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Catalytic properties of metallosilicates containing iron
group metals in light-olefin conversions
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Metallosilicate catalysts containing iron-group metals were prepared by using the rapid
crystallization method. These catalysts had the pentasil structure similar to ZSM-5 zeolite.
In case of less metal content, the iron-group metal was incorporated into silicate crystal, and
contributed to the formation of strong acid sites. The difference in results of light olefin
conversion was understood as reflecting the properties of strong acid sites on each
metallosilicate.
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1. Introduction

Different from other conventional zeolites, zeolite ZSM-5 can be synthesized
with a very wide range of aluminum content, but less than 1/10 aluminum-to-
silicon ratio. Olson et al. [1] emphasized that, in the case of ZSM-5 zeolites,
hexane cracking activity was linearly proportional to the aluminum content even
in a ppm order concentration. This indicates that if the content of aluminum
was varied in the ZSM-5 structure one cannot expect any change in the quality
of the catalytic performance, although the degree of reactivity can be changed
while maintaining the same catalytic property.

In order to modify the too strong acidic property and hydrogen transfer
property of ZSM-5 qualitatively, we have synthesized various kinds of metallosil-
icates with the pore structure of ZSM-5 [2-4], by substituting the aluminum in
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ZSM-5 with other transition elements at the stage of gel formation before
crystallization.

Even very small contents of the other elements (atomic ratio of silicon to
metal =3200) [2,5,6] and a variety of metal sources [7-9] took significant
changes in not only the morphology of the crystals formed but also the catalytic
performance in methanol conversion, and the results of olefin oligomerization
were significantly varied.

The Ga-silicate catalyst converted methanol or light olefins to more
aromatic-rich gasoline than the ZSM-5 catalyst [5,6]. The platinum-ion-ex-
changed Ga-silicate and Zn-silicate catalysts with high metal contents converted
light paraffins to aromatic hydrocarbons selectively [10,11]. Fe-silicate catalysts
exhibited very high selectivities in methanol-to-olefins conversion [5] and ex-
traordinarily high reaction rate in olefins-to-gasoline conversion [6]. As for
methanol conversion, it has been confirmed in our previous study [5] that the
catalytic performances of both Co-silicate and Ni-silicate catalysts were similar
to that of the Fe-silicate catalyst.

In this paper, the catalytic properties of metallosilicates containing iron-group
metals such as iron, cobalt, and nickel in light-olefin conversions were investi-
gated, and moreover, these catalytic properties were compared with that of
Al-silicate (e.g. ZSM-5).

2. Experimental
CATALYST

Metallosilicates containing iron-group metals (hereafter, denoted by iron-
group metallosilicates) and ZSM-5 were prepared by using the rapid crystalliza-
tion method [2-4]. As the starting material, the corresponding nitrate salt was
used. These metallosilicates were used as the catalysts after protonation. Silicon
to metal ratios of these metallosilicates were 3200 and 400. XRD patterns
showed that metallosilicates prepared had the same pore structure as ZSM-5.

CHARACTERIZATION OF THE CATALYSTS

The acidity of catalysts was measured by using the technique of temperature-
programmed desorption (TPD) of ammonia [12] with Rigaku thermal analyzer
TG-DSC-8012. TPD profile was obtained by differential of the integral curve of
the weight change. The chemical compositions of the crystals were measured by
using a Shimadzu atomic absorption/flame emission spectrophotometer AA-
640-01.



T. Inui et al. / Catalytic properties of iron-group metallosilicate 299

REACTION METHOD

An ordinary continuous flow reaction apparatus was used under atmospheric
pressure. A 1.0 g (or ca. 1.5 ml) portion of the catalyst was packed in a quartz
tubular reactor of 8 mm inner diameter, and pretreated with a nitrogen flow at
500°C for 30 min to standardize the catalyst surface conditions. A reaction gas
was fed to the reactor, and produced gas was led to a cooled trap. The
integrated formation rate of liquid products was determined by measuring the
amount of liquid during a definite time on stream, while the formation rate of
gaseous products was determined by measuring the flow rate using a soap film
flow meter. The liquid and gaseous products were simultaneously analyzed by
using three gas chromatographs equipped with integrators.

