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Xue-Qing Gong®

Tungsten-modified 1.5 wt.% platinum supported on ZSM-5 cat-
alysts were prepared, and their performances for the total oxi-
dation of propane and the role of tungsten in the catalysts
were investigated. The results show that the addition of tung-
sten can improve the catalytic activity of Pt/ZSM-5. When the
tungsten loading is 5 wt.%, the Pt-5W/ZSM-5 catalyst demon-
strates excellent catalytic activity and its turnover frequency is
more than 1 order of magnitude higher than that of the Pt/
ZSM-5 catalyst. Analyses of the surface properties of catalysts
reveal that metallic platinum is scarcely found on the Pt/ZSM-5
catalyst without tungsten; the addition of tungsten can modify
the nature of platinum species, which results in the presence

Introduction

In recent years, the environmental legislation has imposed in-
creasingly stringent targets for permitted levels of atmospheric
emission. The emission of volatile organic compounds (VOCs)
has received significant attention, owing to an increase in pho-
tochemical smog," depletion of atmospheric ozone,? and pro-
duction of ground-level ozone.”’ Of the most prevalent VOCs
emissions, the release of light alkanes to the atmosphere has
increasingly attracted attention worldwide because its amount
released to the atmosphere is continuously increasing as
a result of the increasing use of liquefied petroleum gas (pri-
marily composed of propane and butane) and compressed
natural gas (methane) as substitutes in the gasoline and diesel
vehicles. Light alkanes are the largest fraction of hydrocarbons
(HCs) in automobile exhausts and can be removed with great
difficulty from these emissions. Moreover, the amount of light
alkanes released from the stationary sources is increasing with
the development of chemical processes and products. Hence,
it is important to control the emissions of light alkanes for
a wide range of applications. Catalytic oxidation has been
identified as one of the most efficient ways to control the
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of metallic platinum in the Pt-W/ZSM-5 catalyst. The amount of
metallic platinum in the Pt-W/ZSM-5 catalyst depends on the
tungsten loading and can correlate directly with its catalytic
activity. Therefore, the oxidation resistance of platinum in the
Pt-W/ZSM-5 catalyst seems to be responsible for the improved
catalytic activity in propane oxidation. In addition, the Pt-5W/
ZSM-5 catalyst demonstrates higher stability; no deactivation
of the Pt-W/ZSM-5 catalyst is observed after the online test for
50 h, with the temperature alternating between 200°C for 10 h
and 500°C for 10 h. Therefore, the Pt-5W/ZSM-5 catalyst dem-
onstrates better catalytic activity for propane oxidation than
the Pt/ZSM-5 catalyst after online aging at 700 °C for 30 h.

emission of light alkanes because of its lower combustion tem-
perature and no supplementary fuel” Of the light alkanes,
propane is difficult to be destroyed™® and hence it is often
used as a model gas. For propane oxidation, metal oxides, par-
ticularly cobalt oxide, have been used as catalysts because
they demonstrate better catalytic activity.”® However, they
easily lose their catalytic activities, owing to particle aggrega-
tion at high temperatures. The noble metal catalysts of plati-
num and palladium possess higher catalytic activity and ther-
mal stability for the total oxidation of propane.”'®’ Compared
with the supported palladium catalysts, the supported plati-
num catalysts are found to be the most effective for the cata-
Iytic total oxidation of propane.™

The total oxidation of propane over platinum catalysts sup-
ported on MgO, Al,O;, SiO,-Al,0;, zeolite, and TiO,-SiO, has
been studied."*'® The platinum catalyst on the strong acidic
support showed higher activity than that on the weaker acidic
support, because the surface acidity of the support affected
the oxidation state of platinum.>'%'*2% Owing to its excellent
thermal stability, strong acidity, unique pore structure, and
larger surface area,””’’ ZSM-5 zeolite has been widely used as
the catalytic support material for various catalytic reactions,
such as Fischer-Tropsch synthesis,”? N,O decomposition,”® re-
duction of NO, by CO,*¥ total oxidation of propane, and ad-
sorption of HCs under cold start.*"!

ZSM-5 zeolite has high HC, trapping capacity,”®** and the
platinum catalyst supported on ZSM-5 has excellent catalytic
activity for propane oxidation than does the Pt/Al,O; cata-
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lyst.B>3" However, the light-off temperature of HC, over the Pt/
ZSM-5 catalyst is always higher than the desorption tempera-
ture of HC, adsorbed, which means that most of HC, has been
desorbed before reaching the active temperature of HC, over
the catalyst. Thus, the efficiency of HC emission elimination is
relatively low during the cold start. Therefore, to effectively
reduce HC emission, it is necessary to design and prepare a cat-
alyst with a low light-off temperature and low total conversion
temperature for propane oxidation. The research results
showed that the catalytic activity of Pt/Al,O; for propane com-
bustion can be improved by adding electrophilic additives
(e.g., W, Mo, and V) to the Al,O; support.”?>*? However, the
studies on the modification of the platinum catalyst supported
on ZSM-5 are scarcely reported.

