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Abstract Tungsten substituted mesoporous FDU-12 (W-FDU-12) catalysts were synthesized
by one-pot hydrothermal process using F127 as the structure directing agents. The studies of
TEM, SAXS and BET illustrated that the highly ordered mesoporous structure of FDU-12
was maintained in the doped W-FDU-12 samples. XPS studies revealed that high
concentration of W* species appeared in doped W-FDU-12 catalysts whereas supported
WO3/FDU-12 and WOs/SiO; catalysts only contained we species. Tandem catalytic
conversion of 1-butene and ethene to propene through isomerization of 1-butene to 2-butene
and consecutive cross metathesis of 2-butene and ethene in a fixed-bed reactor at different
temperatures and atmospheric pressure was used to evaluate the catalytic performance of
W-FDU-12 catalyst, combined with MgO. The catalytic results showed that the doped
W-FDU-12 illustrated a superior catalytic performance relative to the supported WO3/FDU-12
and WO3/SiO; catalysts. The higher metathesis activity of W-FDU-12 catalysts can be
ascribed to the well dispersion of W species and the incorporation of W species into the
framework of FDU-12, forming substantial amount of W5+, which was beneficial for the cross

metathesis of 2-butene and ethene to propene.

Key Words: FDU-12; metathesis; tungsten catalysts; propene
1. Introduction

Recently, there has been a continuously increasing demand of propene owing to the
strong demand for polypropene. Several production technologies including propane
dehydrogenation,l’2 catalytic cracking of C," olefin®* and methanol to olefin plrocess,5 are
developed for propene production. Another effective pathway for propene production is the
catalytic cross metathesis reaction of I-butene (or 2-butene) and ethene.”® The most
important metathesis catalysts for propene production are those supported rhenium,

molybdenum and tungsten oxides.” ™ Among them, the WO53/SiO, catalysts are of special
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interest due to lower price and good persistence. The metathesis of butene and ethene to
propene using WOs/SiO, catalysts has been commercialized as the olefin conversion
technology (OCT).'*P

The activity and selectivity of olefin metathesis over the supported tungsten oxide are
dependent on the physicochemical properties of the supports, tungsten contents, pretreatment
conditions and the oxidation states of tungsten species.m_19 A variety of materials have been
chosen as supports for W-containing catalyst, such as SiO,, Al,O3, TiO,, and mixed oxides
including Si0;-Al,03, Si0,-TiO,, and so on. 20 Mazoyer et al* prepared W-H/Al,O3
catalysts for metathesis reaction of 2-butene and ethene, and the catalytic results showed that
the W-H/Al,O5 catalysts were stable and highly selective to propene formation even at
substoichiometric ratios of ethene/2-butene. Hua et al.” synthesized the titanium-silica
molecular sieve supported tungsten oxides for metathesis of butene to propene and pentene.
The reported WO3/MTS-9 exhibited excellent catalytic performance, and the tetrahedral and
the octahedral polytungsten species were speculated as active sites. These results have
illustrated that different types of supports have significant effect on the catalytic performance
of the W-containing catalysts.

Compared with the traditional supports, mesoporous silica materials show uniform pores,
high BET surface areas, large pore volumes, and narrow pore size distribution, which is
beneficial for dispersion of active species and provides rapid transportation channels for
reactants and products. Several W doped mesoporous silica materials have been prepared for
metathesis reactions.**> Bhuiyan et al. 7 investigated the catalytic performance of W-SBA-15

and W-MCM-41 catalysts for metathesis of 2-butene to propene, and found that these
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materials exhibited the higher activity as compared to supported tungsten oxide catalysts.
Moreover, W-MCM-41 materials were superior to W-SBA-15 at low reaction temperature
because that W-MCM-41 had more number of tetrahedrally coordinated tungsten oxide
species. Ramanathan et al.”® prepared the W-KIT-5 by one-step direct hydrothermal synthesis
procedure, and the catalysts show high dispersion of W species with the strong interaction
between W species and KIT-5 silicate as evidenced by the co-existence of W* and W
species on the support surface. In our previous work,” we found that doped W-KIT-6
exhibited much higher catalytic performance than traditional SiO, supported WO; catalysts in
metathesis of 1-butene and ethene to propene.