The reaction was carried out under the following conditions: reactants;
ethylene, propylene, or butenes, reaction temperature; 300°C (for butenes and
propylene), or 330°C (for ethylene), space velocity; 1000 h™!, time on stream;
5h.

3. Results and discussion

ACIDITY OF IRON-GROUP METALLOSILICATES

Ammonia-TPD profiles for the iron-group metallosilicates with silicon to
metal ratio 3200 are shown in fig. 1. The profile was composed of two peaks, i.e.
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Fig. 1. Ammonia-TPD profiles of iron-group metallosilicates.
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Table 1
Results of chemical analyses and amounts of strong acid sites on iron-group metallosilicates
Metal Charged Observed Amount of
Si/metal Si/metal strong acid sites
ratio ratio (mmol / g-catalyst)
iron 3200 2500 0.19
iron 400 470 0.29
cobalt 3200 3500 0.18
cobalt 400 420 0.27
nickel 3200 3700 0.21
nickel 400 470 0.32
aluminum 3200 1800 0.25
aluminum 400 380 0.46

the high temperature peak of the strong acid sites and the low temperature peak
of the weak acid sites [13,14]. The peak temperature is a reflection of the acid
strength. In the acid-catalyzed reaction, the strong acid sites play the important
role for active sites mainly [13,15]. As shown in fig. 1, the peak temperatures of
strong acid sites for Ni-, Fe-, and Co-silicates were 360, 350, and 330°C,
respectively while maintaining a roughly same peak area. These temperatures
were lower than that for ZSM-5, i.e. 410°C [2]. Therefore, the strength of strong
acid sites for iron-group metallosilicates were considered to be lower than that
for ZSM-5. Moreover, as for iron-group metallosilicates, the order of the
strength of the strong acid sites was as follows:

Ni-silicate > Fe-silicate > Co-silicate.

The results of chemical analysis and amounts of strong acid sites are listed in
table 1.

The amount of strong acid sites in the iron-group metallosilicates does
not contain the contribution of aluminum impurity.

The observed contents of iron group metal increased with an increase in
charged contents, although the amount of the metal incorporated was somewhat
lower than that changed except of the case of Fe-silicate of the charged ratio
3200. The observed aluminum contents which came from contamination was
suppressed with an increase of the metal incorporation, and therefore, the
property of metallosilicate is considered to be caused by the kind of incorpo-
rated metal as previously shown [5]. Namely, iron ions were incorporated in
silicate crystal, and contribute to the formation of strong acid sites [5]. Analo-
gously, a small amount of cobalt or nickel ions was also incorporated in the
silicate crystal and contributed to the formation of strong acid sites.
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COMPARISON OF PROPYLENE CONVERSIONS ON IRON-GROUP
METALLOSILICATES AND ZSM-5

The distribution of hydrocarbons formed in propylene conversion on ZSM-5
and iron-group metallosilicates with silicon to metal ratio of 3200 is shown in fig.
2. Of all the catalysts, apparent conversions of propylene were higher than 95%.
For iron-group metallosilicates, the selectivities of olefins were higher than that
for ZSM-5, and moreover, formations of C,-C, paraffins and aromatics were
less than that for ZSM-5. Of all the catalysts, the general pattern regarding the
order of selectivity of olefins was

Co-silicate > Fe-silicate > Ni-silicate,

and for that of aromatics was increase as follows,

Ni-silicate > Fe-silicate > Co-silicate.

As for even ZSM-5 which produced C,-C, paraffins the best of the
four catalysts, the selectivity to CH, was 1.0 wt% only. In the case of
iron-group metallosilicates, the formation of CH , was negligible.

