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Abstract: A series of WO;3-modified MnO,/TiO; catalysts were prepared by three different impregnation methods and were investigated by
specific surface area measurement, X-ray diffraction, laser Raman spectroscopy, H, temperature-programmed reduction, high-resolution
transmission electron microscopy, and in situ Fourier transform infrared spectroscopy. The three-component catalysts obtained with the
one-step impregnation exhibited the best catalytic activity. The characterization data revealed that a synergism between tungsten and manga-
nese oxide existed in the catalysts when tungsten was loaded either prior to or simultaneously with manganese, which made the active com-
ponents better dispersed and blocked the transformation of TiO, from the anatase to rutile structure. The manganese oxide existed in the form
of Mn,O; on all the samples but was accompanied by a small amount of MnO; for 15%MnO,-5%WO3/TiO,. WO; improved the reducibility
and enhanced the amount and strength of the surface acid sites, especially the Bronsted acid sites and promoted the formation of the active
intermediate (—-NH>). Lewis acid sites had the major role in the low temperature selective catalytic reduction reaction while surface -NH,
was an important intermediate species.
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There is interest in developing a low temperature
(353-533 K) selective catalytic reduction (SCR) catalyst so
that the catalyst bed can be placed downstream of the
desulfurization scrubber and/or particulate control device
where most of sulfur dioxide and dust is removed to have
less deactivation. Some transition metal containing cata-
lysts, including Cr/TiO, [1], NiSO,/Al1,05 [2], MnO,/Al,O4
[3], V,Os/activated carbon [4], CuO/Al,O; [5], CuO/TiO,
[6], Fe,O3/TiO, [7], iron-silica aerogels [8], MnO,/NaY [9],
and other oxides [10], had been investigated and shown to
be active for medium temperature SCR of NO with NHj; in
the presence of excess oxygen. Pefia et al. [11] investigated
a series of catalysts prepared from various transition metal
oxides (V, Cr, Mn, Fe, Co, Ni, and Cu) on titania and re-
ported that MnO,/TiO, catalysts can be used below 423 K
with both high NO conversion and N, selectivity.

Manganese oxide has attracted interest for its higher SCR
activity at low temperature. It contains various types of la-
bile oxygen, which are necessary in the catalytic cycle[12].
Mn-based low temperature catalysts that have been investi-
gated can be divided into three categories: unsupported,
supported, and binary metal oxide-based catalysts. The ac-
tivity and selectivity of pure manganese oxide in SCR was
investigated by Kapteijn et al. [12], and 90% NO conversion
was obtained at 450 K. For the supported catalysts, carriers
like Al,O5 [3], TiO,[13,14], USY [15], MnO,/AC [16], and
MnO,/ACF [17] have been widely studied. Among these,
MnO,/TiO, catalysts gave a higher catalytic activity at low
temperature [11]. The other kind of Mn-based catalysts are
mixed oxides doped with a transitional metal to make use of
a synergistic effect between the two metal oxides. Mn-Fe
composite oxides have been investigated. Chen et al. [18]
reported that a Fe(0.4)-MnO, catalyst showed the best activ-
ity, yielding 98.8% NO, conversion and 100% selectivity
for N, at 393 K and a space velocity of 30000 h™". This may
be due to the formation of the active center FesMn;Og. Liu
et al. [19] reported that the interaction of iron, manganese,
and titanium species in FeypsMn,sTiO, catalyst gave the
highest SCR activity. Some researchers have suggested that
adding other metal oxides into MnO,/TiO, can give it a
higher low temperature activity. For examples, Li et al.[20]
prepared a series of Cr-Mn catalysts by co-precipitation and
found that Cr(0.4)-MnO, had a high low temperature SCR
activity due to the formation of CrMn;s0,. Wu et al. [21]
studied the effect of various transition metals (Fe, Cu, Ni,
and Cr) on the catalytic activity of a Mn/TiO, catalyst and
reported that the ternary oxides exhibited better catalytic
performance than the double oxide counterparts. In particu-
lar, Cu (0.1)-Mn(0.6)/TiO, and Cr(0.1)-Mn(0.6)/TiO, gave
95% NO reduction at 413 K and Ni(0.1)-Mn(0.6)/TiO, gave
99% conversion. In addition, the carrier-free Cr(0.4)-MnO,
catalyst prepared by Chen et al. [22] gave 98.5% NO con-

