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Abstract. Kinetic features of the propane conversion into aromatic hydrocarbons over a gallium-
containing zeolite catalyst have been investigated. On the basis of the experimentally obtained kinetic
dependences and the available literature data, a kinetic model of propane aromatization is proposed,
which makes it possible to form various variations of chemical reaction behavior and to calculate the

most probable routes of propane conversion.
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Introduction

The conversion of light hydrocarbons into aromatic compounds is one of the most important
catalytic reactions, both from a scientific point of view and from the point of view of the industrial
implementation of this process. Aromatization of lower alkanes results in the formation of aromatic
hydrocarbons (predominantly benzene, toluene, and xylenes), which are valuable feedstocks for the
chemical and petrochemical industries. In addition, this reaction is of interest from the standpoint
of studying the mechanism of the conversion of hydrocarbons, since the reaction involves the
simultaneous participation of hydrocarbons of different classes in chemical transformations of
several types on catalytic active sites of different nature. The aromatization of low molecular
weight paraffinic hydrocarbons is a complex process that includes not only reactions aimed at
obtaining the target product, but also a number of undesirable side reactions. Therefore, the selective
carrying-out of the process of converting lower alkanes into aromatic hydrocarbons is possible
only in the presence of highly selective catalysts. The published results of studies of the process
of C,-C,4 hydrocarbons aromatization prove the efficiency of used bifunctional systems. They are
characterized by the presence of acid sites of the zeolite carrier and active metal-containing sites
formed when introducing of dehydrating promoters into the catalyst [1-6]. However, in most papers
devoted to the study of the mechanisms of reactions over high-silica zeolites, the kinetic data are
not fully presented, which is caused by certain difficulties arising from attempts to determine the

degree of influence of diffusion processes on the reaction rate [7-9]. For this purpose, appropriate
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investigations were carried out and the kinetic features of the propane aromatization process in the

presence of a metal-containing zeolite catalyst were established.

Experimental section

A galloaluminosilicate (molar ratio SiO,/Al,0; + Ga,05 = 40) containing 1.85 wt% of gallium
oxide was used as a catalyst for investigation of the kinetics of the propane conversion process. The
galloaluminosilicate was obtained in the course of hydrothermal synthesis by partial substitution
of aluminum with gallium in the initial alumino-silica gel. Hexamethylenediamine was used as a
structure-forming additive and water glass was used as a source of silicon in the course of synthesis.
Aqueous solutions of nitric acid salts of aluminum and gallium served as the sources of oxides of
aluminum and gallium. The synthesis of galloaluminosilicate was carried out in steel autoclaves
with Teflon inserts at a temperature of 175 °C for 4 days. After crystallization was complete, the
precipitate was filtered off, washed, dried, and calcined to remove organic impurities. The obtained
sample was characterized by a high degree of crystallinity, contained no impurities of side phases
and belonged to the ZSM-5 zeolite structural type. The zeolite was converted to the active H-form
by double decationation with a 25% aqueous solution of NH,4Cl followed by drying at 110 °C for 12 h
and calcination in air at 550 °C for 8 h.

Catalytic experiments were carried out using a bench-type flow-through unit at atmospheric
pressure, a reaction temperature of 550 °C, and a volumetric feed rate of 500-5000 h-!. The catalyst
in the amount of 0.5-5.0 cm? was placed in a reactor and heated in a stream of nitrogen gas to the
reaction temperature, then the nitrogen supply to the reactor was stopped and propane was passed
through (purity 99.95 vol%). The duration of the experiment was set according to the conditions
of the process. The reaction products were analyzed by GLC using a Khromatek-Kristall 5000.2
chromatograph. To determine the composition of the liquid phase, a BP-1 PONA capillary column
(100 m x 0.25 mm x 0.5 um) was used, while the composition of the gas phase was analyzed using a
capillary GS-Gas-Pro (60 m x 0.32 mm) and a packed Carbosieve S-II (4 mx 2 mm) columns. To assess
the catalytic activity of the sample, the degree of conversion of propane was determined, and the yield

and selectivity of the formation of gaseous and liquid reaction products were also calculated.

Results and Discussion

For the purpose of experimental study and quantitative description of the process, it is important
to establish the region where the reaction proceeds, since this determines the form of the kinetic
equations describing it.

During heterogeneous catalytic processes, the reaction may proceed within following four regions:

— region of external diffusion. The rate of the process as a whole is determined by the rate
of diffusion of reagents from the flow core to the outer surface of the catalyst grain or diffusion of
products from the outer surface of the catalyst particle to the flow core of the reaction mixture;

— region of intradiffusion, when the rate is limited by the diffusion of reagents from the
flow from the outer surface of the catalyst grain to its inner surface (or vice versa for the reaction
products);

— region of external kinetics, when the rate of the process is limited by the chemical reaction

itself on the outer surface of the catalyst grain;
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region of intrakinetics, when the rate of the process is determined by the rate of the chemical
reaction, that takes place on the inner surface of the catalyst grain. This is possible if the chemical
reaction is slower than both external and internal diffusion.

