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Abstract

Results of studies on the conversion of gaseous hydrocarbon feedstock with different compositions into olefin
hydrocarbons over zeolite-containing catalysts are presented. The results of catalyst testing indicate that zeolites
modified with phosphorus and manganese exhibit high activity in the conversion of lower C,—C, alkanes into
olefin hydrocarbons. It has been determined that the P-containing zeolite catalyst has the highest dehydrogenat-
ing activity, and the Mn-containing zeolite catalyst is characterized by a higher overall activity. It is shown that
significant conversion of the feedstock is observed within the temperature range of 600—650 °C, depending on the
hydrocarbon chain length of the initial alkane molecule. For the P-containing zeolite catalyst, almost linear de-
pendence of the yield of olefin hydrocarbons on the conversion of the initial C,—C,-hydrocarbons is observed. At
the same time, for the Mn-containing zeolite, the dependence of the yield of olefin hydrocarbons on conversion is
determined by the type of initial hydrocarbon feedstock. The acid and textural characteristics of the original
zeolite and its modified samples were studied by temperature-programmed desorption of ammonia and low-
temperature adsorption of nitrogen, and their distinctive features affecting the properties of the catalysts in the
conversion of C,—C, alkanes into olefin hydrocarbons were established.
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INTRODUCTION butylenes, are of interest for petrochemical in-

dustry as feedstock for manufacturing a broad

The problem related to the rational utilisation
of the components of natural and associated pe-
troleum gas, as well as outgoing gases from
petroleum refineries and petrochemical plants,
stimulates the search for new catalysts with high
selectivity in converting hydrocarbons present in
these gases into practically significant products.
Light olefins, such as ethylene, propylene and

range of chemical products including polymers,
oxygenates, and essential intermediates (ethylene
oxide, propylene oxide, ethylene glycol, acetone,
acetaldehyde, etc.) and a lot more [1, 2]. Demands
for light olefins are permanently increasing in
connection with the steady growth of urban-
ism [3—5]. Conventional industrial technologies
for obtaining light olefins include thermal pyroly-
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sis, steam or steam-hydrogen thermal pyroly-
sis [6—11], catalytic pyrolysis [12], pyrolysis in
the presence of initiating additives [13], catalytic
cracking [14—16], carried out at increased tem-
perature.

At present, the amount of olefins manufac-
tured by steam cracking and liquid catalytic
cracking is insufficient to meet the requirements
of the growing market. For this reason, alter-
native technologies are widely employed in the
world practice, in particular dehydrogenation of
C,—C, alkanes, production from methanol (MTO
(methanol to olefins)/MTP (methanol to propyl-
ene) process), coal (CTO (coal to olefins)), or bio-
mass (BMTP (biomass to olefins via methanol-to-
propylene pathway)). The process of light alkane
dehydrogenation to obtain olefins attracts in-
creasing attention of researchers as an economi-
cally efficient industrial method to produce ole-
fins [17, 18]. It should be stressed that, among the
known catalysts of light alkane conversion into
olefins, zeolite-containing catalysts are considered
as promising systems for this process.

The goal of the present work was to investi-
gate the physicochemical properties of zeolite
catalysts containing manganese and phosphorus
additives, and to study their efficiency in con-
verting various kinds of hydrocarbon feedstock
into olefin hydrocarbons.

EXPERIMENTAL

To carry out the studies under the conditions of
hydrothermal synthesis, high-silica zeolite (HSZ)
with silicate modulus 100 was obtained, and it
was used as the basis for impregnation to prepare
the samples containing manganese (Mn-HSZ) and
phosphorus (P-HSZ). The source of manganese was
manganese nitrate hexahydrate (Mn(NO,), - 6H,0),
and the source of phosphorus was the aqueous so-
lution of ammonium hydrophosphate ((NH,),HPO,).
Based on the results obtained by us previously on
the optimal content of manganese and phospho-
rus (recalculated for the element) in the catalyst,
zeolite samples with the addition of 8.0 wt% Mn
and 4.0 wt% P were prepared [19, 20].

