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The effect of the nature of a modifying additive (Pt, Zn, Ga) on the
activity of oxide and zeolite catalysts in ethane dehydrogenation and
aromatization
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The catalytic properties of Pt, Zn, and Ga deposited on supports of various natures
(AL, O, Si0,, NaZSM, and HZSM) in the dehydrogenation and aromatization of ethane
were investigated. Pt-containing catalysts are the most active in the conversion of ethane: the
selectivity with respect to ethylene is 25—87 % depending on the nature of the support. In
the presence of Zn- and Ga-containing catalysts the yield of ethylene is 2—3 times lower
than with Pt-catalysts. With HZSM modified by Pt, Zn, or Ga aromatic hydrocarbons (ArH)
and methane are the main products of ethane transformation. Ga/HZSM is the most
efficient catalyst of the aromatization of ethane under the conditions studied (550 °C,

120 h™1).
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Modification of pentasils with Group VIII metals or
Zn, Ga, and Cr cations is known to increase their
activity in the aromatization of lower alkanes.!=% As a
rule, this is assumed to be due to the activity of the
additives introduced in the dehydrogenation of alkanes,
since the olefin formation step is considered the limiting
step in the aromatization process. While in the aromati-
zation of C,—C; alkanes, cracking of the starting hydro-
carbons may be an alternative source of olefins,>S in the
case of ethane, dehydrogenation of the starting alkane
followed by oligomerization, cracking, and aromatiza-
tion is the only pathway for the formation of aromatic
products. Therefore, using ethane as an example one
can follow most accurately the relationship between the
activity of a modifying agent in dehydrogenation on
applied catalysts and the activity of the modified pentasil
in aromatization.

In the present work we studied the catalytic proper-
ties of platinum, zinc, and gallium deposited on sup-
ports of various natures (AL O,, SiO,, NaZSM, and
HZSM) in the dehydrogenation and aromatization of
ethane.

Experimental

Modified catalysts were prepared according to the known
procedure’ by impregnating ALO,, $i0,, NaZSM, and HZSM
with aqueous solutions of the corresponding Pt, Zn, and Ga
compounds. The content of the modifying agents in the result-
ing catalysts was 0.5 % w/w of Pt and 2.0 % w/w of Zn or Ga.
Aluminum oxide was prepared by calcination of aluminum

hydroxide at 520 °C for 6 h; Si0, was obtained from silicic
acid (8i0,-nH,0). The Na-form of the ZSM-type zeolite
(SiOz/Al%O3 = 42) whose synthesis and properties have been
reported,® was preliminarily calcined in a dry air fiow for 5 h at
550 °C. The H-form of the zeolite was prepared from NaZSM
by three-stage ion exchange of Na® with NH,* with the
subsequent decomposition of NH,ZSM at 550 °C for 5 h.

Prior to the experiments all of the catalyst specimens were
calcined in a dry air flow (520 °C, 5 h); Pt/HZSM and
Ga/HZSM were calcined either in an air flow or in an air flow
and then in a H, flow (520 °C, 2 h).

The experiments were carried out in a flow-type unit at
temperatures of 550—700 °C and a volumetric ethane rate (v)
of 120—1200 h™!. The reaction products were analyzed by
GLC. The main results are presented in Tables 1 and 2 and in
Figs. 1 and 2.

Results and Duscussion

To estimate the contribution of thermal processes we
carried out experiments on quartz and Zn- and
Ga/NaZSM at temperatures of 550—700 °C and
v =120 h™L. At 550 °C, the degree of ethane conversion
(x) on quartz is only 0.3 %. As the temperature increases
to 600 °C, x increases by an order of magnitude, and at
650—700 °C x is as high as 20—42 %. The major product
of the transformation of ethane at temperatures below
650 °C is ethylene; at higher temperatures methane
forms. It should be noted that over the temperature
range studied the effect of zinc and gallium oxides on
the conversion of ethane is insignificant.