Herein, we attempt to modify the Pt/ZSM-5 catalyst with
tungsten oxide to develop a more efficient catalyst for pro-
pane oxidation. The results show that tungsten-modified Pt/
ZSM-5 catalysts demonstrate better catalytic activity and stabil-
ity than the Pt/ZSM-5 catalyst without tungsten. On the basis
of the physicochemical properties of the tungsten-modified Pt/
ZSM-5 catalyst investigated by using XRD, laser Raman spec-
troscopy, hydrogen-temperature-programmed reduction (TPR),
temperature-programmed desorption of ammonia (NH,;-TPD),
and X-ray photoelectron spectroscopy (XPS), here we discuss
the effect of tungsten on the improved catalytic activity.

Results and Discussion

Effect of tungsten on the catalytic activity of the Pt/ZSM-5
catalyst for propane oxidation

The catalytic oxidation of propane over Pt/ZSM-5 catalysts
with different tungsten loadings is shown in Figure 1. The tem-
peratures for 10, 50, and 90% propane conversion (denoted as
Tior Tsor and Ty) are shown in Table 1. The CO, product is ob-
served only during the catalytic oxidation of propane. The re-
sults show that the catalytic activity of the Pt/ZSM-5 catalyst
for propane oxidation is improved significantly by a modifica-
tion in tungsten loading, thus, the tungsten loading affects the
catalytic activity of the tungsten-modified Pt/ZSM-5 catalyst.
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Figure 1. Propane catalytic oxidation over the Pt-W/ZSM-5 catalyst with dif-
ferent tungsten loadings.
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Table 1. T, T, Too reaction rates, and turnover frequencies (TOFs) of Pt-
W/ZSM-5 catalysts.

Catalyst Catalytic activity [°C] 7 [107" molgy 's"] TOF®
To Tso Too X=catalyst X=Pt [107°s7]
Pt/ZSM-5 211 220 240 0.26 21.7 4.0
Pt-1W/ZSM-5 196 205 212 1.08 90.0 17.1
Pt-3W/ZSM-5 196 203 208 1.29 17 254
Pt-5W/ZSM-5 184 190 195 6.83 621 141
Pt-7W/ZSM-5 193 199 205 4.77 434 107

[a] Reaction temperature is 200 °C.

When the tungsten loading is <5 wt.%, the catalytic activity
(as Tso and Ty,) of the Pt-W/ZSM-5 catalyst increases with an in-
crease in tungsten loading. The Pt-5W/ZSM-5 catalyst with
5wt.% tungsten loading demonstrates the highest catalytic
activity, that is, the lowest Ty, (~190°C) and Ty, (= 195°Q). Its
catalytic activity decreases (T, and Ty, increase) with an in-
crease in tungsten loading. The Pt-7W/ZSM-5 catalyst demon-
strates higher catalytic activity (slightly lower Ty, and Tg,) for
propane deep oxidation than the Pt-3W/ZSM-5 catalyst.

The catalytic activities of 1.5 wt.%Pt/WO, and 5 wt.% W/
ZSM-5 catalysts for propane oxidation are much lower than
those of Pt/ZSM-5 and Pt-5W/ZSM-5 catalysts. The low catalytic
activity of the Pt/WO; catalyst should be attributed to the low
surface area of WO;, and the low activity of the 5W/ZSM-5 cat-
alyst should be attributed to the low catalytic activity of WO,
for propane oxidation.

The results in Table 1 show that tungsten-modified Pt/ZSM-5
catalysts have higher reaction rate and turnover frequency
(TOF) for propane deep oxidation at 200°C than the Pt/ZSM-5
catalyst. The reaction rates and TOF values for Pt-5W/ZSM-5
and Pt-7W/ZSM-5 catalysts at 200°C are more than 1 order of
magnitude higher than those for the Pt/ZSM-5 catalyst; for in-
stance, the reaction rate and TOF for the Pt-5W/ZSM-5 catalyst
reach 620.9x 107 molg,,'s™' and 0.141 s, respectively. Only
21.7x107" molgp, 's™' and 0.004s™" are obtained for the Pt/
ZSM-5 catalyst. These results show that the presence of tung-
sten improves the catalytic activity of the Pt/ZSM-5 catalyst for
propane deep oxidation.

