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Abstract

Catalyst deactivation by coke was studied during metathesis of butene to propene on the WO,/MTS-9 catalyst.
Characterization results of the coked catalyst showed that the pore volume, pore size, and specific surface area
of the catalyst decreased significantly for coke; the coke amount in larger pore of catalyst was higher than that in
smaller pores of the catalyst. Coke resulted in the decrease of the acidic amount and the activity of catalyst. The
component of carbon deposits was aromatic-olefin compounds.
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Introduction

Olefin metathesis reported in the 1960s by Banks is an organic
reaction that entails the redistribution of fragments of alkenes (olefins)
by the scission and regeneration of carbon-carbon double bonds
[1]. Olefin metathesis has been used as an important way for olefin
conversion and offers a path to convert low value olefins into high-
value olefins, such as propene, ethene [2-5], short-chain olefin to
long-chain olefin [6,7], and butene to propene [8,9]. Supported WO,
catalysts are known to catalyze the reaction [8-11] and are currently
applied industrially for heterogeneous catalysis metathesis reactions.
Now, many studies have been carried out to improve performance of
supported WO, catalysts [12,13]. Many factors, such as the method
of catalyst preparation, reaction conditions, structure of the support
and so on, affect catalytic activity. Debecker et al. [14] and Debecker
et al. [15] prepared WO,-based metathesis catalyst with high catalytic
performance and shorter induction period by the one-step Sol-gel
process. One-pot sol-gel catalysts perform better than corresponding
impregnated catalysts, which were attributed to fact that the sol-gel
method can control well on the final composition and textures of catalyst.
Piyasan et al. [16] found that WO,/SiO, catalysts treated by NaOH held
ashorter induction period and low coke at the same metathesis activity.
Piyasan et al. [17] suggested that silica-supported tungsten catalysts
mixed with micro- and nano-sized SiO, excess support favored to form
isolated surface tetrahedral tungsten oxide species. Phatanasri et al.
[18] found that the calcination temperature markedly affected physico-
chemical properties of the catalysts, particularly the active species of
WO,/Si0, catalysts. Khattaf et al. [19] investigated MCM-41- and
SBA-15-supported tungsten catalyst. Supported oxide catalysts and
mesoporous catalysts have been reviewed recently [20,21].

As heterogeneous catalysis, catalysts deactivation often occurs
during olefin-metathesis reactions due to carbonaceous species formed
on catalyst surface. The carbonaceous species deposit on the surface
of catalyst, and results in deactivation of the catalyst. The mechanism
for catalyst deactivation is complex. The causes of deactivation are
various, such as poisoning, valence change of active sites, and active-
site coverage [22]. For different types of catalysts employed to olefin-
metathesis reactions, their deactivation reasons are different. For Re-
supported catalysts, deactivation results from poisoning, and poison
are adsorbed strongly on the surface of catalyst and hinder reactant
to access the active sites [23]. For Mo-supported catalyst, the deep-
reduction of Mo species may be the main reason for its deactivation
during metathesis [24]. For the tungsten catalytic system, high reaction

temperatures (300-500°C) have to be used in order to achieve high
metathesis activity and avoid poisoning [25], but coke is easy to form
at a high temperature and high acid, and deposits on the surface of
catalyst [16,26]. In the last few years, a large amount of investigations
have been undertaken to study coke deposits (location and total
amount) and to obtain information regarding the deactivation
mechanism and regeneration. Moodley [27] investigated the effect
of the coke amount on catalytic activity and the coking location, and
found that 2-Pentanone was the most effective inhibitor for coking,
and the location of coke deposition is a more important factor than
the coke amount. In the case of alkene metathesis, deep-reduction may
result in deactivation [28]. Besides, it was found that water and polar
solvents are useful to coke retardation [25,29] at a high temperature.
Unfortunately, the coking location and the structure of carbon species
are not clear.

