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WO;-TiO; catalysts were prepared by an incipient wet-impregnation method for high-temperature selective catalytic reduction
(SCR) of NQO,. Structure, surface acidity, and catalytic performance of SCR catalyst according to WO; content (4, 6, 8, and
10 wt.%) were characterized by morphological and spectroscopy analyses. The 10 wt.% WO;-TiO, catalyst had high
conversion efficiency due to the improvement of specific surface area, catalytic acidity, and monolayer capacity of TiO,
support. It was found that tungsten oxide species are dispersed in the interlayer between the grain and the grain boundary
of TiO, support in transmission electron microscopy. The WQ; affected the suppressed grain growth and the improved
Bronsted acid sites that could provide much surface acidity by the grain boundary reinforcement. The structural interaction
between the proper WO; content and TiO, support led to the existence of octahedrally and tetrahedrally coordinated WO;
structures on the surface in the Raman spectra. The enhanced catalytic activity of 10 wt.% WO;-TiO, is attributed to the
increase of the surface acidity (Bronsted acid sites) by the shell formation of WQ; species.
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Introduction chemical activity and phase transition of the catalyst
systems for high temperature SCR [7-9]. It was
The selective catalytic reduction (SCR) of NO, by reported that the high dispersion of the tungsten species

NHjs is an efficient technology to reduce NOy emission achieved on the TiO, spheres, the strong interaction,
in flue gas from stationary sources, which is one of the and the medium-strong acidity are considered to
most convenient, effective, and economical method. contribute to the superior catalytic behavior of the SCR
The SCR catalysts are generally designed to operate in catalysts [10].
the temperature range between 300 and 450 °C [1, 2]. In this study, the effect of WO; content on catalytic
Since the catalytic activity of the conventional catalyst activity for WOs-TiO, catalysts was investigated to
decreases gradually on the long-term operation in elucidate the thermal stability in the context of their
exhaust gases, its durability is required for high tem- catalytic acidity and monolayer capacity. The WO;-TiO,
perature SCR over time [3]. catalysts with different WO; content were prepared
The SCR catalyst with thermal stability is applicable by wet impregnation, and their crystal structure and
for high temperature exhaust gases of 450-600 °C from surface acidity were characterized by morphological
mobile SCR system (i.e. diesel trucks, vessel, etc.) and spectroscopy analyses. The conversion efficiency
or some turbines [3-6]. The V,05/TiO,-based catalyst of the SCR catalysts with different WOj; content was
cannot be used at high temperatures because their observed in the temperature range 250-500 °C.
catalytic activity significantly decreases above 500 °C,
whereas the WO;-TiO, or WOs-V,0;5-TiO, catalysts Experimental
are known to exhibit high SCR activity and good
thermal stability at these temperatures [5, 6]. Specimen preparation
The WOj3 as a promoter is used to enhance the NO The WOs-TiO, SCR catalysts with 4-10 wt. % WO,
conversion efficiency and the temperature window content were prepared by the conventional incipient
because it increased the amount and the strength of wetness impregnation method using a WO; precursor
Brensted acid sites on the catalyst surface [3, 7]. Sev- and the partially sulfated TiO, (96%, SO; —2%) as
eral researchers have been primarily focused on a the support of catalysts. The TiO, powder with a

specific surface area of 280 m*/g was synthesized from
meta-titanic acid, and then the powder was heat-treated
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and the TiO, powder were mixed and ball-milled for 12
h. The slurries were dried in oven at 130 °C for 24 h
and the catalysts with different WO; content (4, 6, 8,
and 10 wt.%) were obtained. The heat treatment for the
thermal stability was carried out using a muftle furnace
maintaining at 800 °C for 3 h.

Characterization

The NO, conversion efficiency of the as-prepared
catalysts in a presence of NH; was measured using a
fixed bed reactor designed on basis of the guideline
VGB-R 302 H e [11]. A feed consisting of 500 ppm
NO, 600 ppm NH;, and 6 vol.% O, (99.99%) with N,
being the carrier gas were used. The conversion
efficiency was observed in the temperature range 250-
500 °C, and each temperature was maintained until
steady-state conditions.