Stability of the Pt-5W/ZSM-5 catalyst

The catalytic activities of Pt/ZSM-5 and Pt-5W/ZSM-5 catalysts
at different reaction temperatures are tested, and the results
are illustrated in Figure 2. No deactivation can be observed for
Pt/ZSM-5 and Pt-5W/ZSM-5 catalysts after the reaction at 220
and 200°C for 50 h, respectively. The propane conversion over
the Pt-5W/ZSM-5 catalyst at 200°C reaches approximately
92%, and the propane conversion over the Pt/ZSM-5 catalyst is
only approximately 54% at 220°C. After it is tested online for
50 h with temperature alternating between 200°C (220°C) for
10 h and 500°C for 10 h over the Pt-5W/ZSM-5 (or Pt/ZSM-5)
catalyst, propane conversion does not decrease. These results
indicate that both Pt/ZSM-5 and Pt-5W/ZSM-5 catalysts dem-
onstrate excellent stability below 500°C and that the Pt-5W/
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Figure 2. Propane catalytic oxidation over Pt-5W/ZSM-5 (Pt/ZSM-5) catalysts
at 200°C (220 °C) with temperature alternating between 200 °C (220°C) and
500°C.

ZSM-5 catalyst demonstrates higher propane conversion than
the Pt/ZSM-5 catalyst.

To further examine the thermal stability of the Pt-W/ZSM-5
catalyst at a higher temperature, an accelerated aging process
was used for Pt/ZSM-5 and Pt-5W/ZSM-5 catalysts, which were
calcined online at 700°C for 30 h; the results are illustrated in
Figure 3. After the catalysts are aged at 700 °C for 30 h, the cat-
alytic activity of the Pt/ZSM-5 catalyst scarcely changes and
that of the Pt-5W/ZSM-5 catalyst decreases slightly, that is, its
Ty increases from 204 to 212°C but is still much lower than T,
(254°C) of the Pt/ZSM-5 catalyst. These results show that the
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Figure 3. Propane catalytic oxidation over Pt/ZSM-5 and Pt-5W/ZSM-5 cata-
lysts before and after aging at 700 °C for 30 h.
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addition of tungsten to the Pt/ZSM-5 catalyst not only can in-
crease its catalytic activity for propane conversion but can also
improve its thermal stability.

Catalyst characterization

The results in Table 2 show that the BET surface areas of Pt-W/
ZSM-5 catalysts decrease with an increase in tungsten loading.
The BET surface area of the Pt-7W/ZSM-5 catalyst is only
208 m*g~' and much lower than that (281 m?g™") of the Pt/
ZSM-5 catalyst, which can be attributed to the filling of the

Table 2. Chemical compositions, BET surface areas (Sg), and platinum
dispersions (D) of Pt-W/ZSM-5 catalysts.

Catalyst Seer Ptinsolid®” Wingel CO pulse Dy
m’g™"1  [%] [%] [umolge T [%]
Pt/ZSM-5 281 1.2 0 6.5 10.7
Pt-1W/ZSM-5 264 1.2 1.0 6.3 103
Pt-3W/ZSM-5 249 11 3.0 5.1 9.0
Pt-5W/ZSM-5 220 1.1 5.0 4.8 8.6
Pt-7W/ZSM-5 208 1.1 7.0 4.4 7.9

[a] Platinum content was determined from inductively coupled plasma
analysis; [b] platinum dispersion was determined from CO chemisorption
measurements and Pt/CO=1.

pores of the ZSM-5 support by tungsten species. As the sur-
face area of Pt/ZSM-5 reduces because of the presence of
tungsten, the platinum dispersion determined by CO chemi-
sorption measurements also decreases. For instance, the dis-
persion of platinum on the Pt/ZSM-5 catalyst without tungsten
is approximately 11% and that on the Pt-7W/ZSM-5 catalyst is
only approximately 8%.

The XRD patterns of Pt-W/ZSM-5, W/ZSM-5, and WO, are
shown in Figure 4. The results show that the diffraction peaks
of ZSM-5 can be observed in all Pt-W/ZSM-5 catalysts and no
diffraction peaks of W-containing crystalline phases or plati-
num species are identified, which is due to the low amount
and high dispersion of platinum or tungsten over the ZSM-5

support.
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Figure 4. Powder XRD patterns of Pt-W/ZSM-5 catalysts.
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Figure 5. Raman spectra of W/ZSM-5 and Pt-W/ZSM-5 catalysts.