Herein, we first reported W doped mesoporous materials (W-FDU-12) by one-pot
synthesis method. The W-FDU-12 combined with MgO was applied in tandem catalytic
conversion of 1-butene and ethene to propene. The schematic demonstration of this study was
shown in Scheme 1. FDU-12 is a highly ordered large cage-type (12 to 60 nm) mesoporous
silica with a cubic Fm3m close-packed structure, allowing good accessibility for guest
molecules.’*® In this study, the supported WO3/FDU-12 and WOs3/SiO, catalysts with
traditional impregnation method were also synthesized for comparison. Among these
materials, the doped W-FDU-12 catalysts exhibited a superior catalytic performance for
catalytic conversion of 1-butene and ethene relative to the supported WO3/FDU-12 and
WO5/Si0, catalysts. The results revealed that the catalytic activity and selectivity were
strongly dependent on the preparation method of catalysts, and the superior catalytic
performance of W-FDU-12 originated from highly dispersed W species and high

concentration of W’* species due to the doping method.
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2. Experimental
2.1. Chemicals.

Triblock poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) co-polymer
Pluronic F127 (M,, = 12,600, EO;psPO70EO 06) was purchased from Sigma-Aldrich.
Tetraethyl orthosilicate (TEOS, 98%) and 1,3,5-trimethylbenzene (TMB, 97%) and MgO
powders (99.9%) were purchased from Aladdin. Ammonium metatungstate
((NHg)6H2W 2040-xH,0O) was purchased from Kunshan Xingbang W&M Technology
Company. Sodium tungstate dihydrate (NayWO4-2H,0), potassium chloride (KCI) and
hydrochloric acid (HCl) were purchased from Shanghai Chemical Reagent Company. Silica
gel (surface area 399 m%g) was obtained from Qingdao Haiyang Chemical Co. Ltd.. All
chemicals were used as received without further purification.

2.2. Catalyst Preparation.
2.2.1 Preparation of FDU-12.

Pluronic F127 (2.00 g), TMB (5.00 g) and KCl (5.00 g) were dissolved in 120 mL of
2 M HCI aqueous solution. The resultant mixture was stirred at 15 °C for 1.0 hour. TEOS
(8.32 g) was then dropwise added to the above solution with continuous stirring at 15 °C for
another 24 hours. The resulting mixture was transferred into a Telfon-lined autoclave and
aged at 100 °C for 24 hours. After cooling to room temperature, the solid was isolated by
filtering, washing with water, and drying at 70 °C in an oven. Finally, the dried material was
then calcined in a muffle oven at 550 °C for 4 hours with a ramping rate of 1 °C/min to
remove F127 surfactants to obtain FDU-12.

2.2.2 Preparation of W-FDU-12.
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Pluronic F127 (2.00 g), TMB (5.00 g) and KCI (5.00 g) were dissolved in 120 mL of
2M HCI aqueous solution. The resultant mixture was stirred at 15°C for 1.0 hour.
Appropriate amount of sodium tungstate dihydrate dissolved in 10 mL deionized water was
then added into the above mixture. The resulting solution was further stirred for 0.5 hours,
followed by dropwise addition of 8.32 g of TEOS. The obtained mixture was vigorously
stirred at 15 °C for 24 hours, and was then transferred to a Teflon-lined autoclave, followed
by heating at 100 °C for another 24 hours. After cooling to room temperature, the yellow
powdery products were collected, washed, and calcined by the same procedure of FDU-12.
Five catalysts with W contents of 1.2, 2.2, 3.0, 4.0, and 5.2% (determined by inductively
coupled plasma (ICP)) were prepared, and denoted as W-FDU-12-1.2%, W-FDU-12-2.2%,
W-FDU-12-3.0%, W-FDU-12-4.0% and W-FDU-12-5.2%, respectively. The effect of
calcination temperatures was also investigated using the W-FDU-12 with the W content of 4.0
wt %, and the materials obtained at calcination temperatures of 600, 650 and 700 °C were
denoted as W-FDU-4.0%-600(cal), W-FDU-4.0%-650(cal) and W-FDU-4.0%-700(cal),
respectively.