version at 393 K. Wu et al. [23] investigated TiO,-supported
MnO, catalysts doped with a second metal, e.g., Fe,0;,
WOs;, MoO;, and Cr,0; and found that the catalytic per-
formance at low temperatures decreased in the order of
Mn-W/TiO, > Mn-Fe/TiO, > Mn-Cr/TiO, > Mn-Mo/TiO,,
but the N, selectivity decreased in the order of Mn-Fe/TiO,
> Mn-W/TiO,> Mn-Mo/TiO,> Mn-Cr/ TiO,. In our previ-
ous studies [24], it was also confirmed that Mo improved
the catalytic activity and SO, resistance of MnO,/TiO,.

WO; is widely used as a promoter in the commercial
V,05-WO;/TiO, catalyst. WO; provides high thermal stabil-
ity to the catalyst by forming W-Ti—O chemical bonds on
the TiO, surface [25], which inhibited the sintering of ana-
tase TiO, and the anatase to rutile transition. In addition,
WO; was reported to give a wider temperature window of
SCR, increased the poison resistance to alkali metal oxides
and arsenic oxide, and reduced ammonia oxidation and SO,
oxidation [26]. With some SO, remaining even after the
desulfurizer, both TiO, and WO; were more resistant to
sulfur poisoning. Therefore, the ternary WO;3;-MnO,/TiO,
catalyst can be a good catalyst for the low temperature SCR
system.

In our previous report [27], the effect of WO; modifica-
tion on a MnO,/TiO, catalyst was studied. In this report, our
research was focused on the comparative study of
MnO,-WO5/TiO, catalysts synthesized by a one-step im-
pregnation method with two different step-by-step prepara-
tion methods [27]. The catalysts were characterized by spe-
cific surface area measurement, X-ray diffraction (XRD),
high-resolution  transmission  electron = microscopy
(HRTEM), laser Raman spectroscopy (LRS), H, tempera-
ture-programmed reduction (H,-TPR), and in situ FT-IR.

1 Experimental
1.1 Preparation of catalysts

The MnO,/TiO, samples were prepared by the impregna-
tion of TiO, (Degussa, P25) with manganese acetate. The
deionized water (50 ml) was added to an 80 ml beaker con-
taining 2.0 g of TiO, with steady stirring. Then, the appro-
priate amount of manganese acetate precursor was added.

WO,/TiO, catalysts were also prepared by impregnating
the same titania support with a water solution of ammonium
paratungstate and oxalic acid. MnO,/WO;/TiO, catalysts
were synthesized by a step-by-step impregnation of
WO;/TiO, with the solution of manganese acetate.
WO,;/MnO,/TiO, catalyst was also prepared by the
step-by-step impregnation of MnO,/TiO, with a solution of
paratungstate  and
MnO,-WO5/TiO, catalyst was prepared by a one-step im-
pregnation method. The required amount of hydrated am-

ammonium oxalic acid. The



www.chxb.cn

RSP 2 WOs B 7 VR MnOW/TiO, fiEAL MG AL NH; 8 IR NO H¢1: 5 1525

monium paratungstate was added and dissolved in the solu-
tion of oxalic acid. Then, manganese acetate was added and
the carrier titania was added to the mixture with continu-
ously stirring. All the mixtures obtained after impregnation
were stirred for 2 h at 25 °C and then at 85 °C for 4 h before
they were dried overnight at 110 °C and calcined at 500 °C
for 2 h. The loadings of MnO, and WO; were 15 wt% and 5
wt%, respectively.

1.2 Catalytic activity

SCR activity measurements were carried out in a fixed
bed reactor (i.d. 6 mm) at 80-300 °C containing 0.3 g of
catalyst with a gas hourly space velocity (GHSV) of 24,000
h™'. The total gas flow was 100 ml/min, which was pre-
mixed in a gas mixer to give the simulated gas of 0.08% of
NO, 0.08% of NHj3, 5% of O,, and balanced by N,. Then the
gas mixture was fed into the reactor. The NO and NO, con-
centrations were continuously monitored by a flue gas ana-
lyzer (Testo 330-2 LL).