Initial feedstock was ethane (99.97 vol% pu-
rity), propane (99.95 vol% purity) and n-butane
(99.20 vol% purity). Catalytic tests were carried
out in a flow set-up with the fixed-bed catalyst
(V = 3 cm?®) at a reaction temperature of 500—
650 °C, feed rate 500 h™ at atmospheric pressure.
The parameters characterising the catalytic ac-

tivity of samples were calculated from the data of
chromatographic analysis of the formed products,
performed using the Chromatex-Crystal 5000.2
chromatograph (Chromatex, Russia). Experiment
duration under the same process conditions was
60 min; catalyst activity remained constant with-
in this time interval. To assess the catalytic activ-
ity of the samples, the degree of initial hydrocar-
bon conversion was determined, and the yield of
reaction products and selectivity of their forma-
tion were calculated.

Specific surface and the parameters of porous
structure of initial and modified zeolites were de-
termined by low-temperature nitrogen adsorp-
tion using the automatic gas adsorption analyser
Sorbtometer-M (KATAKON, Russia). The spe-
cific surface of samples under investigation was
calculated using the multipoint Brunauer—Emmett—
Teller method (BET). The volume and size of
pores in the catalyst were calculated using the
BJH (Barett—Joyner—Halenda) model from the
data of adsorption and desorption isotherms at
the relative pressure of P/P, = 0.99.

The acid characteristics of the catalyst surface
were tested by temperature-programmed des-
orption (TPD) of ammonia, which allows deter-
mining both the amount of acidic centres and
their strength distribution. Ammonia was ad-
sorbed at 100 °C by the sample after preliminary
training. Ammonia was desorbed from the sur-
face of zeolite catalyst under linear heating at
a rate of 10 °C/min. The concentration of acidic
sites corresponds to the amount of desorbed am-
monia, and their strength is determined from
temperature maxima on desorption curves.

RESULTS AND DISCUSSION

Results of the studies on ethane and propane
conversion over initial non-modified zeolite (H-HSZ)
and the catalysts Mn-HSZ and P-HSZ are present-
ed in Table 1. The non-modified zeolite exhibits
low activity with respect to ethane and propane
conversion into olefin hydrocarbons. For instance,
the yield of olefin hydrocarbons formed over this
catalyst at 650 °C is only 5.0 % with ethane con-
version equal to 20 %. The yield of olefin hydro-
carbons from propane conversion at this temper-
ature is 12.8 %, and the yield of aromatic hydro-
carbons is 33.2 % (the selectivity of their formation
is 34.9 %), that is, initial zeolite possesses rather
high aromatising activity. The major products
among aromatic hydrocarbons are benzene, tolu-
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TABLE 1

Parameters of the transformation of hydrocarbon feedstock over zeolite-containing catalysts

Catalyst Initial T,°C X,% Y, % Selectivity of product formation, wt%
feedstock H, Methane + ethane Ethylene Propylene Butenes Alkanes C,~C, Arenes
H-HSZ Ethane 550 6 26 49 319 35.9 9.6 0 3.2 14.5
600 10 39 83 342 30.2 8.5 0 2.8 16.0
650 20 50 91 36.0 20.6 41 0 1.0 29.2
Propane 500 26 63 1.0 518 8.7 10.7 4.5 19.9 3.4
550 51 136 18 615 12.0 10.8 3.7 5.2 5.1
600 86 149 20 471 10.4 5.7 14 0.5 33.0
650 95 128 3.0 48.6 9.9 3.1 0.4 0.1 34.9
Mn-HSZ Ethane 550 8 49 7.7 110 49.0 9.9 2.0 10.1 10.3
600 18 93 85 26.0 448 5.6 1.1 3.4 10.6
650 47 119 51 476 23.0 1.8 0.5 0.7 21.3
Propane 500 11 48 22 392 18.2 18.6 6.5 10.9 4.3
550 26 9.6 39 477 18.0 15.0 3.9 2.9 8.6
600 49 146 41 534 15.3 12.6 1.7 0.5 12.4
650 65 212 31 532 18.8 12.6 0.9 0.1 11.3
P-HSZ Ethane 550 1 02 0.1 0.9 16.0 0.6 0 73.5 8.9
600 2 21 52 14 87.2 0.7 0 3.4 2.1
650 14 125 56 2.7 89.0 1.1 0 0.9 0.7
Propane 500 1 04 15 340 24.9 31.0 0 8.6 0
550 6 40 16 223 29.5 42.0 0.9 1.0 2.7
600 24 173 1.8 253 30.0 40.2 15 0.2 1.0
650 46 319 16 275 32.5 35.1 2.2 0.1 1.0