2.2.3 Preparation of supported WO3/FDU-12 and WO3/SiO.

The supported WO3/FDU-12 and WO5/SiO; catalysts were prepared by impregnating 2.0
g of the support powders with the aqueous solution containing required amount of ammonium
metatungstate in 5 mL deionized water. After drying in an oven at 100 °C overnight, the
powders were calcined by the same procedure of FDU-12. The catalysts were denoted as
WO3/FDU-12-4.0% and WO3/Si0,-4.0%, where the real loadings of W were 4.0 wt %.

2.3 Catalyst Characterization.
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X-ray diffraction (XRD) measurements were performed on a Bruker D8 Advance X-ray
diffractometer using Cu K, radiation in the 26 range of 5° to 80°. The average WOjs crystalline
sizes were calculated using the half-width at half-height of the most intense peak of the
diffraction pattern and the Scherrer equation. Small-angle X-ray scattering (SAXS) patterns
were recorded using a Bruker Nanostar U small-angle X-ray scattering instrument with a
rotating anode X-ray source and a Vantec-2000 two-dimensional detector. Inductively
coupled plasma (ICP-OES) analysis was achieved to obtain the real W loading using
Perkin-Elmer OPTIMA 2100 DV optical emission spectroscopy spectrometer. Transmission
electron microscopy (TEM) observations were carried out on a JEOL 2100 transmission
electron microscope operated at 200 kV. The oxide state of W species were studied by X-ray
photoelectron spectroscopy (XPS) using an AXIS ULTRA DLD multifunctional X-ray
photoelectron spectroscopy with an Al source. The data processing was performed with
CaseXPS software. The infrared (IR) spectra were recorded from 4000—400 cm™ using a
Bruker Tensor 27 spectrometer.

N, physical adsorption experiments were carried out on a Micrometrics ASAP-2020 M
adsorption apparatus. The pore size distributions were obtained by Barrett-Joyner-Halenda
(BJH) method. Before the tests, all the samples were degassed under vacuum at 200 °C for 5
hours. Carbon deposition of spent catalysts was measured by a Seiko thermal gravimetric
(TG/DTA) 6300 apparatus. The sample was heated from 100 to 900 °C at a heating rate of
10 °C/min in an air atmosphere with a gas flow rate of 200 mL/min.

2.4 Catalytic study.

Tandem catalytic conversion of 1-butene and ethene to propene was performed in a fixed-bed
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reactor (i.d. 10 mm). In a typical test, 1.0 g of catalyst with the size of 20-40 mesh supported
by an layer of inert SiO, beads were placed in the center of the reactor, and 1.2 g MgO with
the size of 20-40 mesh were put on the top of the W-contained catalyst layer for the
isomerization of 1-butene to 2-butene. An additional layer of inert SiO, beads covered the
layer of MgO. Before catalytic tests, the catalysts were activated in situ at 550 °C for 4 hours
in a pure N, stream with a flow rate of 35 mL/min at 0.1 MPa to remove the moisture. After
the reactor cooling down to reaction temperatures, ethene and 1-butene were then fed into the
system. The catalytic reaction was carried out at the conditions of 400-500 °C, 0.1 MPa,
weight hourly space velocity (WHSV, 1-C4Hg+C,H,) of 0.9 h'! and a 1-butene/ethene molar
ratio of 1/2. The products were analyzed by an online gas chromatograph (GC) equipped with
a flame ionization detector (FID). The 1-butene conversion and propene selectivity were

29,34

calculated according to the literatures, as following:

[C],/12+[2-C,],

c _ 1
I—butene [C3]n/2+[]—c4]n +[2—C4]11 (D
e = @
[C;], +[2-C,],

Where [Cs],, [1-Cq4], and [2-C4], were the molar fraction of propene, 1-butene and 2-butene in
effluent gases, respectively. And [Csly, [1-C4]lm and [2-C4], were the weight percent of

propene, 1-butene and 2-butene in effluent gases, respectively.

