#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Selective catalytic reduction of NO over W-Zr-O,/
TiO,: performance study of hierarchical pore
structuref

i ") Check for updates ‘

Cite this: RSC Adv., 2021, 11, 33361

Qijie Jin,*® Yao Lu,® Wenyu Ji,? Bo Yang,? Mutao Xu,® Zhiwei Xue,© Yi Dai®

and Haitao Xu @ *2

A series of W-Zr-O,/TiO, catalysts with hierarchical pore structure were prepared and used for selective
catalytic reduction of NO by NHs. Results showed that the 5C-WZ/T had a hierarchical pore structure,
and exhibited high catalytic activity and good resistance to water and sulfur poisoning. The activity of the
5C-WZ/T catalyst was close to 100% in the range of 350-500 °C. The hierarchical pore structure not
only improved the specific surface area, redox performance, and acid quantity, but also enabled the
catalyst to expose more active sites and improved the catalytic performance. Although the reducing
atmosphere caused by citric acid monohydrate reduced the chemical adsorption oxygen concentration,
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Accepted 29th September 2021 it increased the oxygen mobility and Ti°" ion concentration, which was more conducive to the
improvement of catalytic activity. Finally, the NH3-SCR reaction over 5C-WZ/T catalyst followed L-H and

DOI 10.1035/d1ra05801k E-R mechanisms. The monodentate nitrite, bidentate nitrate, gas-phase NO,, coordinated NHz and
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1. Introduction

Nitrogen oxides (NO,) are one of the main causes for deterio-
rating the atmosphere, causing secondary pollution such as
haze and acid rain."” Following the achievement of ultra-low NO,
emissions in the thermal power industry, the treatment of diesel
engine exhaust is an important measure to reduce NO, emissions.
Selective catalytic reduction (SCR) has also become the mainstream
technology for treating NO, due to its excellent catalytic perfor-
mance.* According to the temperature of the flue gas, the catalyst is
mainly divided into three types: low temperature, medium
temperature and high temperature.”” The flue gas temperature is
usually higher than 450 °C (high temperature region) when the
diesel engine is running at full speed. For commercial high-
temperature catalysts, the common ones are mainly V,05(WO3)/
TiO, and molecular sieves.**® However, V,05(WO;)/TiO, is gradually
being replaced due to its toxicity.”** Molecular sieve catalysts have
poor hydrothermal stability at high temperatures, resulting in their
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NH." were the main reaction intermediates.

structure being destroyed under long-term high temperature and
high humidity conditions, which affects catalytic performance."**®
Therefore, the development of SCR catalysts with stable catalytic
performance under high temperature and high humidity conditions
has become an important need.

Acidity is the main factor affecting the catalytic activity for
the NH;-SCR at high temperature.”**> WO; not only has rich
Lewis acid, but also can form solid super acid with ZrO,.>*** In
our previous work, it proved that W-Zr-O,/TiO, can be applied
to SCR at high temperature.” However, TiO, was used directly as
the carrier in the previous study. WO; and ZrO, were not uniformly
dispersed on the surface of the carrier, and the pores of the catalyst
were not rich enough. On the other hand, TiOSO, is soluble in
water and forms a uniform mixed solution with ammonium
metatungstate and zirconium oxychloride. Therefore, in theory,
these three precursors can prepare a uniformly dispersed catalyst.
In addition, citric acid monohydrate can not only be used as
a complexing agent to inhibit the reaction of ammonium meta-
tungstate and zirconium oxychloride, but also can be used as
a pore-forming agent during the roasting process.

In order to verify the rationality of the above speculation,
a series of W-Zr-O,/TiO, catalysts with hierarchical pore struc-
ture were prepared for NH;-SCR. The effects of hierarchical pore
structure, chemisorbed oxygen concentration and specific
surface area on the NH;-SCR were explored.