1.3 Characterization of catalysts

Specific surface areas of the catalysts were measured by
nitrogen adsorption at liquid N, temperature (—196 °C), us-
ing a Micromeritics F-sorb 3400 (Beijing Jinaipu, China)
adsorption apparatus. An XD-3 diffractometer (Beijing
PEPSEE, China) was employed with Cu K, radiation (4 =
0.15406 nm) to get the XRD patterns of the catalysts.
H,-TPR was carried out in a quartz U-tube reactor con-
nected to a thermal conduction detector (TCD) using a
H,-Ar mixture (7.3% H, by volume) as reductant. TPR was
started from room temperature to 700 °C at a rate of 10
°C/min. Raman analysis was carried out on a Renishaw RM
2000 confocal microscope Raman spectrometer. A visible
laser was used as the excitation light source with the fol-
lowing analysis parameters: output light intensity at 100%
and 50%, scanning from 1200 to 100 cm™" with a resolution
of 1 cm™', the wavelength of the laser at 514.5 nm and the
microscopic confocal area less than or equal to 1 pum.

The size and morphology of all the samples were meas-
ured with a JEM-2100 (JEOL, Japan) HRTEM. In situ
FT-IR of ammonia adsorption was carried out on a Nicolet
5700 FT-IR instrument (Thermo Electron Corporation,
USA) running at 4 cm™' resolutions.

2 Results and discussion
2.1 Specific surface area

Table 1 presented the specific surface area of the different
catalysts. It was 55.3 m?/g for the original titania carrier, and

it was decreased after Mn was loaded. Combined with the
XRD results discussed later, which indicated that there was
no crystalline manganese oxide on the surface, it can be
inferred that amorphous MnO, was dispersed on the surface
of titania and occupied the pores, hence resulting in the de-
crease of surface area. For the sample with 5% of WO,
loaded on the TiO; carrier, the specific surface area was 58.7
m’/g. The result suggested that a low WO, loading can im-
prove the structure of the carrier and increase the specific
surface area as well.

Table 1 Specific surface area of the different catalysts

Sample Agpr/(m*/g)
TiO, 55.3
5%WO5/TiO, 58.7
15%Mn0O,/TiO, 49.7
15%MnO,/5%WO5/TiO, 523
5%WO05;/15%MnO,/TiO, 32.8
15%MnO,-5%WO5/TiO, 50.8

The influence of the loading sequence of WOj; on the ter-
tiary oxides catalyst was also investigated. Of all he modi-
fied MnO,/TiO, samples with 5% WO, the
15%MnO,/5%WO;/TiO, sample possessed the largest spe-
cific surface area (52.3 mz/g). The 15%MnO0O,-5%W 0;/TiO,
sample exhibited a similar specific surface area (50.8 m’/g),
while for the 5%WO0O5/15%MnO,/TiO, sample, the specific
surface area decreased to 32.8 m*/g, which was possibly due
to the sintering of the metal oxide on the surface of
MnO,/TiO,. This result showed the excellent thermal stabil-
ity of the tungsten-modified carrier, WO5/TiO,.

2.2 XRD analysis

Figure 1 showed the XRD patterns of the different cata-
lysts and carriers. Many peaks for anatase TiO, were ob-
served while only a few peaks of rutile TiO, were detected
for the carrier. With 15% MnO, loading, the peaks corre-
sponding to TiO, were still clearly observed but their inten-
sities had decreased, which suggested that Mn had inter-
acted with TiO, and covered the surface of TiO, [28].
However, for the 5% WO;/TiO, sample, the intensity of the
peak at 41.23° attributed to rutile TiO, was lower and even
zero while the peaks for anatase TiO, were detected but
were also weaker, as shown in Fig. 1(5). All WO;-modified
MnO,/TiO, samples exhibited similar XRD patterns except
that: (1) for the 15%MnO,/5%WO,;/TiO, sample, the strong
characteristic peak for rutile titania at 27.5°, and the weak
peaks at 36.08° and 41.23° were not observed, while the
peak at 68.76° ascribed to anatase TiO, became almost zero,
(2) for the other two WOs-containing MnO,/TiO, samples,
ie. 15%MnO,-5%WO0,/TiO, and 5%WO;/15MnO,/TiO,,
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Fig. 1. XRD patterns of catalysts and supports. (1) TiO,; (2) Fig. 2. LRS spectra of catalysts with TiO, as the reference of TiO,