To further investigate the status of tungsten species, Pt-W/
ZSM-5 catalysts were characterized by laser Raman spectrosco-
py, and the results are illustrated in Figure 5. Three main
Raman vibration bands centered at 808, 714, and 272 cm™,
which are assigned to polymeric tungsten oxide species,®® can
be observed for Pt-W/ZSM-5 catalysts with >3 wt.% tungsten
loading. The bands at 806 and 712 cm™' are assigned to the
W-0 stretching mode (A,;) and W—O bending mode (E)), re-
spectively. The band at 271 cm™ is assigned to the W—O-W
bending modes (F,,) of the bridging oxygen.®¥ With an in-
crease in tungsten loading, the Raman vibration bands for
polymeric WO, crystallites enhance significantly. With an in-
crease in tungsten loading in the Pt/ZSM-5 catalyst to 7 wt.%,
the Raman characteristic peaks of polymeric WO, crystallites
enhance and the shape is similar to the Raman spectrum of
bulk WO;. This implies that a congregation of polytungstate
species to large bulk-like crystallites has occurred. The WO, sur-
face densities reach 4.5-9.0 W atom nm™ to crystallize WO,
and above 9.0 W atom nm™2 to crystallize large bulk-like crys-
tallites.® In Pt-W/ZSM-5 catalysts, the tungsten loading is
much lower than 4.5 W atomnm™2 Hence, tungsten oxide on
the ZSM-5 support is transformed only to polytungstate spe-
cies after calcination, which is also observed by Xue et al.”
The Raman band centered at approximately 380 cm™' is as-
signed to the bending vibration of the W—O bond presented
in tungstates.

As shown in Figure 5, the Raman vibration intensities of WO,
crystallites in the Pt-5W/ZSM-5 catalyst are weaker compared
to the Raman bands corresponding to polymeric tungsten
oxide species of the 5W/ZSM-5 catalyst without platinum. This
indicates that the presence of platinum in W/ZSM-5 can
reduce the aggregation of polymeric tungsten oxide species
and improve the dispersion of tungsten oxide species on the
Pt-W/ZSM-5 catalyst. Notably, the Raman peaks of 5W/ZSM-5
at 714 and 808 cm™' shift to lower wave numbers (6-10 cm™)
compared to the Pt-5W/ZSM-5 catalyst. The Pt-W/ZSM-5 cata-
lysts demonstrate similar Raman features of WO, crystallites.
These results confirm the presence of a strong interaction be-
tween platinum and tungsten, which leads to the migration of
charge density between tungsten and platinum.

The TPR profiles of all catalysts are shown in Figure 6. In the
TPR curve of the 5W/ZSM-5 catalyst (Figure 6a), a reduction

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Temperature-programmed reduction profiles of W/ZSM-5 and Pt-
W/ZSM-5 catalysts.

peak exists at approximately 700 °C, which is related to the re-
duction of W°* to W**['>37) For Pt-W/ZSM-5 catalysts, the peak
attributed to the reduction of tungsten surface species shifts
to a slightly lower temperature, which means that the pres-
ence of platinum promotes the reduction of tungsten species
significantly. Furthermore, with an increase in tungsten loading
in Pt-W/ZSM-5 catalysts, the reduction peak area (i.e., the hy-
drogen consumption) increases, which demonstrates an in-
crease in reducible tungsten species, along with the reduction
temperature. In the TPR curve of the Pt-7W/ZSM-5 catalyst,
a higher-temperature reduction peak is observed, which is not
presented in other catalysts. This reduction peak is attributed
to the reduction of the large bulk-like WO; crystallites, because
pure bulk WO, crystallites and Pt/WO; catalysts also demon-
strate more than one reduction peak above 600°C (Figure 6b).
The results illustrated in Figure 5 also indicate that the Pt-7W/
ZSM-5 catalyst demonstrates Raman bands of polymeric WO,
such as pure WO; crystallites.

For the reduction peak at approximately 325°C, its peak
area and top temperature increase with an increase in tung-
sten loading, which is similar to the reduction peak of the
1.5 wt.% Pt/WO; catalyst at 387 °C (Figure 6b). To clarify the re-
duction peak at 325°C, the Pt-5W/ZSM-5 catalyst before and
after reduction with 5% H,/N, at 200°C has been tested by
using XPS. The XPS results show that all platinum is presented
as metallic platinum (see Figure 8b), and the tungsten 4f XPS
spectra are scarcely changed after reduction at 200°C for 1 h
(see Figure 9). No reduction peak below 500°C can be ob-
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served in the TPR curve of WO, (Figure 6b). Therefore, the re-
duction peak at approximately 325°C is attributed to the re-
duction of surface tungsten oxide species by hydrogen spill-
over to WO,;, which was activated by metallic platinum re-
duced at lower temperature.

The XPS spectra of Pt/ZSM-5, Pt-W/ZSM-5, and W/ZSM-5 cat-
alysts are shown in Figures 7-9, respectively. The results in
Figure 7 show that the Pt4f XPS spectra of Pt/ZSM-5 catalysts
are overlapped strongly with the Al 2p signal of the ZSM-5

Pt(4f)

Al(2p)+PH(4f)

Intensity la.u.

