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Abstract—The WO,/SiO, catalyst for propylene production by metathesis of ethylene and 2-butene was pre-
heated at different temperatures to investigate the effect of calcination temperatures on the active species and
elucidate the structure—reactivity relationship. The influence of calcination temperatures on the physico-
chemical properties of the catalyst, relating to the active species, was deduced from an array of characteriza-
tion results. It has been found that the surface tetrahedral tungsten species with high metal—support interac-
tion were formed on the catalyst calcined at 550°C as confirmed by Raman, UV-Vis and TPR-H, spectra.
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One of the processes used for the production of
propylene is the metathesis reaction between ethylene
and 2-butene in the presence of a suitable catalyst.
Several researchers have reported tetrahedral tungsten
oxide species as the active sites for metathesis reaction
of ethylene and 2-butene [1, 2]. Huang et al. [3—5]
found that Brgnsted acidity promotes the formation of
active species for metathesis. Liu et al. [6] reported
that the moist air accelerates the transformation of
bulk WO; to surface oxide and reduces the calcination
time needed for the preparation of a highly active cat-
alyst. Spamer et al. [7] found that the active tungsten
surface compound is involved in the interaction with
the support. Roosmalen et al. [2] suggested that the
acidity needed for the formation of the initial metal
carbene is available from a Lewis site—alkene complex
located on the transition metal ion. Nevertheless, the
effect of calcination temperatures on the metathesis
activity has not been extensively investigated and the
structure—reactivity relationship of the silica-sup-
ported tungsten catalyst has not been reported earlier.
Therefore, this study has been focused on the influ-
ence of calcination temperatures on the nature of
tungsten species of WO;/SiO, that are active in the for-
mation of propylene and by-products by the metathe-
sis reaction of ethylene and 2-butene.

EXPERIMENTAL

Preparation of Catalysts

Silica gel, Davisil grade 646 (pore volume 1.15 cm’/g,
supplied by “Aldrich”) was used as a support. The pre-

! The article is published in the original.

cursor of 8% WO,/Si0, was prepared by impregnation
of the silica with an aqueous solution of ammonium
metatungstate hydrate (“Aldrich”, 99.9%). The sam-
ple was dried at 110°C for 12 h and calcinated at tem-
peratures from 450 and 750°C for 8 h in static air. The
samples were denoted as W(450), W(550), W(650) and
W(750), respectively.

Catalyst Characterization

Raman spectra were collected by projecting a con-
tinuous wave YAG laser of Nd (810 nm) through the
samples at room temperature. A scanning range of
200—1400 cm~' with a resolution of 2 cm~! was
applied.

Ammonia temperature programmed desorption
(TPD-NH;) was used to determine the acid strength
and amount of acid in the WO,/SiO, samples. The
amount of ammonia effluent was determined by mea-
suring the areas of the desorption profiles obtained
from a Micromeritic Chemisorb 2750 automated sys-
tem attached with Chemi Soft TPx software.

Temperature programmed reduction by hydrogen
(TPR-H,) was carried out by heating the samples in
the presence of flowing 10% H,/Ar with a flow rate of
50 mL/min in the temperature range from 40 to 600°C
with ramping rate of 10°C/min following the pretreat-
ment in flowing Ar at 250°C for 2 h.

Catalytic Performance Tests

The catalyst sample was placed at the center of a
reactor with an ID of 7.5 mm. The catalyst was pre-
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Fig. 1. X-ray diffraction patterns of the silica-supported tungsten catalysts calcined at 450 (1), 550 (2), 650 (3) and 750°C (4).

treated at 500°C under nitrogen flow for 1 h and then
it was allowed to cool down under the same atmo-
sphere to each reaction temperature ranging between
300 and 500°C. The reaction conditions were as fol-
lows: pressure 0.1 MPa, C,H,/frans-2-C,Hg = 2 : 1.
The sampling was made after 8§ h of operation, and
sample analysis was performed on a Shimadzu GC
2014 gas chromatograph equipped with a column of
packed 10% silicone SE-30 and a FID detector.

RESULTS AND DISCUSSION
Catalyst Characterization

In order to determine the range of suitable calcina-
tion temperatures, thermogravimetric analysis of
uncalcinated WO,/SiO, was made by temperature
programmed heating in air at which devolatilization of
precursor impurities occurs. The weight loss of
approximately 5% during the heating from the onset
temperature to 400°C was observed. This may be
attributed to desorption of precursor impurities as well
as to some amount of water physically adsorbed on the
catalyst surface. No further weight loss occurred from

Table 1. Specific surface area of WO3/Si0, catalysts calci-
nated at different temperatures

Sample SBET> m?/g
Pure SiO, 256.9
W(450) 234.1
W(550) 238.9
W(650) 222.2
W(750) 173.9

450 to 1000°C, indicating that no tungsten metal is
lost from the surface over this temperature range.
Thus, the temperature range of 450—750°C was
adopted for the study of calcination effect.