15%MnO,/TiOs; (3) 15%MnO,/5%WO;/TiO;; (4) 5%WO03/15%MnO,/
TiOy; (5) 5%WO5/TiOs; (6) 15%MnO,-5%WO5/TiO,.

the XRD patterns were almost identical except that the weak
peak corresponding to rutile TiO, (41.23°) had disappeared
with the former while all other TiO, peaks were stronger
than those of the latter sample. According to previous stud-
ies, the adding of WO; to TiO, can stabilize the crystal
structure, thus preventing the transition from the anatase to
rutile phase [29]. Hence, it was concluded that: (1) the dis-
appearance of the rutile peaks was caused by the addition of
WO;, (2) the loading of tungsten prior to manganese gave
the best dispersion of active components, indicating the
strong interaction between the two metal oxides, and (3) the
combination of WO; and MnO, blocked the transformation
from anatase to rutile.

For all the samples, no obvious peaks corresponding to
MnO, and WO; were observed, indicating that both metal
oxides were highly dispersed on the surface.

2.3 LRS analysis

The comparison of the LRS spectra between the support
and MnO,/TiO, was shown in Fig. 2. It showed that after
impregnating manganese oxide on the carrier, the peaks
corresponding to anatase TiO, were much weakened but
there was no appearance of manganese oxide, which was
consistent with the XRD analysis. This indicated that Mn
interacted with TiO, in the catalysts and covered the surface
of TiO,. There was no obvious change in the peak positions
and intensities in the Raman spectra after adding 5% WO,
into the MnO,/TiO, catalysts (Figs. 2(2) and (3)).

2.4 Reduction properties of the catalysts
The catalytic activity of a SCR catalyst is closely related

to its oxidation-reduction (redox) property, and a more fac-
ile redox property helps the transition of NO to NO,, and

(1), 15%MnO,/TiO; (2), and 15%MnO,-5%WO5/TiO; (3).

thereby improves catalytic efficiency [30]. Figure 3 showed
H,-TPR spectra of the various catalysts modified with tung-
sten. The temperature at peak maximum and integrated peak
areas showed that the reduction behavior of supported
manganese catalysts mainly depends on the reducibility of
the pure oxide support because the support oxide determines
the reactivity of the bridging Mn—O—support functionality.
Figure 3 shows the H,-TPR profiles of different catalyst.
For the unmodified 15%MnO,/TiO, catalyst, two reduction
peaks at 325 and 419 °C were observed. Due to the ex-
tremely weak reducibility of WO; and TiO,, these TPR
peaks of the mixed oxides can be associated with the reduc-
tion of manganese oxide. The first peak, which was rela-
tively weak but broad, probably corresponded to the reduc-
tion of Mn,O;—Mn;0,, while the latter was attributed to
the reduction of Mn;O,—MnO [31]. As reported by Li et al.
and Kapteijn et al. [12], the MnO,/TiO, catalyst prepared by
the manganese acetate precursor had mainly Mn,0; species
[32]. After it was modified by tungsten oxide with the step-
wise impregnation method, the first reduction peak of the

401

TCD signal

v b b b P b b by
150 200 250 300 350 400 450 500 550
Temperature (°C)

Fig. 3. H,-TPR profiles of various catalysts. (1) 15%MnO,/TiO»; (2)
15%MnO./5%WO;/ TiO; (3) 15%MnO,-5%WO/TiO,.
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catalyst was shifted to a lower temperature and the peak
area was increased, indicating that the addition of WO; im-
proved the reducibility of the MnO,/TiO, catalyst.

However, in the profile of the 15%MnO,-5%WO;/TiO,
sample, the peak for dispersed MnO, reduction was shifted
to an even lower temperature after the addition of WOs;, and
the first reduction peak at 325 °C was split into two peaks at
232 and 318 °C. In addition, the second peak at 419 °C had
also shifted to a lower temperature (410 °C). These three
peaks can be assigned to the stepwise reduction of surface
dispersed MnO, species, i.e., Mn*" —>Mn*"— Mn***—>Mn**
[31]. The result suggested that the reduction behavior of
MnO, and oxidation state of Mn were affected by WO; ad-
dition.