T T T T T T

82 80 78 76 74 72 70 68
Binding energy leV

Figure 7. Al2p and Pt4f of X-ray photoelectron spectroscopy spectra of
a) ZSM-5 and b) Pt/ZSM-5. c) The result of spectrum b subtracted from
spectrum a.

support; hence, the Al 2p spectrum of ZSM-5 should be sub-
tracted from the XPS spectra of Pt/ZSM-5 and Pt-W/ZSM-5 cat-
alysts. For instance, the Al 2p spectrum (Figure 7a) of ZSM-5 is
subtracted from the XPS spectrum (Figure 7b) of Pt/ZSM-5 to
obtain the Pt4f spectrum (Figure 7c) of Pt/ZSM-5. The Pt4f
XPS spectra of Pt-W/ZSM-5 catalysts shown in Figure 8 result
from the XPS spectra of Pt-W/ZSM-5 catalysts upon subtracting
the Al 2p spectrum (Figure 7 a) of ZSM-5.

The peaks of Pt4f are generally observed as a pair, and the
binding energy (BE) of Pt4f;, peak is approximately 3.3 eV
higher than that of Pt4f,,. The BEs of Pt4f,, peaks for Pt’,
Pt*", and Pt*" ions are 71.5, 72.4, and 74.5 eV, respectively,!®3
which indicate an increase in the BE of platinum with an in-
crease in the oxidation state of platinum. As shown in Fig-
ure 8a, the BEs of Pt4f,, and Pt4f,, peaks of Pt/ZSM-5 are
strongly affected by tungsten loading. For the Pt/ZSM-5 cata-
lyst without tungsten, the peaks of Pt4f;, are observed at 72.8
and 74.6 eV, which is attributed to PtO and PtO,, respectively,””
in which the intensity ratio of Pt>" and Pt*' is approximately
45:55. For Pt-W/ZSM-5 catalysts, the peaks of Pt°, Pt’*, and
Pt** are observed by curve fitting of Pt4f doublet peaks with
the following restrictions: the doublet separation is set to
3.3 eV for all three platinum species and the area ratio of 4f,,
and 4f,, was set to 4:3%%; the results are illustrated in Fig-
ure 8a, and the surface compositions of Pt-W/ZSM-5 catalysts
determined from XPS data are listed in Table 3. The results
show that the peaks of Pt4f;, shift to lower BEs and that the
peak at approximately 71.5 eV corresponds to metallic plati-
num (Pt°). With an increase in tungsten loading, the platinum

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

surface concentration in the Pt-W/ZSM-5 catalyst decreases
slightly, owing to an increase in tungsten surface concentra-
tion, in which the surface concentration of Pt° increases

A Pt 4f
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Figure 8. Pt4f XPS spectra of Pt-W/ZSM-5 (A) and reduced Pt-5W/ZSM-5 (B)
and Pt/ZSM-5 (C) at 100 or 200°C by 5% H,/N,.

Table 3. Surface element concentrations of Pt-W/ZSM-5 catalysts deter-
mined by fitting the XPS data.

Catalyst Pt Pt°/PtO/PtO, w o®

[%] [%] [%] [%]
Pt/ZSM-5 0.56 -/44.8/55.2 - -
Pt-1W/ZSM-5 0.54 8.8/51.2/39.9 0.68 (35.71)"! 9.9 (531.5)
Pt-3W/ZSM-5 0.53 17.3/58.2/24.5 1.24 (35.82) 9.7 (531.4)
Pt-5W/ZSM-5 0.52 18.6/59.1/22.3 1.79 (35.93) 9.4 (531.1)
Pt-7W/ZSM-5 0.48 17.8/60.5/21.6 1.83 (35.83) 9.2 (530.9)

[a] Relative concentration of oxygen species in tungsten oxide was deter-
mined by fitting the XPS data. XPS=X-ray photoelectron spectroscopy;
[b] The values in parentheses are peak binding energy (in eV).
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Figure 9. W4f X-ray photoelectron spectroscopy spectra of A) Pt-W/ZSM-5
and B) reduced Pt-5W/ZSM-5 with 5% H,/N, at 100 and 200 °C.

(except the Pt-5W/ZSM-5 catalyst), but those of PtO and PtO,
decrease. Of the Pt-W/ZSM-5 catalysts, the Pt-5W/ZSM-5 cata-
lyst has the highest surface concentration of Pt°.

The W4f XPS spectra of Pt-W/ZSM-5 catalysts are shown in
Figure 9. All samples present two peaks, and the W4f,, peaks
are located at 35.7-36 eV, which are ascribed to the presence
of We* ions.** |n addition, the W 4f,,, peak shifts to a higher
BE with an increase in tungsten loading, in which the BE of the
W4f,,, peak of the Pt-5W/ZSM-5 catalyst is the highest (36 eV).