These tendencies also agree with the results obtained in methanol conversion
[5]. These results could be explained with the reason of the difference in the
strength of strong acid sites. Concerning to light olefins and methanol conver-
sion, the strong acid sites contribute to hydrogen transfer to light olefins
[13,15,16] which consequently produces aromatics accompanying the correspond-
ing paraffins.
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Fig. 2. Hydrocarbon distribution in propylene conversion on iron-group metallosilicates and

ZSM-5 with silicon-to-metal ratio of 3200. Reaction temperature; 300°C, GHSV; 1000 h™!, time
on stream; 5 h.
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Table 2
Selectivities of light olefins and aromatics on iron-group metallosilicates with silicon-to-metal
ratios of 3200 and 400

Metal Charged Selectivity (wt%)
Sl/_ metal Light olefins Aromatics
ratio
iron 3200 353 4.94
iron 400 31.9 7.56
cobalt 3200 39.3 3.11
cobalt 400 348 4.76
nickel 3200 32.5 6.36
nickel 400 27.5 9.73
aluminum 3200 8.2 13.31
aluminum 400 8.6 18.15

Reaction conditions were the same as in fig. 2.

The tendency of catalytic performances in propylene conversion on all of the
catalysts with silicon to metal ratio of 400 were similar to that on all of the
catalysts with silicon to metal ratio of 3200.

The selectivities of light olefins and aromatics are listed in table 2. The
selectivities of light olefins decreased with an increase in the charged contents of
the metals and vice versa for the selectivities of aromatics.

COMPARISON OF ETHYLENE AND BUTENE CONVERSIONS ON IRON-GROUP
METALLOSILICATES AND ZSM-5

The distribution of hydrocarbons formed in ethylene conversion on iron-group
metallosilicates and ZSM-5 with silicon to metal ratio of 3200 is shown in fig. 3.
Differently from the case of propylene conversion, on iron-group metallosili-
cates, ethylene conversions were apparently low. Especially, on Co-silicate,
ethylene conversion was only about 27%. However, the tendency of product
distribution of ethylene conversion was consistently similar to that of propylene
conversion shown in fig. 2.

The results of 1-butene conversion on iron-group metallosilicates and ZSM-5
having silicon to metal ratio of 3200 are shown in fig. 4.

The apparent 1-butene conversions on all of the catalysts were more
than 96%.

However, since the feed 1-butene could not be differentiated from the
1-butene produced by isomerization and /or by cracking in these experiments, it
was eliminated from the product distribution shown in fig. 4. Although the
introduction of this numerical ambiguity, the general trends of product distribu-
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Fig. 3. Hydrocarbon distribution in ethylene conversion on iron-group metallosilicates and ZSM-5
with silicon-to-metal ratio of 3200. Reaction temperature; 330°C, GHSV; 1000 h~', time on
stream; 5 h.

tion consistently coincide with those of propylene conversion and ethylene
conversion shown in figs. 2 and 3, respectively. Similar results were also
obtained for other butene isomers.

4. Conclusion

The result obtained in this work was a reflection of the strength and/or
amount of strong acid sites of each metallosilicate. As for light olefin conver-
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Fig. 4. Hydrocarbon distribution in 1-butene conversion on iron-group metallosilicates and ZSM-5
with silicon-to-metal ratio of 3200. Reaction temperature; 300°C, GHSV; 1000 h~", time on
stream; 5 h.
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sion, the strong acid sites are responsible for the aromatization accompanied
with the formation of corresponding paraffins. It has been also found that,
though a small metal content, cobalt and nickel were incorporated in the silicate
crystal as well as iron. They contributed to the formation of strong acid sites
which was apparently weaker than that of Al-silicate. Consequently, iron-group
metallosilicates exhibit the high selectivity to light olefins while Al-silicate shows
the high selectivity to C,-C, paraffins and aromatics.
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