3. Results and Discussion
TEM images of various samples were displayed in Figure 1. As seen in Figure la, it

clearly showed that this sample had typical FDU-12 cage-like mesostructures. The ordered
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lattice array over large domains under the TEM observations suggested a uniform, cubic
mesostructure (Fm3m) without intergrowth.” The diameter of the cages could be directly
measured from the thin edge of the particle and was about 17.5 nm, in good accordance with
the N, adsorption results (see below). As shown in Figure 1b-1d, the well-ordered
mesoporous structures were observed in all W-FDU-12 materials. For lower W loading (1.2%,
3.0% and 4.0%) doped catalysts, individual WOs; particles cannot be found due to the
incorporation of W species into framework. However, for high W loading catalyst
W-FDU-12-5.2%, bulk WO; aggregations were observed in Figure le. However, the
well-ordered  mesoporous  structure  partially disappeared in Figure 1f for
W-FDU-4.0%-700(cal), suggesting the collapse of the structure at high calcination
temperature. For comparison, TEM images of FDU-12 supported WO3/FDU-12-4.0% catalyst
and traditional silica supported WO3/Si0,-4.0% catalyst were present in Figure 1g and Figure
1h. For the WO3/FDU-12-4.0% catalyst, it also exhibited the well-ordered array. But,
nanosized WOj; particles confined in the channels of FDU-12 with some particles present on
the outer surfaces were observed. For the WO3/Si0,-4.0% catalyst, it clearly showed the WOs3
was dispersed on the surface of SiO; support as large agglomerates.

In order to investigate the oxidation states of W species in W-containing catalysts, XPS
experiments were carried out. Figure 2 showed XPS spectra of W-FDU-12-4.0%,
WO3/FDU-12-4.0%, WO3/Si0,-4.0% and W-FDU-12-4.0%-700(cal). The tungsten oxide
species in different chemical states from the position of the Wy level was fitted by the
curve-fitting procedure according to the theory of Doniach and Sunjic.36 The intensity ratio

between the W4f;, and W4fs, was fixed to 4/3, according to fitting rules.”’” Detailed
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quantitative results from the peak-fitting results of Waswere given in Table 1. As shown in
Figure 2a, the doped W-FDU-12-4.0% -catalyst contained two W species. The binding
energies of 37.1 eV/35.0 eV and 38.4 eV/36.3 eV were attributed to the binding energies of
Ufspl4af7n of W and W, respectively.”® The W™* /W' ratio was 80.9/19.1 (4.24). XPS
spectra of W-FDU-12 with various W loadings were also measured and the results were
present in Figure S1 and Table S1. All the W-FDU-12 catalysts showed similar spectra
(Figure S1) and contained substantial amount of w* (Table S1). The XPS spectra of
mesoporous FDU-12 supported WO3/FDU-12-4.0% (Figure 2b) and traditional silica
supported WO3/S510,-4.0% (Figure 2c) samples with the same W content only exhibited the

23 there were 5 kinds of structure

highest oxidation state of W*. According to the literatures,
of the tungsten oxide species in the W-doped SBA-15 and W-doped KIT-6 catalysts. Of them,
three structures contained W>* species. W* was induced by the strong interaction between W
and Si through O bonding in the form of W =0 - Si for doped W-SBA-15* and W-KIT-6.%
In the present study, a high concentration of W”* species in FDU-12 was possibly induced in a
similar way. These W>* species in catalysts may be beneficial to the catalytic performance for
the metathesis of ethene and 1-butene to propene. In comparison, on the sample
(W-FDU-12-4.0%-700(cal)) calcined at 700 °C, the Wy peaks were also fitted with only one
W% doublet at 38.2 eV and 36.2 eV, as shown in Figure 2d, indicated that the W species were

no longer doped into the framework due to the structure collapse, which was consistent with

TEM observation in Figure 1f.