The O 1s XPS spectra of Pt-W/ZSM-5 catalysts are shown in
Figure 10. For the Pt/ZSM-5 catalyst, its O 1s peak at approxi-

O1s

Pt-7W/ZSM-5

Pt-5W/ZSM-5

Pt-3W/ZSM-5

1
Pt/zsm-s/\

Intensity /a.u.

Pt-1W/ZSM-5
536 534 532 530
Binding energy levV

Figure 10. O 1s X-ray photoelectron spectroscopy spectra of Pt-W/ZSM-5
catalysts.
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mately 532.8 eV is fitted only to one peak (or unfitted), which
is assigned to the lattice oxygen species of the support.®® For
the Pt-W/ZSM-5 catalyst, an additional small peak exists at ap-
proximately 531 eV, which can be attributed to the oxygen
species in tungsten oxide. The BE and relative concentration of
oxygen for Pt-W/ZSM-5 catalysts are listed in Table 3, and they
decrease with an increase in tungsten loading.

Discussion

The catalytic activities of supported Pt-based catalysts are af-
fected by pretreatment conditions, support kinds, and promot-
ers.'739451 However, the studies of Pt/ZSM-5 catalysts modi-
fied with other heteroatoms for propane oxidation are scarcely
reported. The aforementioned results show that the catalytic
activity of the Pt/ZSM-5 catalyst for propane oxidation can be
improved by adding tungsten oxide. The TOF of the Pt/ZSM-5
catalyst at 200°C is only 0.004s~'; however, for the Pt-5W/
ZSM-5 catalyst with 5wt.% tungsten loading, the TOF at
200°C reaches 0.140 s, which is much higher than that of Pt/
AlL,0; (0.023 s7") and Pt/MgO (0.0083 s") catalysts at 260 °C.”
After the Pt-5W/ZSM-5 catalyst is aged at 700 °C for 30 h, it still
demonstrates higher catalytic activity for propane deep oxida-
tion compared to the Pt/ZSM-5 catalyst. Thus, it is important
to clarify the role of tungsten species in improving the catalytic
activity of the W-modified Pt/ZSM-5 catalyst.

Metal dispersion is one of the factors that affect the catalytic
activity of supported metal catalysts. Kobayashi et al. reported
that the catalytic activity of platinum supported on a TiO,-
based carrier for propane combustion was improved with a de-
crease in platinum dispersion.”! No direct correlation between
dispersion and catalytic activity is evident from Tables 1 and 2.
Although platinum dispersion decreases with an increase in
tungsten loading, which is also observed in the XPS spectra,
the catalyst with 7 wt.% tungsten demonstrates a catalytic ac-
tivity lower than that of the catalyst with 5 wt.% W. Thus, the
variation in the catalytic activity after adding tungsten to Pt/
ZSM-5 catalysts is not dependent on platinum dispersion. The
results in Figure 1 show that the 5W/ZSM-5 catalyst without
platinum demonstrates a relatively lower activity for propane
oxidation. Hence, the improvement in the catalytic activity of
Pt-W/ZSM-5 cannot be attributed to the direct catalysis of
tungsten oxide.

The results of Raman spectra (Figure 5) and TPR testing
(Figure 6) show that platinum in Pt-W/ZSM-5 catalysts can in-
hibit the aggregation of tungsten species and enhance the re-
ducibility of tungsten species, that is, tungsten species can be
reduced at lower temperature, whereas adding tungsten to Pt/
ZSM-5 catalysts can significantly affect the oxidation state of
platinum. The surface platinum species on the Pt/ZSM-5 cata-
lyst are completely oxidized, and no metallic platinum (Pt°) is
observed in its XPS spectrum. However, in the XPS spectra of
Pt-W/ZSM-5 catalysts (Figure 8), the peak of metallic platinum
can be observed because of the addition of tungsten and the
relative surface concentration of Pt° increases with an increase
in tungsten loading to <5 wt.%. With an increase in tungsten
loading to 7 wt.%, the surface Pt° concentration decreases
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slightly (Table 3); the maximum concentration of Pt° can be ob-
tained on the Pt-5W/ZSM-5 catalyst.

The reaction rates and TOFs are plotted against the relative
surface concentrations of Pt° over Pt-W/ZSM-5 catalysts in
Figure 11. The reaction rates over Pt-W/ZSM-5 catalysts are
found to be homologously correlated with the surface concen-
tration of Pt° The higher the surface concentration of Pt’, the

~
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Figure 11. Influence of the relative surface concentration of Pt° over the Pt-
W/ZSM-5 catalyst on the reaction rate and TOF.

higher the reaction rate. The oxidation state of platinum af-
fects the catalytic activity of the Pt-W/ZSM-5 catalyst for pro-
pane oxidation, and platinum oxide in the presence of metallic
platinum demonstrates high catalytic activity for propane oxi-
dation.”” Thus, platinum oxide in the presence of metallic plat-
inum is responsible for high catalytic activity of the Pt-W/ZSM-
5 catalyst for propane oxidation and its catalytic activity is re-
lated to the surface concentration of Pt°.