In order to further understand the relationship between
the preparation method of the Mn-based catalysts and the
states of the Mn species, the peaks areas of the TPR profiles
were integrated (shown in Table 2). The overlapping peaks

were deconvoluted with Gaussian-Lorentz curves. From
Table 2, it can be observed that the peak areas of the dis-
persed MnO, species were increased after doping with WO;.
In particular, the 15%MnO,-5%WO;/Ti0, sample exhibited
the largest peak area of H, reduction and had the biggest
H,/Mn ratio, which clearly indicated that the manganese
oxide was dispersed well. This can be explained by a
nano-size effect. Smaller particles of mixed oxides have
more exposed surface oxygen that readily reacted with hy-
drogen during reduction. Furthermore, it is also noteworthy
that the H, consumption peak at 318 °C (from the reduction
of Mn*"— Mn*") was larger than that of the peak at 232 °C
(reduction of Mn*'— Mn®**"
reduction of Mn,O3 to Mn;0, occurring before the former
was complete due to H, spillover, which has been reported
elsewhere [33]. Hence, it was confirmed that the MnO, on
the surface was mainly Mn,0; accompanied with some
MnO,.

). This may be ascribed to the

Table 2 Peak information of the H,-TPR results

Sample Dispersed MnO, Total peak  I(peak I)/ (I(peak IT ) + I(peak 1)) H,/Mn (mol/mol)

PeakI PeakIl Peak Il area I(peak 1I) /(peak III) Peak I Peak II Peak III Total
5%MnO,/TiO, 17.80 26.19 — 43.99 0.68 — 0.06 0.09 0.00 0.15
15%MnO,/5%WO;/TiO, 28.81 2231 — 51.12 1.29 — 0.10 0.08 0.00 0.17
15%MnO,-5%WO,/TiO, 7.60  30.50 33.61 71.71 0.25 1.13 0.03 0.10 0.11 0.25

By comparing the ratio of the peak areas of Peaks I-III
(shown in Table 2), for the unmodified sample, the reduc-
tion extent of Mn,O; to Mn;O, was lower than that of
Mn;0, to MnO. The reduction of Mn,0; to Mn;0, domi-
nated the reduction process as for 15%MnO,/5%WO;/TiO,.
For the 15%MnO,-5%WO5/TiO, sample, the reductions of
Mn,0; to Mn;0, and Mn;0,4 to MnO were the main reduc-
tion processes. The ratio /(peak I)/I(peak II) or (/(peak I) +
I(peak I1))/I(peak III)) was in the sequence: 15%MnO,/
5%WO05/TiO, > 15%MnO,-5%WO;/TiO, > 15%MnO,/
TiO,. A higher ratio indicated a higher reducibility.

Taken together, the above analysis showed that the dif-
ference in reducibility reflected as peak maximum and peak
area of these Mn-based mixed oxides depended strongly on
the nature of the tungsten oxide employed. It was concluded
that WO, greatly improved the reducibility of MnO,-TiO,
mixed oxides, especially in the low temperature window.
From the positions of the H, reduction peaks and the areas,
the 15%MnO,-5%WO;/TiO, sample had the most facile
reducibility.

2.5 Insitu FT-IR of NH; adsorption

To further investigate the influence of WO; addition and
the various modification methods on the surface properties,

in situ FT-IR analysis of NH; adsorption was employed. The
results are shown in Fig. 4. The FT-IR spectra of ammonia
adsorbed on acidic catalysts has been investigated exten-
sively. The N-H deformation vibration of adsorbed ammo-
nia, from 1000 to 1700 cm™', is an important fingerprint to
differentiate the Lewis acid from Bronsted acid [34,35].
Alejandre et al. [36] reported that the band at 1600 cm™' was
associated with the asymmetric deformation vibration of
ammonia adsorbed on a Lewis acid site, and the bands with