Note. T — process temperature; X — conversion; Y — the yield of olefins.

ene, and xylenes, while alkyl benzenes C,,, naph-
thalene and alkyl naphthalenes are present in
small amounts. Noticeable conversion of ethane
over the Mn-HSZ sample starts at reaction tem-
perature equal to 600 °C. With an increase in
temperature, the conversion of feedstock and the
yield of higher olefins increase, reaching 47 and
11.9 %, respectively, at a temperature of 650 °C.
The selectivity of olefin formation at 650 °C is
25.3 %, with ethylene accounting for 23.0 % of
them, propylene for 1.8 %, and butene isomers for
0.5 %. The selectivity of aromatic hydrocarbon
formation over the Mn-HSZ sample decreases in
comparison with initial zeolite, and reaches 21.3 %
at 650 °C. Ethane conversion over the P-contain-
ing zeolite catalyst is not high: only 14 % at 650 °C,
which is lower by 33 % than the value for the
Mn-HSZ sample under the same process condi-
tions. At the same time, the selectivity of ethyl-
ene (target product) formation in ethane con-
version over the P-HSZ catalyst is substantially
higher than over the Mn-HSZ sample. For in-
stance, at reaction temperature equal to 650 °C,
the selectivity of ethylene formation over the
P-HSZ catalyst reaches 89.0 %.

Thus, with an increase in the temperature of
ethane conversion over the Mn-HSZ catalyst, an
increase in the formation of by-products is ob-
served, which proves the predominance of crack-
ing reactions. Quite contrary, over the P-HSZ
sample, at higher temperatures, the selectivity of
olefin hydrocarbon formation increases substan-
tially, that is, the dehydrogenating capacity of
the catalyst improves.

Propane undergoes catalytic conversion easier
than ethane does. For instance, propane conver-
sion over the Mn-HSZ sample at 600 °C is 49 %,
while ethane conversion under the same condi-
tions over the same catalyst was only 18 %. With
an increase in process temperature, the yield of
olefin hydrocarbons increases and reaches 21.2 %
at 650 °C. Propane conversion over Mn-HSZ cata-
lyst gives a smaller amount of aromatic hydro-
carbons than ethane conversion does. Somewhat
different pattern is observed with the P-HSZ
catalyst. With an increase in process temperature,
propane conversion increases slower than it does
over the Mn-HSZ sample, reaching the maximal
value of 46 % at 650 °C, which points to its lower
total activity, estimated from the initial feedstock
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Fig. 1. Dependence of conversion (a) and the yield of olefin hydrocarbons (b) on the temperature of n-butane trans-
formation over zeolite catalysts containing manganese (Mn-HSZ) and phosphorus (P-HSZ).

conversion. At the same time, over the P-HSZ
sample a larger amount of olefins is formed at
high temperatures, and their yield reached 31.9 %
at 650 °C, which provides evidence that this cata-
lyst is more efficient in propane conversion into
olefins at a temperature above 600 °C. The selec-
tivity of ethylene and propylene formation over
the P-HSZ sample at 650 °C is similar: 32.5 and
35.1 %, respectively.