2. Experimental

The details about characterization were provided in ESIL.{
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2.1 Catalyst preparation

Firstly, 40 g of TiOSO, was dissolved in 200 g of distilled water, and
stirred in a water bath at 90 °C. Then 3.208 g of ammonium meta-
tungstate and an appropriate amount of citric acid monohydrate
were dissolved in the TiOSO, solution. Next, 0.523 g of ZrOCl,- 8H,0
was dissolved in the mixed solution. After the mixed solution was
stirred in a water bath at 90 °C to form the colorless, transparent and
viscous colloid, it was dried at 110 °C. Finally, the samples were
calcined at 600 °C for 2 h to obtain the catalysts. Among them, the
loading amounts of WO; and ZrO, were 15 wt% and 1 wt%,
respectively. The addition amount of citric acid monohydrate was 0 g,
5 g, 10 g and 15 g, respectively. Therefore, the catalysts were desig-
nated as WZ/T, 5C-WZ/T, 10C-WZT and 15C-WZ/T, respectively.

2.2 Catalysis measurement and characterization

2 mL of the sample was added into the fixed-bed quartz reactor
(Fig. 1) to investigate the catalytic performance of NH;-SCR. The
reactant gas consisted of 500 ppm NO, 500 ppm NH3, 200 ppm SO,
(when used), 5 vol% H,O (when used), 10 vol% O, and balance N,.
The total gas flow rate was 500 mL min~* and the gas hourly space
velocity (GHSV) were 15 000 h™". The flue gas analyzer (MRU Vari-
oPlus, Germany) and the FTIR spectrometer (Gasmet FTIR DX4000)
were used to measure the content of NO, NO,, N,O and NH;. The NO,
conversion and the N, selectivity were calculated by eqn (1) and (2).#**

NO, conversion = %\[Tno‘]om % 100% (1)
- 2[N,O]
N, selectivity = 1 — out
’ Y= 1" No.J, + INHJ, - [NOJJ,,, — [NHi],,,
x 100%
(2)

3. Results and discussion

3.1 Catalytic performance

Fig. 1 showed the catalytic efficiency and N, selectivity of
different catalysts. As shown in Fig. 1(a), the NO conversion of
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the WZ/T catalyst reached 63.8% at 350 °C, and was close to
100% at 450-550 °C. Correspondingly, the NO conversion at
300-400 °C was increased obviously when the citric acid mon-
ohydrate was added during the preparation process. The NO
conversion of 5C-WZ/T at 350-550 °C was close to 100%, and the
NO conversion at 300 °C was 56.9% higher than that of WZ/T
(increased from 16.8% to 73.7%). In addition, the catalytic
activity of 10C-WZ/T and 15C-WZ/T decreased when the amount
of citric acid monohydrate continued to increase, but it was still
higher than that of WZ/T. It was speculated that excessive citric
acid monohydrate would cause the collapse of pores, and the
presence of excessive reducing atmosphere would reduce the
concentration of chemisorbed oxygen on the catalyst surface.
Furthermore, the addition of citric acid monohydrate during
the preparation process could also significantly reduce the bulk
density of the catalyst. Although the amount of catalyst was 2
mL, the mass of 5C-WZ/T was only 57% of that of WZ/T. In other
words, the appropriate amount of citric acid monohydrate
could improve the catalytic performance at high weight hourly
space velocity (WHSV). This would significantly reduce the cost
of the catalyst, which was conducive to the practical application
in engineering. Finally, as shown in Fig. 1(b), 5C-WZT had good
N, selectivity, and its N, selectivity was higher than 90% at 300-
600 °C. The by-product at low temperature was mainly NO,, and
it was mainly N,O at high temperature.

In order to compare with the previous work (15W1ZT cata-
lyst),*® the 15W1ZT catalyst was tested under the same condi-
tions, and the results were shown in Fig. S1.1 Comparing 5C-
WZ/T and 15W1ZT, it was seen that although the N2 selec-
tivity of 5C-WZ/T at 250-350 °C was slightly lower than that of
15W1ZT, the NO, conversion was significantly higher than that
of 15W1ZT in the temperature range of 250-600 °C. This proved
the superiority of 5C-WZ/T catalyst with hierarchical pore
structure in terms of SCR performance in another aspect.