The XRD patterns of catalysts are shown in Fig. 1.
All catalysts exhibited the characteristic peaks of WO,
crystallites at 20 of 23.12°, 23.60° and 24.38°. It has
been found that the XRD peaks tend to increase in
their intensities with increasing calcination tempera-
ture. It appears that various tungsten oxide species,
other than tungsten crystal WO,, are formed during
the calcination. As shown in Table 1, the BET surface
area (Spgr) of the catalyst decreased with increasing
calcination temperature. This may be due to either the
sintering of tungsten metal itself and/or tungsten
metal and silica support.

The results of the determination of the acidity of
catalysts by TPD-NH; method are shown in Fig. 2. As
the calcination temperature was increased from 450 to
750°C the intensity of the low temperature peak
around 200°C attributable to the weak acid sites was
reduced by 75%. In accordance with the lowered BET
surface area, higher calcination temperatures causes a
decrease in acidity.

The Raman spectroscopy was adopted as a good
tool for determination of the structure of tungsten spe-
cies in supported WO,/SiO, catalysts calcinated at dif-
ferent temperatures. As shown in Fig. 3, the Raman
band characteristics at 498, 602, 808 and 1060 cm™!
were assigned to oscillation of four- and three-mem-
bered silica ring and Si—O—Si stretching [8]. The posi-
tions of the Raman band for crystalline WO, at 263—
275, 707—720 and 807—808 cm™! were assigned to the
deformation mode of W—O-—W, bending mode of
W-0, and the symmetric stretching mode of W—0,
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Fig. 2. TPD-NHj3 profiles for catalysts calcined at 450 (1), 550 (2), 650 (3) and 750°C (4).
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Fig. 3. Raman spectra of catalysts calcined at 450 (1), 550 (2), 650 (3) and 750°C (4).

respectively [9]. The band at 970 cm~! was assigned to
the surface tungsten oxide species—the active species
for metathesis reaction [4], This band was ascribed to
the O=W=0 band of the isolated surface tetrahedral
tungsten oxide species [10]. Bands around 710, 808
and 970 cm~! differed in intensity were observed (Fig. 3).
Since the tungsten content for all the catalysts is the
same, we suggest that the amount of surface tungsten
oxide compound can be estimated from the relative
intensities (/) of Raman bands between 970 and
805 cm~! as adopted by some researchers [4, 11]. It has
been found that the maximum ratio of ly;//l5y5s Was
2012
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achieved for the catalyst calcinated at 550°C, as
shown in Table 2.

The relative reducibility of oxygen on catalyst sur-
face by hydrogen, measured by TPR-H, technique,
was used to investigate the interaction between tung-
sten species and silica support as shown in Fig. 4. It has
been found that the calcination temperature affects
both the position and area of reduction peaks for each
catalyst. The results are summarized in Table 2. The
catalyst calcinated at 550°C exhibits the shift of TPR-
H, peaks at a relatively higher temperature and shows
remarkably less consumption of H, compared to other
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Table 2. The relative intensities of Raman bands at 970 and 805 cm™" (U970/1305), relative amount of acid sites and relative
amount of consumed H, for WO3/SiO, catalysts calcinated at different temperatures

Parameter
Catalyst Toro/I relative amount of acid sites, | reducibility by H,, temperature of reduction
970/4805 (mol NH3) /gy x 1072 a.u. (maximum), °C
W(450) 0.31 12 1.08 538
W(550) 1.55 10 0.74 560
W(650) 0.53 9 1.18 538
W(750) 0.02 3 1.01 532

samples. This indicates the existence of a strong
metal—support interaction for W(550) catalyst and
reflects me influence of calcination temperature on
the tungsten species obtained. The catalyst calcinated
at 550°C was found to show a strong metal—support
interaction as clearly indicated by TPR-H, result in
Fig. 4. Moreover, the existence of surface tetrahedral
tungsten oxide species in substantial amounts can be
also inferred from the Raman results (Fig. 3). There-
fore, there exists some interesting relationship
between the formation of tetrahedral species and a
strong metal—support interaction.

Catalytic Performance of WO /SiO, Catalysts

The trans-2-butene conversion and propylene
selectivity of various catalysts calcinated at different
reaction temperatures are shown in Fig. 5. As high as
85.6% of trans-2-butene was converted with a 80.6%
selectivity for propylene in the presence of the W(550)
catalyst at 400°C. It is interesting to note that both
trans-2-butene conversion and propylene selectivity

Intensity, a. u.

observed at the same reaction temperature of 400°C
are considerably lower for catalysts calcinated at tem-
peratures below or above 550°C. At a reaction temper-
ature of 300°C, a considerably lower trans-2-butene
conversion and propylene selectivity were observed
irrespective of the calcination temperature. As for the
reaction temperature of 500°C, a relatively high trans-
2-butene conversion and propylene selectivity were
remained nearly unchanged for all the calcination
temperatures studied. The distribution of the observed
by-products from metathesis reaction at 400°C on the
catalysts calcinated at different temperatures is also
shown in Table 3.