The data presented in Table 1 indicate that under the
conditions studied (550 °C, 120 h™!) unmodified ALO,,
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Table 1. Transformation of ethane on modified catalysts
(550 °C, 120 b1

Catalyst x (%) Yield of products (% w/w)
CH,4 C,H,y
Si0, 0.5 - 0.5
AlO4 0.4 - 0.4
NaZSM 0.9 traces 0.9
Pt/SiO, 8.0 1 7.0
Pt/ALO5* 24.0 16 6.0
Pt/NaZSM 9.0 2 7.0
Ga/Si0, 3.0 fraces 3.0
Ga/Al,0, 7.0 1 6.0
Ga/NaZSM 1.5 traces 1.5
Zn/Si0, 2.0 traces 290
Zn/AlO; 4.0 traces 4.0
Zn/NaZSM 2.0 traces 2.0

* The yield of C;—C, hydrocarbons amounts to ~2 % W/w.

Si0,, and NaZSM do not exhibit noticeable catalytic
activity: the degree of ethane conversion is as low as
0.4—0.9 %.

Modification of the various support materials with Pt
affects x and the yield of ethane in different ways. For
example, in the presence of Pt/Si0, and Pt/NaZSM,
x = 7.5—9.0 %; the main reaction product is ethylene.
In the case of Pt/Al,0, x is much higher and may be as
high as 24 %, mostly due to an increase in the cracking.
The yield of methane from this specimen is 2.5-fold
higher than that of ethylene. In addition, a certain
amount of C,—C, hydrocarbons forms.
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Table 2. Aromatization of ethane on modified pentasils
(550 °C, 120 k™Y

Catalyst x (%) Yield (% w/w) S5 (%)
CH4 C2H4 ArH ArH CH4

HZSM 3.5 2.5 1 traces

Ga/HZSM  23.0 6.0 2 15 65 26

Pt/HZSM 50.0 31.0 4 15 30 62

Zn/HZSM  54.0 36.0 2 16 30 67

Of the Ga-containing catalysts, Ga/Al,O, is the
most active in the dehydrogenation of ethane: the yield
of ethylene with this catalyst is comparable with that for
Pt/Al,0,. The Ga/SiO, catalytic system possesses
lower dehydrogenating ability than Ga/Al,0,, and the
Ga/NaZSM specimen is practically inactive in this re-
action (see Table 1). When Ga ions are deposited onto
the silica or, especially, alumina surface, the sites neces-
sary for polarization of the C—H bonds in ethane and
for dehydrogenation to occur are probably formed. In
fact, it was shown®1? that applying gallium ions onto
silica gel and alumosilicate results in the formation of
both proton-donating and electron-withdrawing sites
(Ga*") in which activation of ethane molecules may
occur.

It was shown!! that dehydrogenation of propane in
the presence of Ga/HZSM-5 is faster than with
Ga/NaZSM-3, since in the presence of a proton the
slow olefin formation step is no longer the limiting step
of the process.
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Fig. 1. Time variation of the degree of ethane conversion (a) and yield of ethylene () at 550 °C and v = 120 h™! in the presence
of: Pt/AL,0, (1), Pt/NaZSM (2), Pt/8i0, (3), Ga/Al, 04 (4), Zn/AL,0; (5).
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Fig. 2. The dependence of the degree of ethane conversion (7,
2), and vyields of ArH (3, 4 and ethylene (5, 6) on the
volumetric rate in the presence of modified pentasils
Pt/HZSM (1, 3, 5) and Ga/HZSM (2, 4, 6) at 550 °C.

The results obtained by us on dehydrogenation of
ethane with Ga/Al,O,, Ga/Si0,, and Ga/NaZSM agree
well with the results obtained in Refs. 11 and 12. All of
the foregoing indicates that when support materials are
modified with gallium, the presence of acidic OH groups
is necessary for the formation of active sites.