1614
M
S 1527
(=1
'é ® 1680
: 1129
[_1
Q)]
—#———_~———_—§\\\\\,///F\Ii54 1168
L L L | L L L | L L L | L L L | L
2000 1800 1600 1400 1200

Wavenumber (cm™)
Fig. 4. NH; IR spectra of the three samples at 25 °C. (1) 15%
MnO,/TiOs; (2) 15%MnO,5%WO5/TiOy; (3) 15%MnO,/5%WOs/
TiO,.
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two split components at 1222 and 1155 cm™' was due to the
symmetric deformation of this type of adsorbed ammonia.
On the other hand, many studies confirmed that the bands at
1450 and 1680 cm™' arise from the asymmetric and sym-
metric deformation of NH," (5,((NH,") and J,(NH,;")) bound
to Bronsted acid sites [36,37]. Therefore, Lewis acid and
Bronsted acid sites existed on all the samples, as indicated
by the bands at 1614, 1168, and 1129 cm™' (Lewis acid
sites), and 1680 and 1454 cm™' (Bronsted acid sites). How-
ever, the number and size of the NH; adsorption peaks were
different for the three samples.

For the MnO,/TiO, sample, a stronger adsorption peak at
1614 cm™' and weaker peaks at 1454 and 1168 cm ™' ap-
peared, indicating that there were two kinds of Lewis acid
sites and one kind of Bronsted acid sites.

For the sample prepared by the step-by-step impregna-
tion, the peak at 1168 cm ' was shifted to 1129 cm™' and
was slightly more intense, showing it had more Lewis acid
sites. Meanwhile, the NH; adsorption peaks on 1614 and
1454 cm™' sites were stable. It is worth noting that two new
bands at 1680 and 1527 cm™"' appeared. The former at 1680
cm ' was ascribed to NH; adsorption on Brénsted acid sites
[38]. Ramis et al. [39] proposed that the band at 1535 cm’
was due to amide species. Tsyganenko et al. [38] reported
that a NH, deformation mode was observed in 1505-1580
cm'. Accordingly, the bands at 1527 cm™' can be ascribed
to the amide species. From the above analysis, it can be
concluded that the addition of WOj; increased considerably
the surface acidity of the original mixed oxides, especially
the Bronsted acidity, which was due to the strong Bronsted
acidity of WO; [40]. Moreover, the WO; modified sample
possessed more of the active intermediate species (—NH,)
for the NH; oxidation reaction.

Another WO;-containing sample, i.e. the 15%MnO,-
5%WOs/TiO, sample prepared by one-step impregnation,
displayed an almost identical NHj; spectra except that the
peak area was larger, indicating that a larger amount of acid
sites existed on the surface of the catalyst.

The above analysis showed that WO; doping drastically
increased the surface acid sites of the MnO,/TiO, samples,
while the various loading methods of WO; affected the
amount of acid sites on the surface.

For a further comparison of the acid sites on the catalysts,
FT-IR results of ammonia adsorbed on the three samples at
different temperatures were presented in Fig. 5. The pres-
ence of the adsorbed species at high temperatures was used
to indicate the relative strength of the different acid sites.
With increasing temperature, all the peaks associated with
adsorbed ammonia on both Lewis acid sites and Bronsted
acid sites gradually diminished until they had almost disap-
peared at 300 °C except for the peaks at 1680 and 1614
cm ' from the WO;-modified samples. This indicated coor-

Transmittance

Transmittance

Transmittance

1614

1454

L L Il L L L Il L L L Il L L L
1600 1400 1200 1000

Wavenumber (cm™)

L L L Il L
2000 1800
Fig. 5. FT-IR spectra of adsorbed NH; at different temperatures on
15%MnO,/TiO, (a), 15%MnO,/5%WOs/TiO, (b), and 15%MnO,-
5%WO5/TiO; (c).

dinated ammonia was more thermally stable than ammo-
nium ions on the tri-component catalysts.