The N, adsorption-desorption isotherms of FDU-12 and W-FDU-12 were shown in

Figure 3 (left panel). For all the samples, they exhibited type IV isotherms with broad H;

10
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hysteresis loops, which were typical for large-pore cagelike mesoporous silicas such as
FDU-1, KIT-5, SBA-16 and so on.*”** The sharp capillary condensation feature at relative
pressure of 0.45-0.90 (P/Py) indicated the existence of uniform pores in all samples. As
discussed the literatures, the delay of nitrogen capillary evaporation at 77 K to the lower
pressure limit of hysteresis indicated that the diameters of the pore entrances to the cage-type
pores in these mesostructural samples were smaller than 5 nm.* Table 2 summarized the BET
surface areas, pore volumes and mean pore sizes of different samples. The BET surface area
of FDU-12 was 717 m2/g. When W species was incorporated into the FDU-12 framework, the
surface areas of these W-FDU-12 catalysts decreased slightly with increasing the tungsten
loading, and reached 549 m*g for the W-FDU-12-5.2% sample as shown in Table 2. The
result confirmed that the doping method could maintain the textural properties of FDU-12 in

the final W-FUD-12 catalysts.

The amount of W doped in catalysts affected the formation of the mesoporous matrix and
its mesostructure differently. Figure 4 compared the SAXS spectra of the FDU-12
mesoporous silica and W-contained catalysts, and all exhibited three main peaks, which could
be indexed to the 111, 311, and 331 crystal lattices. These peaks reflected an ordered,
face-centered cubic (fcc) structure (space group Fmgm).w'33 From the SAXS results, there
were no significant changes were observed between FDU-12 and doped W-FDU-12,
confirming the maintenance of long-range structural order either in FDU-12 support or in
doped samples. I was also shown that the W-contained catalysts caused the shift of diffraction
peaks to higher g-values in all spectra, indicating a reduction in cavity size for these doped

materials.

11
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The wide-angle X-ray diffraction patterns of FDU-12, doped W-FDU-12, WOs/FDU-12
and WO3/SiO, samples were shown in Figure 5. It was observed that there was a broad
diffraction in the 2@ range from 15° to 30° for all the samples, which was corresponding to the
typical peak of an amorphous silica material. As shown in Figure 5b-5e, there were no
obvious WOj; diffractions for all catalysts, which indicated that basically all tungsten was
highly dispersed or amorphous phase was formed. When increasing the W content to 5.2%
wt%, crystalline WOs; diffractions (PDF-83-0950) appeared as shown in Figure 5f, which was
consistent with the TEM images in Figure le. Figure Se, 5g and 5h showed the XRD profiles
of W-FDU-12-4.0%, W/FDU-12-4.0% and W/Si0,-4.0% with the same W loading of 4.0
wt%. No WOj; diffractions were observed for W-FDU-12-4.0%. To confirm the presence of W
species, EDX analysis was performed and the result was present in Figure S2. As shown in
Figure S2, the signal of W was detected. Combined with XRD and TEM results it was
suggested that the W was incorporated into the framework of FDU-12 for W-FDU-12-4.0%.
The characteristic peaks at 260 = 23.1°, 23.6°, and 24.4° corresponding to crystalline tungsten
oxide (WQOs3, P2i/n) were observed for supported WO3;/FDU-12-4.0% and WO05/Si0,-4.0%
catalysts. The average WOs crystallines were 34 and 79 nm, respectively, suggesting that the
crystallite size of FDU-12 based catalysts were smaller than that of conventional silica gel
based catalysts. These XRD results revealed that the dispersion of W species decreased in the
following sequence: doped W-FDU-12 > supported WO3/FDU-12 > supported WO3/SiO,,
which was also confirmed by TEM observation.