Yazawa et al. reported that the acid strength of the support
materials has a larger effect on the catalytic activity of the plat-
inum-supported catalyst for propane combustion than does
the dispersion of platinum and that the catalytic activity of the
platinum-supported catalyst can be improved with more acidic
support materials." The TPD of NH; adsorbed on Pt-W/ZSM-5
catalysts has been investigated, and the results are illustrated
in Figure 12. The results show that the tungsten loading in the
Pt/ZSM-5 catalyst scarcely affects their NH;-TPD curves, that is,

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 12. TPD curves of NH; adsorbed on Pt-W/ZSM-5 catalysts.

the addition of tungsten to the Pt/ZSM-5 catalyst scarcely
varies its acidic properties, because ZSM-5 is a strong acidic
material.

The aforementioned results (Figure 9 and Table 3) show that
the W4f,,, signal shifts to a higher BE with an increase in tung-
sten loading to <5 wt.% in Pt-W/ZSM-5 catalysts but the BE of
W4f,,, of the Pt-7W/ZSM-5 catalyst is the same as that of the
Pt-3W/ZSM-5 catalyst. In general, the shift in BE suggests a var-
iation in the electronic state or lattice strain. The Pt-5W/ZSM-5
catalyst has the highest BE (35.93 eV) of W4f,, among all Pt-
W/ZSM-5 catalysts, which indicates the presence of tungsten
with the highest (e.g., > 6 +) oxidation state. When the relative
concentration of metallic platinum and the BE changes of
W4f,, are taken into account, it is clear that as an electron
donor tungsten species lose electrons that are transferred to
platinum species, resulting in an increase in the electron densi-
ty of platinum species to form metallic platinum, which has
been completed by an electron transfer from tungsten to plati-
num at the W-Pt interface based on the interaction between
platinum and tungsten oxide. Hence, more metallic platinum
and the shift of the W4f,,, signal to higher BE are observed
over W-modified Pt/ZSM-5 catalysts. The more the shift of the
W4f,, signal to higher BE, the more the metallic platinum lo-
cated in the catalyst. Therefore, the most metallic platinum
exists in the Pt-5W/ZSM-5 catalyst. With an increase in tung-
sten loading to 7 wt.% (Pt-7W/ZSM-5), large bulk-like WO; spe-
cies form (Raman spectra in Figure5 and TPR curves in
Figure 6), which results in the BE of W4f,,, of the Pt-7W/ZSM-5
catalyst shifting to a lower value compared to the Pt-5W/ZSM-
5 catalyst because of a variation in the lattice strain of tung-
sten oxides. Hence, the presence of bulk-like WO; species in
the Pt-7W/ZSM-5 catalyst weakens the interaction between
platinum and tungsten oxide, which results in a decrease in
the surface metallic platinum concentration (i.e., the oxidation
resistance of platinum) and catalytic activity for propane
oxidation.

Conclusions

In summary, the catalytic activity of the 1.5 wt.%Pt/ZSM-5 cat-
alyst for propane oxidation has been improved by adding
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tungsten. With 5 wt.% tungsten loading, a highly effective cat-
alytic activity of the Pt-W/ZSM-5 catalyst can be obtained and
its TOF is more than 1 order of magnitude higher than that of
the Pt/ZSM-5 catalyst. The improvement in the catalytic activity
of the Pt-W/ZSM-5 catalyst should be related to the interaction
between platinum and tungsten. The presence of tungsten
can result in the presence of metallic platinum in Pt-W/ZSM-5
catalysts, and metallic platinum is scarcely found on the Pt/
ZSM-5 catalyst without tungsten. Therefore, the addition of
tungsten to Pt/ZSM-5 catalysts can increase the oxidation re-
sistance of platinum by an electron transfer from tungsten to
platinum at the W-Pt interface based on the interaction be-
tween platinum and tungsten oxide, which is responsible for
the improvement in the catalytic activity. In addition, the pres-
ence of platinum reduces the aggregation of tungsten oxides
and improves the reducibility of tungsten oxides.

The Pt-5W/ZSM-5 catalyst also demonstrates excellent stabil-
ity. No decrease in catalytic activity can be observed after the
online test for 50 h with temperature alternating between
200°C for 10 h and 500°C for 10 h; after online aging at 700°C
for 30 h, the Pt-5W/ZSM-5 catalyst still demonstrates better
catalytic activity than the Pt/ZSM-5 catalyst.