A group of new peaks at 1552 c¢cm™' for the 15%MnO,/
TiO, sample and at 1527 em™ for the 15%MnO,-5%WO,/
TiO, sample appeared and became stronger as the tempera-
ture increased. In addition, the group of weak peak at 1527
cem™ for the 15%MnO,/5%WO,/TiO, sample also became
stronger with the temperature increase. The peak at 1552
cm™ was attributed to the intermediate species (—NH,).
With the increase of temperature, the peak intensity of
J¢(NH;) declined gradually while that of the —NH, species
increased, indicating that —-NH, was formed from the de-
composition of coordinated ammonia adsorbed on Lewis
acid sites. Hence, it can be suggested that in addition to
more surface acidity, the WOs-modified catalysts also had
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more active intermediates for the NH; oxidation reaction,
which would be the reason for its higher catalytic activity.

2.6 HRTEM characterization

To understand the effect of the addition of WO; on the
morphology and surface properties, HRTEM analysis was
carried out on selected samples. Figure 6 showed HRTEM
images from the catalysts prepared by the step-by-step im-
pregnation and one-step impregnation. The catalysts were
basically well dispersed spherical particles with the average
diameter of 17 nm, which was in agreement with the XRD
results. There was no real agglomeration of the particles,
and there was just the trivial sectional agglomeration with-
out distinct boundaries among the particles.

To determine the structure of these small particles, elec-
tron diffraction analysis was used. The results were shown
in Fig. 7. The electron diffraction patterns indicated that
MnO, and WO; were both microscopic crystals. Compared
with the images from the sample from the one-step impreg-
nation, the images for the 15%MnO,/5%WO;/TiO, sample
had relatively clear and diffuse concentric circles with
deepened halo, which indicated they were more polycrystal-
line and amorphous.

There was no big difference for the catalysts prepared
with step-by-step or one-step impregnation in the HRTEM

5 1/nm

Fig. 6. HRTEM images of 15%MnO,/5%WO5/TiO; (a) and 15%MnO,-5%WO;/TiO, (b).

images. The catalyst obtained by one-step impregnation
showed better dispersion than that from the step-by-step
method.

2.7 Catalytic performance

Figure 8 showed that the optimum SCR activities of the
catalysts were at 160-240 °C for all the samples. After add-
ing 5% of WOj; to the 15%MnO,/TiO, catalyst, the catalytic
activity exhibited different changes, which were determined
by the impregnation sequence of the binary oxides, i.e.,
WOj; and MnO,, on the support. As shown in Fig. 8, when
loaded before (5%WO;/
15%MnO,/Ti0,), the catalytic activity displayed a declining
trend in the whole temperature window (80-240 °C). The
highest NO conversion rate dropped to 45% at 200 °C. For
the other two kinds of WO;-modified catalysts obtained by
the one-step impregnation and step-by-step impregnation

manganese = was tungsten

with prior addition of tungsten oxide, the NO conversion
rates were enhanced. In the temperature range of 160-240
°C, the NO conversion rate was above 70%, indicating that
the addition of WOj; improved the catalytic activity of the
MnO,/TiO, catalyst. The improvement of catalytic per-
formance was affected by the addition method of WO;. The
15%MnO,-5%WO;/TiO, sample gave the best catalytic
performance with over 85% NO conversion rate in a wider

= L. N
[ == et R [t N -t N

Fig. 7. Electron diffraction patterns of 15%MnO,/5%WO5/TiO; (a) and 15%MnO,-5%WO/TiO; (b).
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100 [48] studied the mechanism of SCR of NO with ammonia at
A/A/A—/A\A low temperatures on a MnO,/Al,O; catalyst. They reported
ok that the reaction starts with the adsorption of NH; on Lewis
s acid, which was subsequently transforms into NH,. NH,
_§ 6ol then reacts with gas phase NO (E-R mechanism) and nitrite

§ intermediates on the surface (L-H mechanism).
§ From the FT-IR result on adsorbed NH;, the
% 40 15%MnO,TiO, WO;-rr.lodiﬁe?d. cataly§ts have a higher ¥0w temper?lture
ol —5— 15%MnO,/5%WOy/TiO, catalytic act1v1ty, which was dl?e.to their compara.tlvely
—a— 5%WO5/15%MnO,/TiO, stable and considerate surface acidity and the formation of
—— 15%Mn0,-5%WOy/TiO; the active intermediate (-NH,). Concerning the abundant

0 s | | i P i i i P |

60 80 100 120 140 160 180 200 220 240 260
Temperature (°C)

Fig. 8. NO conversion rates for the different catalysts.

temperature window (80-240 °C), which could be explained
by the FT-IR analysis that the active sites for NH; adsorp-
tion were increased by WO; modification.