In this study, the optimized 8.0 wt.% W supported on MTS-9 was
used as the catalyst for metathesis of butene to propene. The deactivated
catalyst was characterized, and regenerated by treating at 500°C in
atmosphere. N, adsorption-desorption was used to detect pore size
and pore volume of the catalyst before and after reaction. *C-NMR
and UV-Raman are used to investigate the nature of the carbonaceous
species. STEM (scanning transmission electron microscopy) and
EFTEM (energy filtered transmission electron microscopy) are used to
monitor the coked location.

Experimental

Preparation of catalyst

MTS-9 was hydrothermally synthesized in a two-step procedure
as given in the literature. First, precursors containing titanosilicate
(TS-1) nanoclusters were prepared. Second, the preformed precursors
were assembled with triblock copolymers in a strong acid medium
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(pH<1) [30,31]. WO,/MTS-9 catalysts with tungsten loading (8.0 wt.%)
was prepared by a wet impregnation method with water solutions of
ammonium metatungstate. The impregnated product was dried at
80°C for 12 h; then the catalyst was thermally treated at 550°C for 4 h in
a temperature programmed furnace (1 K/min) [32]. Texture of support
and catalyst was listed in Table 1.

Characterization of catalyst

N, adsorption-desorption isotherms at -196°C were recorded
with a Micromeritics ASAP 2010 automatic sorption analyzer. The
BET surface areas were calculated from the desorption isotherms in
the relative pressure range of P/P =0.01~1.0. UV-Raman spectra were
obtained on a HR800 UV-Raman Spectrograph (Horiba Jobin Yvon
Company. France). The 44.0 nm line from a He-Cd was used as the
excitation source, and the spectrum resolution was estimated to be
4.0 cm™. STEM and EFTEM images were obtained with a Tecnai G2
F20 Super-twin (FEI Company). A »C-NMR study was conducted
on a Bruker Avance DSX400 NMR spectrometer at a frequency of
100.6 MHz. The peaks were referenced to tetramethylsilane (TMS)
as an external standard. The spinning rate was 3-4 kHz. Temperature
programmed desorption (TPD) was conducted by ramping to 500°C
at 10°C/min and NH, (m/e=16) in the effluent was detected and
recorded as a function of temperature by a thermal conductivity
detector (TCD) (BJGC, GSD301, China). All products were analyzed
using a gas chromatograph equipped with a flame ionization detector
(FID) and a 50 m PONA capillary column. The acid sites amount and
strength distribution of samples were determined by a temperature-
programmed desorption of ammonia (NH,-TPD). The ammonia in the
effluent gas was detected by a TCD detector, and then adsorbed with
0.02 mol/L HCI solution. The total acidic amount was determined by
back-titrating the HCI solution using 0.01 mol/L NaOH solution, and
bromocresol green/methyl red as indicator.

Reaction

The metathesis reaction of butene (1-butene and 2-butene) was
carried out in a downflow fixed bed stainless steel reactor (i.d., 10 mm)
with 0.375 g catalyst. The C, stream, which are from MTBE chemistry
in Shanghai and compose of 2-butene (ca. 78%, wt/wt) and butane
(18%), was treated through BASF adsorbents Selexsorb CD and COS to
remove oxygenated organic compounds (methanol, MTBE) and other
trace contaminants, which can cause catalyst deactivation. Before the
introduction of C, stream into the reactor, the catalyst was pretreated
in situ with a N, and H, (2%, vol/vol) mixture flow for 30 min at 420°C
and atmospheric pressure. The weight hour space velocity (WHSV) of
the metathesis reaction was 3.2 h'’.

Results and Discussion

After 320 h, the conversion of butene decreases from ca. 50% to
ca. 25% (see Figure 1). The catalyst was discharged, then characterized
to study the mechanism of coking and the deactivation reason. The
N, adsorption-desorption isotherm of the fresh and spent catalysts
is compared (see Figure 2a). It is found that the spent catalyst had a
smaller pore volume than the fresh catalyst, suggesting that pore
blockage occurs for carbon deposition. The texture of the catalyst is
listed in Table 1. The distribution of the pore size of the spent catalyst is
presented in Figure 2b. The Figure 2b shows that carbonaceous deposit
filled the pores of the catalyst. The carbon deposit amount in the larger
pores is higher than that in the smaller pores. Coking depends mainly
on feedstock, temperature, catalyst acidity and pore size [33]. At the
same conditions, carbon deposit depends on the texture of the catalyst.
The available space was larger. The coking amount was greater.

