 5.0 3.1 2.9 
∑ Iso-alkanes С4-С14 1.1 1.2 8.8 
∑ Olefins  С4-С10 32.7 24.5 25.6 
∑Aromatic hydrocarbons 8.5 5.2 1.5 
Aromatic hydrocarbons  52.4 63.9 59.2 

Octane number (research method) 97.0 101.0 109.7 

Octane number (motor method) 79.2 82.2 74.6 

Yield of a liquid phase 28.0 45.8 62.0 

 

Table 2. Effect of temperature on the process of diesel fraction hydrogen-free transformation at Р = 
0.1MPa, V = 1.5 h-1.
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action in La-Zn-Mn/Al2O3 + ZSM system: lanthanum, 
zinc and manganese are introduced to Al2O3 crystal lat-
tice and the zeolite. According to data in refs. [25 - 27] 
the structures of MnSiO3, La5Si, Mn15Si26, LaMn2Si2, 
La Al11O18, La2Si2O7, La3Si2, La3Si2 can function as 
Lewis-acid centers. A good agreement of this data with 
that of the IR spectroscopic studies using ammonia as 

a molecular probe is observed. The IR spectrum of am-
monia adsorbed on the surface of La-Zn-Mn/Al2O3 + 
ZSM-catalyst recorded at 250°C shows peaks at 3,500 
cm-1, 3,300 cm-1, 3,200 cm-1and 1,630 cm-1 which are 
indicative of the presence of Lewis acid sites. There are 
also peaks characteristic of Brönsted acid sites (1,570 
cm-1; 850 cm-1). The results of the IR spectroscopic 
studies indicate a shift to the low-frequency region (to 
1,650 cm-1; 1,400 cm-1; 3,400 cm-1). There is obviously 
strengthening of NH3-an active center bond). Peaks 
appear here at 362 cm-1 and 1,200 cm-1 [28 - 30]. The 
intensity of the peaks of ammonia chemisorbed at the 
Brönsted acid sites of La-Zn-Mn/Al2O3 + ZSM catalyst 
is higher than that of the Lewis acid sites. The adsorp-
tion of ammonia on the latter at 350ºC is prevailing at 
La-Zn-Mn/Al2O3 + ZSM catalyst. A broad absorption 
band is observed in the in the IR spectrum in the range 
of 3,700 cm-1-3,000 cm-1 with maxima at 3,450 cm-1, 
3,355 cm-1, 1,645 cm-1 and 1,525 cm-1. Ammonia under 
these conditions is strongly chemisorbed on the surface 
of the catalyst.

The catalysts characteristics defined in this work 
are in good agreement with the data of the scientific 
literature [31 - 34].

CONCLUSIONS

The effectiveness of a catalyst on ZSM base modi-
fied by La-Zn-Mn in the reaction of hydrogen-free con-
version of alkanes and a diesel fraction is studied. The 
length of the hydrocarbon chain and the technological 
parameters of the process affect the degree of alkanes 
conversion as well as the type and the composition of the 
compounds formed. The structure and the composition 
of the products formed during the processing of C6- and 
C14- n-alkanes in presence of La-Zn-Mn/Al2O3 + ZSM 
catalyst indicates the development of several paraffin-
converting directions on the catalysts. At the same time, 
several reactions occur: cracking and dehydrogenation 
with formation of intermediate activated complexes 
of a decreased content of carbon atoms and adsorbed 
states of olefins, isomerization, dehydrocyclization and 
alkylation. Depending on the nature of the active center 
of the catalyst, different directions of the transforma-
tion proceed with the participation of the intermediate 
activated complexes.

Fig. 3. TEM- images of La-Zn-Mn/Al2O3 + ZSM catalyst 
at zoom 80,000.

a)

b)

c)

d)
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