Experimental Section
Catalyst preparation

Ammonium tungstate hydrate (0.066, 0.195, 0.328, or 0.459 g; Sino-
pharm Chemical Reagent Co., Ltd., China) and oxalic acid (0.2 g; Si-
nopharm Chemical Reagent, China) were dissolved in deionized
water (40 mL) under stirring. Then, aqueous Pt(NOs), solution
(0.598 g, 15.05 wt.%; Heraeus Materials Technology Shanghai Ltd.,
China) was added to that mixture and the solution was heated to
80°C under stirring. Next, H-ZSM-5 (6 g; Nankai University Catalyst
Co. Ltd.; Si/Al=50; BET surface area=310 m?’g"') was added to
the heated solution and the solution was stirred continuously at
80°C until water had dried up. Finally, the catalysts were dried at
110°C for 12 h and calcined at 500°C for 3 h under static air in
a muffle furnace. The as-prepared catalysts consisted of
1.5wt.% Pt and 1.0-7.0 wt.% W, which were labeled as Pt-xW/
ZSM-5 (x=1, 3, 5, 7). A similar method was used to prepare
1.5 wt.% Pt/ZSM-5 and 5W/ZSM-5 catalysts.

Catalyst characterization

The surface areas of the catalysts were determined from the N, ad-
sorption measurements at —196 °C with a Micromeritics ASAP 2400
instrument by using the BET method. The samples were degassed
at 180°C for 12 h before measurement. The XRD patterns of the
catalysts were recorded on a Rigaku D/Max-RC diffractometer
using CuK, radiation (A=1.541A) and operating at 40kV and
40 mA. The laser Raman spectra of the catalysts were recorded on
a Renishaw inVia Reflex spectrometer equipped with a charge-cou-
pled device detector. The excitation source used was an Ar ion
laser (A=514.5 nm) with a spot size of approximately 1 mm. The
power of the incident beam on the catalyst was 3 mW.

The XPS spectra were recorded at 298 K on a Thermo Scientific ES-
CALAB 250Xi X-ray photoelectron spectrometer using AlK, radia-
tion (1486.6 eV) and operating at 150 W. All BEs were determined
with respect to the C 1s line (284.8 eV) originating from adventi-

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tious carbon. The BE of the target elements (Pt4f, W4f, O 1s, and
C 1s) was determined at a pass energy of 25 eV. The XPS spectra
were fitted with XPS Peak 4.1 software using a properly weighted
sum of Lorentzian-Gaussian line shape after background subtrac-
tion according to Shirley’s method.

The platinum content in the catalyst was measured by using ICP
on a Vanan 710 instrument. Platinum dispersion was determined
through pulsed CO chemisorption at 35°C, in which Ar (flow rate
30 mLmin~") was used as a carrier gas and a pulse of 10.22 vol%
CO/Ar (0.5173 mL) was injected. Before CO uptake determination,
all samples were pretreated in H, (50 mLmin~") at 400°C for 2 h
and then flushed with Ar (30 mLmin~") for 30 min. An adsorption
stoichiometry of Pt/CO=1 was assumed while determining plati-
num dispersion.

The TPR of the catalyst was performed in a conventional flow
system equipped with a thermal conductivity detector (TCD). The
catalyst (100 mg) was used. The reducing gas was consisted of
10vol% H, in Ar, and its flow rate was 45 mLmin~". The reactor
was heated from RT to 800°C, with a heating rate of 10°Cmin~".

TPD of NH; adsorbed on the catalyst was performed in a conven-
tional flow system equipped with a TCD. The sample was pretreat-
ed in N, at 600°C for 1 h before adsorbing NH;. The NH,;-TPD ex-
periments were performed at 50-600°C under N, flow (flow rate
30 mLmin™"). The heating rate was 10°Cmin~".

Catalytic activity testing

The catalytic activity of the catalyst was measured in a fixed-bed
laboratory microreactor system. The catalyst (200 mg, 40-60 mesh)
was placed in a 10 mm quartz reactor tube. The feed gas was con-
sisted of 2000 ppm C3Hg+2% O,/Ar balanced, and its flow rate
was 100 mLmin™". The reactants and products were analyzed
online by using a GC equipped with a TCD. The catalytic activities
were characterized by propane conversion (%), T, Tso and Ty,
which are the reaction temperatures for the propane conversion of
10, 50, and 90%, respectively. All carbon balances were calculated
and were in the range of 100+ 5%. Reaction rates and TOFs were
measured in a differential mode with the propane conversion of 5-
15% by controlling the W/F ratio. Both external and internal mass
transport limitations can be excluded by varying the particle size
and W/F ratio (the ratio of catalyst weight to total flow rate). All
data were obtained after the reaction stabilizes for 60 min.
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