Data on the changes of n-butane conversion
and the yield of lower olefins formed over the cat-
alysts under investigation depending on process
temperature are presented in Fig. 1. One can see
that an increase in conversion and yield of olefins
with an increase in process temperature is charac-
teristic of both catalysts. For the Mn-HSZ sample,
a sharp increase in the conversion of n-butane is
observed with an increase in process temperature
from 500 to 600 °C, while with further tempera-
ture rise the conversion remains almost unchanged
(see Fig. 1, a). P-HSZ catalyst is characterised by
lower activity than Mn-HSZ within the studied

TABLE 2

Acid characteristics of zeolite-containing catalysts

Catalyst Temperature, °C Concentration,
pmol/g
Ty Ty ¢ Cn Cy
H-HSZ 200 450 515 236 1751
Mn-HSZ 160 405 395 126 521
P-HSZ 180  Smoothed peak 326 89 415

Note. T}, T;; are temperatures of the maxima of low- and
high-temperature peaks on the curves of temperature-pro-
grammed desorption of ammonia; C, C;; and C are the con-
centrations of weak and strong acidic centres and their sum,
respectively.

temperature range. With an increase in process
temperature, a gradual increase in n-butane con-
version is observed, so that at a temperature of
650 °C it reaches 47 %, which is lower by 19 %
than the value for Mn-HSZ sample.

With an increase in process temperature from
500 to 650 °C, a smooth increase in the yield of
olefin hydrocarbons formed over Mn-HSZ sample
occurs (see Fig. 1, b). In addition, the yield of ole-
fins over this sample within the temperature range
from 500 to 600 °C is noticeably higher than the
value for P-HSZ catalyst. However, the situation
changes with an increase in process temperature
to 650 °C, and the yield of olefin hydrocarbons
over P-HSZ catalyst becomes higher than olefin
yield over Mn-HSZ.

The differences discovered in the behaviour of
catalysts for n-butane transformation are due to
different functional features of the active centres
formed when manganese and phosphorus are in-
troduced into the zeolite.

Using ammonia TPD, we established the strength
distribution of acidic centres and determined their
concentration. Depending on the temperature range
of ammonia desorption, acidic centres were re-
lated to the weak ones within the temperature
range of 100—300 °C and strong within the range
of 300—600 °C. Among the catalysts under inves-
tigation, non-modified zeolite (H-HSZ sample) is
characterised by the highest concentration of
acidic centres of both types (Table 2). The con-
centration of weak and strong acidic centres for
this sample is 515 and 236 pmol/g, respectively.
For P-HSZ, the high-temperature peak is ob-
served to be smoothed, so the direct determina-
tion of its maximum appears to be impossible. In
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TABLE 3

Textural characteristics of zeolite-containing catalysts

CatalySt SBET’ mz/g Smeso’ mz/g Smicro’ mz/g Vtotal’ Cms/g Vmesu’ Cms/g Vmicro’ Cmg/g D’ nm
H-HSZ 314 104 210 0.15 0.04 0.11 1.9
Mn-HSZ 298 141 157 0.14 0.07 0.07 1.8
P-HSZ 172 70 102 0.09 0.04 0.05 2.0
Note. S — specific surface area of zeolite, measured using BET procedure; S S — specific sur-

BOT
face of meso- and micropores; V, .,

micropores; D — average pore diameter.

addition, P-HSZ catalyst contains the smallest
amount of weak and strong acidic centres, their
total concentration is 415 pymol/g. A decrease in
the acidity of P-containing centre is due to the
interaction of phosphorus with the oxygen atoms
of bridge OH, leading to the rupture of Al-O
bond and zeolite framework opening. A conse-
quence is a change of the catalytic activity and
selectivity of P-HSZ sample with respect to the
formation of olefin hydrocarbons. The catalyst
Mn-HSZ contains larger amount of weak acidic
centres characterised by smaller strength than
P-HSZ sample. This is explained by the fact that
after the addition of 8.0 wt% Mn to the zeolite its
limiting concentration is achieved, at which Mn?*
ions are fixed on the strong acidic centres of the
zeolite support.