Usually, the experimental conditions for the study of the catalytic properties of contacts are
chosen in such a way that the transport processes would not be limiting, that is, the rate of the entire
process would be determined only by the rate of the chemical reaction.

In this regard, at first, a series of experiments was carried out, when the height of the catalyst bed
was varied and thus, the volumetric flow of the reaction mass was also changed in order to keep the

conditioned contact time T, constant according to the equation
T = VC/ W()

where 1, is the conditional contact time, s; V. is the catalyst volume, m?; and Wy is the volumetric flow
rate of the reaction mass, m?/s.

The change or constancy of the main indicators of the aromatization process in such experiments
suggests the presence or absence of external diffusion inhibition.

It is evident from the data shown in Fig. 1 that with an increase in the propane flow rate, the
yield in aromatic hydrocarbons (ArH) increases to a certain level and then upon reaching this level it
practically does not change with an increase in the feed rate. This indicates the progress of the process
at low values of the propane flow rate (from 8.3 to 41.5 ml/min) in the external diffusion region, while
with its further increase, the process passes into the kinetic region. Therefore, in subsequent studies,
the propane feed rate was selected in such a way as to remove external diffusion inhibition and to
conduct the process in the kinetic region.

It is known [10] that when the rate of a chemical reaction is limited on the entire surface of the

catalyst (intrakinetic region), the diffusion rate does not play a role, hence. the results of the process
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Fig. 1. Dependence of the conversion of propane (1), the yield of benzene-toluene-xylene fraction (BTX) (2),
aromatic hydrocarbons of the Cg. composition (3), and the total amount of aromatic hydrocarbons (4) on the
propane consumption (contact time 3.60 sec)
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will not depend on the catalyst grain size. On the contrary, in the case of external or internal diffusion
regions, the grain size plays an important role, because the diffusion rate per unit of catalyst mass
depends on the size of the outer surface, which determines the diffusion into the pores. Thus, judging
by the changes in the degree of conversion in the course of a series of experiments in presence of a
catalyst with different grain sizes, it is possible to distinguish the kinetic and diffusion regions and also
to ascertain the catalyst grain size required to achieve the kinetic region of the process. Experiments
to study the effect of the catalyst grain size on the main parameters of the propane conversion process
were carried out at a contact time of 2.88 sec. The performed investigations have shown that when
the process was carried out in the kinetic region, the yield in aromatic hydrocarbons was practically
independent of the catalyst grain size (Fig. 2). Consequently, in this region active centers located both
on the outer and inner surfaces of the catalyst operated. Since the inner surface of the zeolite prevailed
over its outer surface, the process rate was not depended on the catalyst grain size.

In the presence of galloaluminosilicate, propane began to transform at a temperature of 400 °C,
while at 500 °C and above, the target products were formed, which were aromatic compounds consisted
mainly of benzene, toluene, and xylenes. Naphthalene, alkylnaphthalenes, and Cy. alkylbenzenes were
also formed in small amounts. By-products were represented by gaseous hydrocarbons — methane and
ethane. Hydrogen and C,-C, olefins were also present in small amounts. Therefore, to construct the
kinetic curves, catalytic tests were carried out at process temperatures of 500, 550, and 600 °C and
various contact times.

Table 1 shows the results of kinetic studies obtained in the process of propane aromatization on
galloaluminosilicate at different contact times and a reaction temperature of 550 °C. It is seen that
with increasing contact time, the degree of propane conversion and the selectivity of the formation of
aromatic hydrocarbons increase. A decrease in the amount of alkanes and an increase in the amount
of hydrogen are observed in the composition of gaseous products, while the concentration of alkenes

passes through a maximum (Fig. 3a). The presence of methane and ethane in the products of propane
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Fig. 2. Dependence of the propane conversion (1) and the ArH yield (2) on the catalyst grain size (contact time
2.88 sec)
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Fig. 3. Dependence of the yield in alkenes (a), benzene (b), toluene (c) and naphthalene hydrocarbons (d) formed
during the conversion of propane over the galloaluminosilicate on the contact time (T = 550 °C)

aromatization suggests that the activation process of the initial alkane proceeds at the active sites
of the galloaluminosilicate through the formation of radical cations, which further decompose to
form alkene and hydrogen, or alkene and alkane with a shorter chain length. The formed alkenes
undergo oligomerization, which is confirmed by the presence of a small amount of C4-Cg¢ alkenes in
the conversion products. A significant increase in the hydrogen concentration in the gas phase with
an increase in the contact time confirms the high rate of the propane dehydrogenation reaction and
the dehydrocyclization of the formed olefins over the galloaluminosilicate catalyst. This is in good
agreement with the generally accepted scheme of saturated hydrocarbon aromatization, according
to which the primary reactions are the dehydrogenation and cracking of paraffins, while the resulted
olefins participate in secondary transformations leading to the formation of aromatic hydrocarbons [1].