The FTIR spectra of the FDU-12 and W-FDU-12 samples were shown in Figure 6. The

characteristics absorption bands centered at 467, 799 and 1082 cm™ were attributed to the

12
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bending modes of bulk Si—O-Si bond, symmetric and antisymmetric stretching vibration
bands for the tetrahedral SiO," structure units. These vibrational bands were usually assigned
as ASi—0-Si), 14(Si—0O-Si) and ,(Si—O-Si) respectively, which accompanied by a
progressive increase in intensity when tungsten content increased. The vibration at 966 cm™
may be attributable to the W—0O-Si linkage in the doped W-FDU-12 catalysts, indicating the
successful incorporation of tungsten inside the silica framework. **

The W-contained catalysts were evaluated for catalytic conversion of 1-butene and ethene
to propene. Because the metathesis reactions between olefins were reversible and competitive,
a high ratio of ethene to 1-butene was favorable to the conversion of 1-butene into more
propene. Industrial process used an ethene/butene ratio of 2/1 to obtain the best catalytic
performance. Therefore, the comparison of different catalysts was carried out at the ratio of
ethene/1-butene of 2/1. The careful analysis of products suggested that the main products of
reaction over all of the W-FDU-12, WO3/FDU-12 and WO3/SiO; catalysts were propene and
2-butene, only a little of byproduct (less than 0.2%) was found. Hence, the conversion of
1-butene (Cipuene) and the selectivity of propene (Spropene) Were used to evaluate the
performance of the different catalysts.

As discussed elsewhere, propene was mainly produced by the cross metathesis of 2-butene
and ethene.'* Therefore, the MgO was used as isomerization catalyst for conversion of
I-butene to 2-butene during the reaction. The catalytic performance of single MgO or
W-FDU-12-4% catalyst was present in Figure S3. As shown in Figure S3, only 32% 1-butene
was converted and no propene was formed, indicating that the only role of MgO catalyst was

isomerization of 1-butene to 2-butene. The 1-butene conversion (about 34%) and propene

13
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selectivity (around 11%) were very low, when using single WOy-containing catalyst. This
suggested that the isomerization ability of W-FDU-12 was very poor due to neutral nature of
FDU-12. In the present work, the reported catalytic performance was a combination of W
contained catalysts and MgO. Since W contained catalysts were mixed with the same amount
of MgO and the MgO had no contribution to metathesis (propene selectivity), the catalytic
performances of W contained catalysts could be compared in this way.

To investigate the influence of the WO3 loading on catalyst activity, doped W-FDU-12
catalysts containing 1.2, 2.2, 3.0, 4.0 and 5.2 wt% of W were prepared. Figure 7 showed the
Ci-butene and Spropene for the different W-containing catalysts at the reaction temperature of
450 °C. The W-FDU-12 catalyst with lower W loading of 1.2% showed a poor catalytic
performance. The 1-butene conversion and propene selectivity increased with increasing W
loading. When the W content increased to 4.0%, the Cputene and Spropene reached a higher value
with 78.8% and 89.9%, respectively. Further increasing the W loading, the catalytic
performance exhibited slightly changes, although the molar fraction of W>* species was less
than that of W® (Table S1). However, the W loading was high and the absolute amount of
Wt species was large. Therefore, the W-FDU-12-5.2% catalyst showed a high 1-butene
conversion and propene selectivity. It should be noted that besides the metathesis, many
side-reactions coexisted, such as, oligomerization27 of ethene and/or butene to high molecular
weight compound. At low W loading, the metathesis activity of butene and ethene to propene
was low, and the oligomerization dominated. Therefore, the catalyst deactivated due to the
formation of high molecular weight compound. To examine the effect of reaction temperature

on the catalytic performance, W-FDU-12-4.0% catalyst at three different temperatures from

14
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400, 450 and 500 °C was carried out and the results were shown in Figure S4. It could be seen
that the activity of catalyst was affected greatly by reaction temperature. The 1-butene
conversion and propene selectivity decreased with time on stream from 77.3% to 45.4% and
89.8% to 49.8% at 400 °C, respectively. As discussed above, many side-reactions coexisted,
such as oligomerization of ethene and/or butene to high molecular weight compound. At
lower reaction temperature (400 °C), the metathesis active was low and the catalyst
deactivated quickly due to the formation of high molecular weight compound. When the
reaction temperature increased to 450 °C, the Cj_pytene and Spropene 1ncreased slightly but with a
good stability. Further increasing the temperature resulted in slightly improved catalytic
performance.