The scanning transmission electron microscopy (STEM) images
of the spent and fresh catalyst are shown in Figure 3. The lightest
regions (dashed circle) show the crystallites of tungsten oxide on the
silica support. The lighter regions (dashed rectangle) show the surface
tungsten interacting with support. The darkest regions (solid rectangle)
show the support. The pore fingerprint of the fresh catalyst is clear in
Figure 3A, but that of the spent catalyst is not found in Figure 3B.

Pore Tatol pore Micropore  Mesopore surface
diameter volume volume area
Sample
(nm) (cm®/g) (cm®/g) (m?g)
MTS-9 6.75 0.987 0.048 489.1
Catalyst 6.346 0.7125 0.0205 436.5
Spent 5.84 0.2944 0.002508 201.6
catalyst
Table 1: Textural features of support and catalyst.
55
]
50 [ wma '\/ \ a\ .\L..-T.
! |
" A /'/.\-/ = enf w s .l '\'.%- .
< | | | l/ u q
3 = u
= [ ] \
Zast -
g o
g L]
5 \
Q
5 40 L]
E \
m [ ]
\
35 |- |
n
1 n 1 n 1 n 1 n 1 n 1 n 1 n
0 50 100 150 200 250 300 350
Time on stream/ h
Figure 1: Function of butene conversion with time.
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Figure 2: N,-adsorption isotherm and the distribution of the pore size of spent
and fresh catalyst.
Figure 3: STEM micrograph of the fresh (A) and spent (B) catalysts.
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The EFTEM technique is used to acquire the location of coke on
the WO,/MTS-9 catalyst. The carbon map of the catalyst is shown in
Figure 4A; the tungsten map of the catalyst is shown in Figure 4B.
In Figure 4C, red regions are carbon maps, and the blue regions are
tungsten maps. The carbon maps in Figure 4C show that all the carbon
(red region) surrounds the tungsten oxide (blue region in the centre),
that is, carbon deposition occurs around the tungsten, and tungsten is
not covered by carbon. Effect of coke on the acidic amount of catalysts
is listed in Table 2. A comparison of the acidic amount of catalysts, it
is found that the acidic amount of the fresh catalyst is more than that
of support, which indicates that the formation of new acidic sites is
resulted from the interaction of tungsten and support. However, the
acidic amount of the spent catalyst is less than that of the fresh catalyst,
even is less than that of support, which indicates the acidic sites are
covered by coke. Namely, the coking location is at the acidic sites.

We attempt to study the composition of coke by *C-NMR (Figure
5). As shown in Figure 5, the resonance line of the spent catalyst is
wide, indicating that condensed carbonaceous compounds are present
[34]. Besides the above information, the "C-NMR spectrum of spent
catalyst exhibits two distinct groups of resonance lines, which are
assigned to aliphatic (0-50 ppm) and aromatic (100-150 ppm) carbons.
The resonance peak at 25 ppm is attributed to methyl group attached
to aromatic ring [35]. The resonance peak at 47 ppm is assigned to
methyl-substituted cyclopentenyl carbocation, which was reported
as intermediates in the formation of aromatic hydrocarbon [36]. The
resonance peak at 127 ppm corresponds to aromatic C-H bonds or
olefin [37,38]. Since the operation temperature is above 350°C, coke
components are polyaromatic regardless of other conditions [33].