The crystal phase was analyzed using an X-ray
diffractometer (M18XHF, MAC Science, Netherlands)
as for the heat-treated catalysts. The effects of WO,
addition on the morphology of the catalysts were
examined by scanning electron microscope (SEM, S-
4700, Hitachi, Japan) and transmission electron
microscope (TEM, JEN 2100F, JEOL, Japan). The
specific surface areas of catalysts were measured by
BET (Brunauer-Emmett-Teller)-method (ASAP2010,
Micromeritics, USA). The catalytic acidity and the
monolayer capacity were determined by FT-IR (NH;
atmosphere, wave number 2000-1000 cm™, Nicolet
6700, Thermo Scientific, USA) and Raman spectroscopy
(Ar-Ion laser-514 nm, Raman System 2000, Renishaw,
UK), respectively. TEM-EDS (energy dispersive spec-
trometry) analysis was used to identify the composition
of core-shell region. EDS spectra were recorded in
spot-profile analysis by focusing electron beam onto
specific regions of particles.

Results and Discussion

The NO, conversion efficiency for as-prepared
catalysts is shown in Fig. 1. A change of the efficiency
for the catalysts with the different WO; content was not
remarkable under 400 °C, whereas the catalytic efficiency
was abruptly reduced over 400°C. In addition, the
improvement of the efficiency with the WOj; content
could not be clearly confirmed, but degree of the
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efficiency reduction decreased with the increase of
WO; content at 500 °C. It is well known that the
addition of WO; leads to the improvement of thermal
stability and high performance for the SCR reaction
and expansion of temperature window [12]. This result
indicates that thermal stability of the WOs-TiO,
catalysts over the 400 °C is attributed to the addition of
WO;.

Table 1 shows the variation of specific surface areas
and mean diameters of secondary particles for the
catalysts as heated at 800 °C. It was reported that the
addition of WOs; inhibits a grain growth of TiO, and
increases specific surface area in WOj3-TiO, catalysts
[2,4,7]. As shown in Table 1, the size of secondary
particle for the catalysts without the WO; content was
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Fig. 1. NO, conversion efficiency of the WO;-TiO, catalysts

with various tungsten oxides content. Reaction conditions:

[NO]= SOOIppm, [NH;3] =600 ppm, [O,]=6vol. %, GHSV
00 h™.
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Fig. 2. XRD patterns of the WO;-TiO, catalysts with different
tungsten oxides content.

Table 1. Properties of the WO;-TiO, catalysts with various WO; content.

Samples W003 loading Specific sglrface area Mean diameter of secondary particle
(Wt. %) (XRF) (m7/g) (nm)
TiO, None 31 660
4 wt. % WOs-TiO, 43861 38 515
6 wt. % WO;-TiO, 6.3028 39 484
8 wt. % WO;-TiO, 8.4597 43 473
10 wt. % WO;-TiO, 10.8027 44 471
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Fig. 3. SEM images of the powder with different WO; loadings. (a) without WO3, (b) 4 wt.% WOs;, and (c) 10 wt.% WO;.
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Fig. 4. FT-IR spectra of adsorbed ammonia in the range of 1000-
2000 cm™ recorded at room temperature for the WO;-TiO,
catalysts with 4, 6, 8, and 10 wt.% WO; loadings.
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Fig. 5. Raman spectra of the WOs-TiO, catalysts with 4, 6, 8, and
10 wt.% WO; content.

660 nm and the reduction of the size of secondary
particle was found from 515 nm to 471 nm as increased
of the WO; content. The specific surface areas of the
catalysts were increased by WO; addition.

The X-ray diffraction patterns of the WO;-TiO,
catalysts with various WOs; content are presented in
Fig. 2. The peak of WO; was not detected for the
catalyst with 4 wt.% WO; content. The anatase phase
of TiO, was detected but the rutile phase was not
observed. It indicated that tungsten species in WOs-
TiO, catalysts were well-dispersed on TiO, with low
crystallinity [12-14].

Fig. 3 shows the morphology of the WOs-TiO,
catalysts as heated at 800 °C for 3 h. The particle size
of the WOs-TiO, catalysts increased with the increase
of calcination temperature. This result was consistent
with the specific surface area as shown in table 1. The
suppression of grain growth of the catalyst with 10 wt.
% WOs-TiO, was observed at 800 °C, whereas that
was not occurred without WO; content.