Zn-containing catalysts possess lower activities than
Pt- and Ga-specimens. Of these, Zn/Al,O, is the most
active.

Based on the data obtained the catalysts under study
may be arranged in the following order according to
their activity in the formation of ethylene:

Pt/AL,0, ~ Pt/SiO, ~ Pt/NaZSM

Ga/Al,O; > Ga/Si0, > Ga/NaZSM

Zn/ALO;, > Zn/SiO, ~ Zn/NaZSM

Figure 1 presents the variation of the degree of
ethane conversion (x) and the yield of ethylene in the
course of the dehydrogenation of ethane on Pt-, Zn-,
and Ga-containing catalysts based on Al,O,, SiO,, and
NaZSM. It can be seen that the Pt-containing speci-
mens differ substantially from the Zn- and Ga-contain-
ing contacts. The x values, which are relatively high at
the beginning of the process for all of the Pt-containing
catalysts, decrease within two hours by a factor of 2—3,

due most of all to decreases in the cracking process and
in the yield of methane. The variation of the yield of
ethylene depends substantially on the nature of the
supporting material: in the case of Pt/Al,O, the catalytic
activity with respect to dehydrogenation of ethylene
increases, due to the development of the catalyst, as was
shown before in the study of aromatization of lower
alkanes and alkenes.’ In the presence of Pt/SiO, the
yield of ethylene decreases somewhat with time, and on
Pt/NaZSM it practically does not change.

For Ga- and Zn-containing catalysts based on SiO,
and NaZSM, the x values and yields of ethylene are
commensurable (see Table 1) and do not change with
time; with catalysts based on Al,O,, x is higher than the
yield of ethylene (see Fig. 1).

The results of the transformation of ethane in the
presence of HZSM and its modified forms (550 °C,
120 h™1) are summarized in Table 2. In the presence of
HVZM under the conditions studied x does not exceed
4 % and methane and ethylene are the prevailing prod-
ucts.

When the modifying additives (Pt, Zn, Ga) are
introduced into HVZM, the x value drastically increases,
and is as high as 23 % with Ga/HZSM, 30 % with
Pt/HZSM, and 54 % with Zn/HZSM. The main reac-
tion products are ArH and methane.

Of the catalysts investigated, Ga/HZSM is the most
efficient in the aromatization of ethane under the condi-
tions studied: the yield of ArH with this catalyst is 15 %
and the selectivity (S, ;,) is 65 %. The yield of ArH with
Pt- and Zn-containing pentasils is comparable to that in
the presence of Ga/HZSM, however, S,,, is half as
high. The degree of ethane conversion decreases in the
following order:

Zn/HZSM > Pt/HZSM > Ga/HZSM
and S, , changes in the reverse sequence:
Ga/HZSM >> Pt/yHZSM = Zn/HZSM

The relatively low S, in the case of Pt- and
Zn/HZSM (30 %) is due to intense cracking and the
formation of substantial amounts of methane (see
Table 2).

Figure 2 presents the dependence of the degree of
ethane conversion and the yields of ArH and ethylene
on the volumetric rate with Pt- and Ga/HZSM catalysts
(the specimens were treated with air and H,). As was
shown above, the contribution of Pt to the dehydrogena-
tion of ethane is higher than that of Ga (see Table 1),
however, the vields of ArH under the conditions of the
aromatization of ethane on Pt- and Ga/HZSM are
commensurable. As the volumetric rate increases, the
degree of conversion and the yield of ArH decrease and
the yield of ethylene changes insignificantly.

In general, the data obtained imply that the contri-
butions of the modifying agent and the support to the
processes of dehydrogenation and aromatization of ethane
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cannot be considered separately. Acidic properties of the
support (the number and strength of acidic sites) in
combination with the distribution of the modifying addi-
tives and their interaction with the support determine
the activity of a catalytic system at various stages of the
complex multistage aromatization process.
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