According to previous results reported in literatures,” the calcination temperatures
affected the nature of tungsten species of W-containing catalysts, which were active in the
formation of propene by the metathesis reaction of ethene and butene. So the effect of
calcination temperature on catalyst activity of W-FUD-12-4.0% was investigated in this study,
and the results were shown in Figure S5. It can be seen that the calcination temperature from
550 °C to 650 °C had no significant effect on Ci_puene and Spropene, Which exhibited the similar
catalytic performance. When the temperature increased to 700 °C, the W-FDU-4.0%-700(cal)
sample showed poor catalytic activity due to the disappearance of w* species and the
collapse of well-ordered mesoporous structure at high calcination temperature, which was
also confirmed by the TEM observation in Figure 1f.

The catalytic performance of 4.0 wt% W-contained catalysts (W-FDU-12-4.0%,

WO3/FDU-12-4.0% and WO3/Si0,-4.0%) was present in Figure 8. The 1-butene conversion
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and propene selectivity were decreased in the following sequence: doped W-FDU-12 >
supported WO3/FDU-12 > supported WO5/Si0O,, which was consistent with the catalytic
performance of W-containing mesoporous KIT-6 for the metathesis of ethene and 1-butene to
propene.” This phenomenon could be explained that the doping method could maintain the
well-ordered mesoporous structure and effectively disperse W species with a high
concentration of W>* species.

To investigate the carbon deposition of used catalysts, thermogravimetric analysis
under air atmosphere was performed for the spent W-FDU-12-4.0%, WOs/FDU-12-4.0% and
WO5/S10,-4.0% catalysts after 8 h of reactions. Generally, the weight loss of used catalysts
observed in TG study was due to removal of various types of carbon deposition. As shown in
Figure S6, the total weight loss for the spent W-FDU-12-4.0%, WO3/FDU-12-4.0% and
WO03/S10,-4.0% samples were 2.7%, 4.4% and 8.0%, respectively. It was clearly suggested
that the FDU-12 based catalysts had the lower carbon formation compared to the SiO,
supported sample during catalytic reactions, and especially the doped W-FDU-12 had the
lowest carbon deposition. The coke was caused by high molecular weight compound formed
by side reactions. W-FDU-12 showed best metathesis activity and less side-reaction was
occurred. Therefore, less coke was formed. TGA results showed the advantage of one-pot
synthesized mesoporous W-FDU-12.

4. Conclusions
This study first reported the using large-pore mesoporous silica FDU-12 to synthesize
the doped W-FDU-12 catalysts (combined with MgO) for tandem catalytic conversion of

1-butene and ethene to propene through isomerization of 1-butene to 2-butene and
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consecutive cross metathesis of 2-butene and ethene, and compared with the supported
WO3/FDU-12 and WOs/SiO; catalysts. For doped W-FDU-12, tungsten was successfully
incorporated into the framework of mesoporous silica. Cubic three-dimensional mesoporous
structure with a high degree of long-range ordering was evident for all tungsten doped
catalysts from SAXS, BET and TEM analysis. The XPS results illustrated that W species were
incorporated into the FDU-12 framework with a high concentration Wt species for
W-FDU-12. The 1-butene conversion and propene selectivity of doped W-FDU-12 catalyst
were much better than those of supported WO3/FDU-12 and WO3/Si0, catalysts. The doped
W-FDU-12 with 4.0 wt% tungsten content exhibited a good catalytic performance with
1-butene conversion and propene selectivity of 78.8% and 89.9%, respectively. The optimal
calcination temperature and metathesis reaction temperature were 550 °C and 450 °C,
respectively. These results suggested that W-FDU-12 materials had promising application as
catalytic materials in tandem catalytic conversion of 1-butene and ethene to propene to
product propene through metathesis, and could be extended to other olefin metathesis
reactions.
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2
3
4
5
6 Table 1. Binding energies, molar percentages of W and W™ species and WO3
7 crystalline sizes in different catalysts.