The adsorption activities of the WO;-TiO, catalysts
with 4, 6, 8, and 10 wt.% WO; were measured by FT-
IR of adsorbed NHj;. In Fig. 4, the spectra show two
distinct bands. The band around 1444 cm™ indicates
coordinated ammonia adsorbed on Lewis acid sites,
and the other one is Bronsted acid sites which are
corresponded to typical ammonium cations produced
by ammonia protonation at 1640 cm™ [3, 15-17]. In
addition, the intensity of Brensted and Lewis acid sites
gradually increased with increasing WO; contents.
Among them, Bronsted acid sites are associated with
W-OH groups. It was reported that Brensted acid sites
were present in catalysts with WO; and not detected in
a pure TiO, [16, 18]. Brensted acid sites of the catalyst
with 10 wt.% WO; content were higher than the
catalyst with 4 wt.% WO; content. The increase of
Bronsted acid sites improves the catalytic activity
because tungstenyls centers act as adsorption sites for
molecularly adsorbed ammonia. Consequently, the
surface acidity and the catalytic activity were enhanced
by the interaction of the tungsten oxide species with
titania on the surface.

Fig. 5 presents Raman spectra of WOs-TiO, catalysts
with 4-10 wt.% WOs; content, which were heat-treated
at 800°C. The broad bands ranging from 950 to
1024 cm™, which are centered around 984 cm™' and
the broad band around 790 cm™ are ascribed to the
existence of polymeric tungsten oxide species which
are tetrahedrally and octahedrally coordinated [19-21].
The strong peak at 784 cm™' consists of second-order
anatase and WO; crystalline, in which tungsten atoms
have octahedral coordination at high W concentration.
The more the WOs content in WO5-TiO, catalysts, the
higher the intensity of the peak around 784 cm™
became. The peak due to crystalline WO; was faintly
observed for WO;-TiO, catalysts with 4 and 6 wt. %
WO;, whereas the peak became more obvious for
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Fig. 6. TEM micrograph and EDS spot profiles of the WO;-TiO; catalysts with different WO; content: (a) 4 wt.% and (b) 10 wt.%.

WO;-TiO; catalysts with 10 wt.% WOj3;. The observed
peak intensity with increasing WO; content was
attributed to the change of coordination in W species to
octahedral.

Fig. 6 shows TEM micrographs and EDS spot
profiles of the heat-treated catalysts at 800 °C with 4 and
10 wt.% WO; loadings. A shell region distinguished
from a core area was also observed at the grain
boundary. The EDS spot profile was carried out in
order to identify the tungsten oxide species on the grain
boundary, and it indicated that the concentration of the
WOj; species was higher in the shell region than the
core area. This suggests that the amorphous layer of
tungsten oxide species have covered on the TiO,
surface after heat treatment. It has been reported that
increasing of the amount of WOj; loading in TiO,
particle suppressed the subsequent growth of the
particles, and this suppression tend to increase in
specific surface area [3, 8, 22]. In the present study, the
enhanced catalytic properties of WO;-TiO, catalyst
were attributed by the shell formation containing WOs;,
which led to the suppression of grain growth and the
improvement of surface acidity [7, 23].

Conclusions

The effects of additive WO; on catalytic activity over
the WO;-TiO, catalysts were examined by FT-IR,
Raman, and TEM-EDS analyses. The results presented
that WOs-TiO, catalyst is considerably dependent on
temperature range and WOj; content in SCR reaction.
The catalyst with 10 wt.% WO; content showed

higher NOy conversion efficiency than the others. The
enhancement of specific surface area, surface acidity
(Breonsted acid sites), and monolayer capacity of the
WO;-TiO, catalysts were observed as the increase of
WO; content. TEM-EDS analysis indicated that the
core area was clearly distinguished from the shell
region in terms of the existence of WO; boundaries,
and this shell formation led to the suppression of grain
growth and the improvement of catalytic activity. Thus,
the addition of WO; reinforced the surface acidity due
to the octahedrally and tetrahedrally coordinated WO;
structures at the grain boundary.
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