Other essential characteristics of zeolite cata-
lysts are their textural properties, which are re-
sponsible for the molecular sieve effect. Initial
zeolite is characterised by the largest specific sur-
face area (314 m?/g), with the surface area of
micropores being equal to 210 m?/g (Table 3).
Zeolite modification by manganese and phospho-
rus causes a decrease in the total specific surface
area, especially in the case of phosphorus intro-
duction. A decrease in the specific surface area of
the samples occurs mainly due to a decrease in
the specific surface area of micropores to 157 and
102 m?/g for Mn-HSZ and P-HSZ samples, re-
spectively. It should be stressed that Mn-HSZ
sample has a better developed mesoporous struc-
ture (141 m?/g), which may promote better pen-
etration of larger molecules into zeolite pores,
while in H-HSZ and P-HSZ mesopores are less
clearly pronounced (104 and 70 m?/g, respective-
ly). Similar trends are also characteristic of the
pore volume of the catalysts under investigation.
The samples Mn-HSZ and H-HSZ have close av-
erage pore diameters (1.8 and 1.9 nm, respec-
tively), while P-HSZ catalyst has a slightly larger
average pore diameter (2.0 nm), which affects the
selectivity of catalysts with respect to different

— total specific pore volume; V'

meso’ "~ micro

Vv — specific volume of meso- and

meso’ * micro

molecules, promoting more selective distribution
of reagent molecules in the porous structure of
the zeolite.

While assessing the selectivity of light alkane
transformation into olefin hydrocarbons over the
catalysts under consideration, it should be taken
into account that comparison is performed at dif-
ferent values of conversion of initial gaseous hy-
drocarbons. The dependence of the yield of olefin
hydrocarbons over zeolite catalysts on the trans-
formation degree of initial hydrocarbons is shown
in Fig. 2. One can see in the data presented here-
in for ethane transformation over Mn-HSZ sam-
ple that a linear dependence of olefin yield on
ethane conversion while the latter ranges from 8
to 18 % is observed (see Fig. 2, a). With a further
increase in conversion to 47 %, the yield of ole-
fin hydrocarbons changes insignificantly. The de-
pendence of olefin yield on propane conversion
for this catalyst is almost linear within the whole
range of conversion values. At the same time, for
n-butane transformation, a sharp increase in the
yield of olefin hydrocarbons is observed only at
rather high conversion values (above 60 %). This
provides evidence that, within measurement ac-
curacy, the yield of olefin hydrocarbons over Mn-
HSZ catalyst depends on the composition of hy-
drocarbon feedstock involved. For P-HSZ sample,
the yield of olefin hydrocarbons is almost linearly
associated with the conversion, and all points for
ethane, propane and butane are located nearly on
the same straight line (see Fig. 2, b). This means
that the yield of olefin hydrocarbons formed over
P-containing zeolite catalyst is independent of the
composition of hydrocarbon feedstock.

CONCLUSION

In summary, the corresponding conclusions pre-
sented in the form of a histogram in Fig. 3 can be
made. The modified zeolite catalysts exhibit high
activity in the transformation of lower alkanes
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C,—C, into olefin hydrocarbons, but the highest
selectivity is exhibited by the phosphorus-con-
taining zeolite. The selectivity of olefin hydrocar-
bon formation at 650 °C for ethane conversion
over this sample is 87.9 %. The catalyst Mn-HSZ
exhibits lower dehydrogenation capacity that
P-HSZ, but it is characterised by the higher total
activity. It has been determined for the phos-
phorus-containing zeolite that the yield of olefin
hydrocarbons is almost linearly connected with
ethane conversion, a similar dependence is also
observed for propane and n-butane. It is evidence
that the yield of target product over P-HSZ cata-

lyst depends only on the conversion of hydrocar-
bon feedstock and does not depend on feedstock
composition. A different dependence is observed
for Mn-HSZ sample: the yield of olefin hydrocar-
bons is substantially dependent on the degree of
transformation of initial gaseous hydrocarbon,
while the type of this dependence is due to the
type of hydrocarbon feedstock. It is demonstrated
that new active centres possessing various func-
tional properties are formed as a result of the
introduction of promoting additives into the zeo-
lite, and the textural characteristics of the zeolite
support are changed.
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