Binding energies of Wy (eV) The size of
Catalysts W& %) W™(%) WO; (nm)

W,  W™df,, W4ty WM,

W-FDU-12-4.0% 38.4 36.3 37.1 35.0 80.9 19.1 N/A
WO5/FDU-12-4.0% 38.3 36.2 N/A N/A 0 100 34
WO05/810,-4.0% 38.3 36.3 N/A N/A 0 100 79
W-FDU-12-4.0%-700(cal) 38.2 36.2 N/A N/A 0 100 --

8

9
10

11

Table 2. BET surface areas, pore volumes, and pore sizes of FDU-12 and W-contained

materials.
catalysts BET surface area Pore volume Pore size

(m’/g) (em’/g) (nm)
FDU-12 717 0.70 17.6
W-FDU-12-1.2% 631 0.60 18.2
W-FDU-12-2.2% 624 0.61 18.5
W- FDU-12-3.0% 584 0.57 17.6
W- FDU-12-4.0% 582 0.60 17.4
W-FDU-12-5.2% 549 0.62 17.7

20



Page 21 of 30

10

11
12

13
14
15
16

17
18
19

20
21
22
23

24
25
26
27

RSC Advances

Figure captions

Scheme 1. Schematic diagram of the synthesis of doped mesoporous W-FDU-12.

Figure 1. TEM images of (a) FDU-12; (b) W-FDU-12-1.2%; (c) W-FDU- 12-3.0%; (d)
W-FDU-12-4.0%; (e) W-FDU-12-52%; (f) W-FDU-4.0%-700(cal); (g)
WO3/FDU-12-4.0%; and (h) WO3/S10,-4.0% catalysts.

Figure 2. XPS spectra of (a) W-FDU-12-4.0%; (b) WO3/FDU-12-4.0%; (c) WO3/Si0,-4.0%;
and (d) W-FDU-12-4.0%-700(cal) catalysts.

Figure 3. N, adsorption-desorption isotherms (left panel) and pore size distributions (right
panel) showing (a) FDU-12; (b) W-FDU-12-1.2%; (c) W-FDU- 12-2.2%; (d)
W-FDU-12-3.0%; (e) W-FDU-12-4.0%; and (f) W-FDU-12-5.2%.

Figure 4. SAXS patterns of (a) FDU-12; (b) W-FDU-12-1.2%; (c) W-FDU- 12-2.2%; (d)
W-FDU-12-3.0%; (e¢) W-FDU-12-4.0%; and (f) W-FDU-12-5.2% catalysts.

Figure 5. Wide-angle XRD profiles of different W containing materials showing (a) FDU-12;
(b) W-FDU-12-1.2%; (c) W-FDU-12-2.2%; (d) W-FDU-12-3.0%; (e)
W-FDU-12-4.0%; (f) W-FDU-12-5.2%; (g) WO3/FDU-12-4.0%; and (h)
WO3/510,-4.0%.

Figure 6: FTIR spectra of various samples showing (a) FDU-12; (b) W-FDU-12-1.2%; (c)
W-FDU-12-2.2%; (d) W-FDU-12-3.0%; (e) W-FDU-12-4.0%; and (f)
W-FDU-12-5.2%.

Figure 7. 1-Butene conversion (left panel) and propene selectivity (right panel) over
W-FDU-12 catalysts with different W loadings. Reaction conditions: T=450 °C;
P=0.1MPa; 1-C4Hg/C,Hs=1/2; WHSV (1-C4Hg+C,H,) of 0.9 h'; W-contained catalyst
=10g

Figure 8. 1-Butene conversion (left panel) and propene selectivity (right panel) over different
4.0 wt% W-contained catalysts. Reaction conditions: T=450 °C; P=0.1 MPa;
1-C4Hg/CoHy4=1/2; WHSV (1-C4Hg+C,H,) of 0.9 h'l; W-contained catalyst=1.0 g.
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