Aromatic hydrocarbons were the target product of the conversion of propane to galloaluminosilicate.
Studies have shown that the concentration of monoaromatic hydrocarbons (benzene and toluene) in the
contact time interval from 0.60 to 3.60 s has increased 3-4 times, while their yield has not practically
changed with a subsequent increase in the contact time (Fig. 3b, c). The content of alkylbenzenes
passed through a maximum, which suggested that they underwent various transformations during the
reaction (Table 1). With an increase in the contact time, the concentration of naphthalenes increased
monotonically over the whole investigated time interval (Fig. 3d). Consequently, naphthalene and its

homologues are not the primary reaction products, but they are formed from monocyclic aromatic
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Table 1. Composition of the products of propane conversion over galloaluminosilicate at different contact times
(T=550°C)

Yield of the products, wt% Contact times, s
0.60 | 072 | 1.20 | 1.44 | 2.40 | 2.88 | 3.60 | 4.80 | 7.20
Gaseous products
Hydrogen 1.8 2.3 2.7 2.8 2.9 3.0 3.4 3.8 5.0
Methane 5.6 7.1 9.1 10.4 13.6 16.8 20.7 21.2 23.6
Ethane 2.6 34 43 5.0 6.7 7.9 9.6 10.6 11.6
C5-C, alkanes 71.1 64.5 534 48.9 38.2 28.6 16.1 12.9 6.5
C,-C,alkenes 6.8 77 9.4 9.0 73 6.2 5.5 5.3 3.1
Liquid products
Benzene 4.0 4.9 6.7 7.8 10.5 12.9 16.9 18.0 19.7
Toluene 5.0 6.3 8.3 9.5 11.8 13.6 14.9 15.0 14.9
Alkylbenzenes 2.0 2.5 4.1 44 5.2 5.9 5.2 4.7 3.9
Naphthalene 0.3 0.4 0.6 0.9 1.3 1.9 34 37 6.3
Alkylnaphthalenes 0.8 0.9 1.4 1.3 24 3.2 43 4.8 54
Conversion of propane 34 40 48 52 63 76 84 88 94
Selectivity towards ArH 35.6 37.5 43.8 45.8 49.3 49.5 529 53.6 53.5

hydrocarbons as a result of side condensation reactions, which proceed more intensively at low
volumetric rates of flow or long contact times.

Based on the analysis of the mechanism of the aromatization process, the experimentally obtained
kinetic dependences, and the available literature data, it is possible to form various variants of chemical

reaction proceeding, on the basis of which a kinetic model could then be built:
C,H,—— C,H + H,(propylene)
C,H,——CH, +C,H (ethylene)
C,H, +C,H,——C,H + C,H (propylene)
2C,H,——> C,Hy +5H,(benzene)
2C,H, <> C,H +3H,(benzene)
CH,+C,H, +C,H,——>C,H;+6H,(benzene)
2C,H,——> C,H , + C,H,(ethylene + butenes)
CH,+2C,H,——>C,H,CH, + 6 H,(toluene)
C,H,+C,H,——CH,CH, +3H,(toluene)
CH,+3C,H,—— C, H; +10H, (naphthalene)
CH,+C,H,——C, H, +3H,(naphthalene)

C,Hy+C,H,—— C\ H, +3H,(naphthalene)
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CH,,+C,H,——C, H, +3H,(naphthalene)
2C,H,——C,,Hy + C,H ,(naphthalene)
C,H,+C,H,—— C| \H,,+3H,(methyl naphthalenes)
GH,,+C,H,——C, \H,,+3H,(methyl naphthalenes)
CH,,+C,H,——C, H,,+3H,(methylnaphthalenes)
CHy+C,H,——>C\,H,,+ H,(ethyl naphthalenes)
C,,H,,+CH,——C,H +H,(dimethylnaphthalenes)
C,Hy, + H,——>CH, + C,H (benzene)

C.H,,+ H,——>CH, + C,H(toluene)

C,H,,+ H,——>CH, + C,H,(naphthalene)
2C,H,—— C,H , + C,H,(ethylene + butenes)
2C,H,——>C,H +C,H, (ethane + butene)

2C,H,——>CH + C,H, ((benzene + xylene)

Conclusion

Based on the experimental kinetic data, it can be assumed that the most probable route for the
conversion of propane to aromatic hydrocarbons over a gallium-containing zeolite catalyst is as follows:
propane — C, — C; olefins — C¢ — Cy, olefins — arenes. In addition to the main direction, the propane
aromatization process is characterized by a number of sequential and parallel reactions leading to the
formation of a relatively large amount of by-products such as gases and coke.

As can be seen from the above set of reactions and the suggested scheme, aromatic hydrocarbons
can be formed not only due to the sequential abstraction of the hydride ion from molecules of higher
molecular weight olefins (with at least six carbon atoms), but also through the direct interaction of two
allylic structures with simultaneous elimination of the molecule of hydrogen. This way of formation
of aromatic structures does not require the obligatory simultaneous formation of alkanes; therefore, in
the case of modified zeolites, the yield in aromatic hydrocarbons is not limited by the stoichiometric
ratio (one molecule of aromatic hydrocarbons plus three molecules of alkane). Obviously, this explains
the higher yield in products of aromatization of low-molecular-weight paraffins over metal-containing

ZSM-5 zeolites as compared to unmodified samples.
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