It is generally accepted that SCR activity is related to the
surface acidity of the catalyst. However, Busca et al. [41]
suggested that there is still some debate concerning the na-
ture of the active sites and the active ammonia species.
Some computational results indicated that the reaction occur
on either Lewis acid or Bronsted acid sites, and the corre-
sponding mechanism was proposed [42,43]. It is believed
that Bronsted acid sites are not necessary for the reaction at
low temperatures [11] while they are important for better
catalytic activity for medium temperature SCR operation
[44,45]. Zhu et al.[46] suggested that the activities at dif-
ferent temperatures were related to the acidity of the cata-
lysts. They suggested that at low temperatures below 200
°C , weak Lewis acid sites were the main active sites, at
medium temperature (~250-300 °C), Bronsted acid sites
were the primary active sites, and at high temperatures
(>350 °C), strong Lewis acid sites also promoted the reac-
tion. Chen et al. [47] prepared a CeO,-WO; catalyst that
gave almost 100% NO conversion in the wide temperature
range of 200450 °C. They proposed that both NH*" and
coordinated NHj; contributed to the SCR reaction.

The mechanism of the surface transformation of NO, on
Mn-based catalysts has been studied extensively. Qi et al.
[30] proposed that the reaction of NH, and NO, and then the
formation of nitrosamine (NH,NO) is a typical SCR mecha-
nism for V,05/TiO, and manganese-based catalysts. Gase-
ous NO reacts with NH, to form a nitrosamine that decom-
poses into N, and H,O. Kapteijn et al. [12] suggested that
the interaction of NO, NHj;, and O, on manganese oxide can
be explained by a model where NH; was successively de-
hydrogenated by surface oxygen. In this model, the inter-
mediate (—-NH,) reacts with NO to form N,, while (-NH) or
(-N) species only react with NO to give N,O. Kijlstra et al.

Bronsted acid sites on WO;3/TiO, and its excellent high
temperature catalytic activity [26], we can confirm that the
Lewis acid sites played a major role in the low temperature
catalytic reduction of NO, while the Bronsted acid sites
were important for the medium temperature reaction. In
particular, the WO;-doped samples synthesized by the
one-step impregnation exhibited the best catalytic perform-
ance, which can be attributed to their slightly larger amount
of Lewis acid sites (~1614 cm™"). Therefore, we also con-
cluded that the Lewis acid sites in the high wavenumber
region were important for the low temperature SCR reac-
tion.

There were other factors that contributed to the excellent
performance of the 15%MnO,-5%WO5/TiO, sample. A
larger specific surface area and low crystallinity were also
important. Furthermore, the H,-TPR results revealed that
the 15%MnO,-5%WO;/TiO, sample possessed excellent
reducilibility. The results showed that the one-step
impregantion was not only simpler, but also gave better low
temperature catalytic acitivity.

3 Conclusions

The method of WOj; addition, whether by stepwise or
one-step impregnation, determined the structure, dispersion
of active components, and redox properties and surface
acidity of the ternary oxides. The 15%MnO,-5%WO5/TiO,
and 15%MnO,/5%WO;/TiO, samples gave higher catalytic
activity, with the former catalyst giving the best activity of
above 85% NO conversion and a low take-off temperature
at 80 °C. The characterization techniques revealed that a
synergistic effect of tungsten and manganese oxides existed
in the catalyst. XRD, HRTEM, and H,-TPR results revealed
that the 15%MnO,-5%WO;/TiO, sample was well dispersed
and possessed a large specific surface area. The H,-TPR
analysis showed the existence of Mn,0O; on all the samples
and the presence of a small amount of MnO, for
15%MnO,-5%WO0O;/TiO,, which showed the best reducibil-
ity. In the WOs-containing mixed oxides, MnO, provided
adsorption sites, while WO; increased the amount and
strength of Bronsted acid sites and enhanced NO oxidation.
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Both ionic NH*" and coordinated NHj; contribute to the SCR
reaction, while Lewis acid sites and the active intermediate
(—NH,) had the major role.
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