Figure 6 shows the ultraviolet Raman spectrum of the fresh and
spent catalysts. For the fresh catalyst, Raman spectrum consisted
mainly of bands at 995 and 1087 cm™. Raman bands of 1087 and 995
cm are the characteristic of surface tungsten oxide species (active
species). Bands at 1087 and 995 cm™ corresponded to the stretching
vibration mode of the terminal bond of isolated surface tungsten oxide
species and surface poly tungsten, respectively [39,40]. On the spent
catalyst, the strong bands of 1396 and 1610 cm™* were observed. It was
interesting that bands of 1087 and 995 cm™ disappear or become weak.
This is because the bands due to carbon are more intense and flatten
Raman bands at 1087 and 995 cm™.

Raman bands assignments for vibrations in the region from 1000
to 1650 cm™ are listed in Table 3 [41]. Compared Table 2 with the UV-
Raman spectra of the spent catalyst in Figure 6, bands at 1396 and 1610
cm’! correspond to the ring stretches of poly aromatic species. Based
on the results of *C-NMR (Figure 5) and UV-Raman spectra (Figure

Catalysts WO, @ MTS-9 | Fresh catalyst Spent catalyst
Acidic amount (mmol/g) 0 0.188 0.261 0.157

Table 2: The acidic amount of catalysts.
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Figure 4: EFTEM of spent WO,/MTS-9 (A: carbon map, B: tungsten map, C:
Contrast situation of carbon and tungsten).
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Figure 5: ®*C-NMR of the spent catalyst.
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Figure 6: Raman spectra of the fresh and spent catalysts.

6) of the spent catalyst, it is definite that the component of coke is poly
aromatic species.

The UV-Raman spectrum of the spent catalyst is compared with
the UV-Raman spectra of a series of polyaromatic compounds, such as
naphthalene, phenanthrene, anthracene, fluorene, pyrene, pentacene,
and coronene. UV-Raman measurements of these compounds have
been reported previously by Chua and Stair [41,42], and Johnson [29].
By contrast, the spectrum of carbon deposits on WO,/MTS-9 is similar
to that of the chain-like polyaromatic compounds, such as naphthalene
and pentacene.

The "C-NMR and UV-Raman spectrum provides some evidence
for coke configuration. The formation of coke molecules includes
condensation, hydrogen transfer and dehydrogenation processes. So
the following reaction scheme (Figure 7) can be proposed to explain
the formation of coke molecules. Benzenic compounds are formed
through the scheme of aromatization on the WO,/MTS-9 catalyst.

The deactivated catalyst was regenerated at 500°C under air
flow, and the performance of the fresh and regenerated catalyst was
compared, as shown in Figure 8a. It can be seen that the activity
of the regenerated catalyst is comparable to that of the fresh one,
suggesting that the regeneration of the deactivated catalyst is feasible.
Figure 8b shows Raman spectra of the regenerated and fresh catalyst.
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Figure 7: Formation of carbonaceous compounds on WO,/MTS-9 catalyst.
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Figure 8: Catalytic activity and Raman spectra of fresh and regenerated
catalysts.

Raman shift (cm™) Raman band assignments

1605-1615 Ring stretches of polyaromatic species
1360-1410 Ring stretches of polyaromatic species
1200-1210 C-C stretches of polyaromatic species
1545-1550 C=C stretches of conjugated olefins

1483 In-phase C=C stretch of cyclopentadienyl species

Table 3: Raman band assignments.

In comparison with Raman spectra of the fresh catalyst, there are no
changes. So the fresh and regenerated catalyst holds the same activity.

Conclusions

According to results of BET, EFTEM and Raman, deactivation of

WO,/MTS-9 catalyst is attributed to the pore blockage. Coke results in
the decrease of the acidic amount of the spent catalyst. According to
our experiments, the coking location successfully determined is on the
support and the active sites rather than the tungsten oxide crystallite
and results indicate that the decrease of catalytic activity results from
the coverage of the active sites. The deposited carbon is aromatic
compounds, which the process of formation is speculated. Moreover,
the deactivated catalyst may be regenerated at 500°C under air flow,
and the regenerated catalyst holds as high activity as the fresh catalyst.
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