DISCUSSION

The results outlined above show the influence of
calcination temperatures on the catalyst activity. From
these results characterizing a metal—support interac-
tion, acidity and the nature of surface tungsten species
some conclusions about structure—reactivity relation-
ship of WO,/Si0O, catalysts can be made. It has been
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Fig. 4. TPR-H, profiles for catalysts calcined at 450 (1), 550 (2), 650 (3) and 750°C (4).
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Fig. 5. Metathesis activity of tungsten catalysts as a function of calcination temperature : /—3—2-butene conversion at 300 (7),
400 (2) and 500°C (3); 4—6—propylene selectivity at 300 (4), 400 (5) and 500°C (6).

widely suggested that the surface tetrahedral tungsten
oxide species are the active sites for the formation of
metathesis product. The catalyst W(550), exhibiting
the highest yield of propylene contains the surface tet-
rahedral tungsten species as confirmed by Raman
peak at 970 cm~! (Fig. 3). Moreover, the W(550) cata-
lyst showed a high metal—support interaction as indi-
cated by the shift to higher temperature of TPR-H,
spectrum (Fig. 4). Thus, the active sites for propylene
formation in metathesis reaction appear to be the sur-
face tetrahedral tungsten oxide species capable to a
strong metal—support interaction.

It has been reported [4] that the Bronsted acidity
favors the formation of propylene in metathesis reac-
tion; however, in our study a reduction in acidity was
observed at higher calcination temperatures. As the
Brgnsted acidity decreases and Lewis acidity increases
at enhanced temperatures, the high propylene yield
obtained on the catalyst calcinated at 550°C seems to
be not affected by the decrease in Brgnsted acidity. On
the other hand, the increased formation of 1-butene

and cis-2-butene as by-products obtained on the cata-
lyst calcinated at temperatures above 550°C was
accompanied by an increase in Lewis acidity. Thus,
the Lewis acidity may infer alia contribute to the for-
mation of such by-products. The possible formation of
crystalline or polytungstate at calcination tempera-
tures above 550°C may be responsible for the appear-
ance of sites which promote the yield of products of
side reactions (1-butene and cis-2-butene) favored by
the presence of Lewis acidity.

The existence of surface tetrahedral tungsten spe-
cies in the W(550) catalyst markedly promotes both
2-butene conversion and propylene selectivity in met-
athesis reaction particularly at 400°C ( Fig. 5). How-
ever, such influence was less dominant for the reaction
at 300°C, and almost no significant effect of calcina-
tion temperature was observed for the reaction at
500°C. It can be suggested that in addition to the
availability of surface tetrahedral tungsten species the
metalcarbene effect [12] also plays an important role
for metathesis activity. The reaction temperature of

Table 3. Products distribution for metathesis reaction between ethylene and 2-butene at 400°C on catalysts calcinated at

different temperatures

Catalyst Conversion Products distribution, %

of 2-butene, % propylene 1-butene 1,3-butadiene cis-2-butene
W(450) 63 28 32 2 38
W(550) 83 77 11 1 11
W(650) 61 4 2 52
W(750) 59 5 43 1 51
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300°C may be too low for the appearance of the met-
alcarbene effect, and thus a relatively low conversions
and selectivity were observed for all the catalyst sam-
ples irrespective of the calcination temperature. On
the other hand, the reaction temperature of 500°C is
high enough for the metalcarbene effect to appear, and
therefore a considerably high metathesis activity was
observed for ail the catalyst samples regardless of the
effect expected from a high temperature treatment. It
is also noteworthy that the formation of 1-butene and
cis-2-butene was in inverse relation to yields of propy-
lene, while the formation of 1,3-butadiene was almost
independent of the presence of propylene. Thus, it is
conceivable that the sites for 1-butene and cis-2-
butene formation may be of another nature than the
active sites for propylene formation that involve tetra-
hedral tungsten. A possible formation of crystalline or
polytungstate at calcination temperatures in excess of
550°C may be responsible for the appearance of sites
favorable for the formation of such by-products. The
sites responsible for 1,3-butadiene formation, how-
ever, should be different from the sites some of which
promote the formation of propylene and some favor
the formation of 1-butene and cis-2-butene. This
problem will be the subject of further investigation.

It can be concluded that the calcination tempera-
ture markedly affects physico-chemical properties of
the catalysts investigated, particularly the active spe-
cies of WO,/SiO, catalysts. An array of characteriza-
tion results provides evidence that the surface tetrahe-
dral tungsten species capable to a strong metal—sup-
port interaction are the active site for propylene
production. This suggestion is in accordance with the
interpretation of Raman and TPR-H, spectra
obtained for the W(550) catalyst. Moreover, in the
presence of the W(550) catalyst as much as 85.6% of
2-butene was converted with 80.6% selectivity for pro-
pylene. The sites for 1-butene and cis-2-butene for-
mation seem to be different from the active sites

CHAEMCHUEN et al.

involving tetrahedral tungsten because the yields of the
butenes were in the inverse relation with the propylene
formation.
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