Fig. 2 displayed the sulfur and water poisoning resistance of
the 5C-WZ/T catalyst at 500 °C and 300 °C. As shown in Fig. 2(a),
no matter how SO, and/or H,O were introduced into the flue
gas, the NO conversion of the 5C-WZ/T catalyst at 500 °C basi-
cally remained unchanged. This is because NH,HSO, cannot be
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Fig. 1
GSHV of 15 000 h™* and N, balance gas.
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(a) NO conversion of different catalysts; (b) N, selectivity of 5C-WZ/T catalyst. Reaction condition: 500 ppm NO,

250 300 350 400 450 500 550 600
Temperature (°C)

500 ppm NH=, 10% O,

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05801k

Open Access Article. Published on 12 October 2021. Downloaded on 1/13/2026 3:49:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

100

(2) (b)
0t A —t—e a1
i 80 -
—_~ ~
X 95+ X
= = 60|
e S
% | SC-WZ/T 500 °C 7|
2 90| L 4 0,
g Sinphing g .l SC-WZ/T 300 °C
S | 3 S Stopping
O‘ —=—200 ppm SO, o" | —=—200 ppm SO,
Z 85 —e—5v0l.%H,0 Z 20 | —e—5vol.% H,0
| —*— 5 vol.% H,0 +200 ppm SO, —4A— 5 vol.% H,0 +200 ppm SO,
xu.l.lnl:l.l.l.lulnjlulnl4l4 0|I.I|Inl:l:l.l.l.l.l.lul.
0 2 4 6 8 10 12 14 16 18 20 22 24 26 0 2 4 6 8 10 12 14 16 18 20 22 24 26
Time (h) Time (h)

Fig.2 NO conversion of 5C-WZ/T in the presence of 5 vol% H,O, 200 ppm SO, and 200 ppm SO, + 5 vol% H,O at 15 000 h™L. (a) 5C-WZ/T at

500 °C, (b) 5C-WZ/T at 300 °C.

produced at this temperature. NH; will not be consumed, so
that the catalytic activity could basically keep unchanged. On
the other hand, the presence of WO; inhibited the oxidation of
SO, and also promoted the improvement of the sulfur
poisoning resistance of the 5C-WZ/T catalyst.”” In order to verify
the excellent sulfur poisoning resistance of 5C-WZ/T, the reac-
tion temperature was adjusted to 300 °C, and the result was
shown in Fig. 2(b). The NO conversion remained unchanged
when only H,O was introduced into the flue gas. This may be
because the competitive adsorption of H,O and reactant mole-
cules was weak, making the catalyst excellent in water poisoning
resistance.?® When SO, or SO,+H,0O were introduced into the
flue gas, the NO conversion of 5C-WZ/T decreased by 6% and
16%, respectively. In addition, although the NO conversion
recovered quickly, it did not fully recover to the original level
when the SO, + H,O stopped introducing into the flue gas. This
showed that the sulfates still formed in the 5C-WZ/T catalyst at
low temperatures, which reduced the catalyst activity. Finally,
according to the changes in NO conversion of 5C-WZ/T at 500 °C
and 300 °C, it could be concluded that it had good water
resistance and sulfur poisoning performance.

3.2 Physical structure and chemical properties

Fig. 3 showed the XRD patterns of different catalysts. For
5C-WZ/T, 10C-WZ/T and 15C-WZ/T, the main diffraction
peaks corresponded to the anatase TiO, (26 = 25.3°, 37.8°,
48.0°, 53.9°, 55.1°) (PDF-ICDD 84-1286). The peak intensity
of orthorhombic WO; was very weak (as shown in Fig. 3(b)),
and the peak of ZrO, was not clearly observed. This may be
because ZrO, was uniformly dispersed on the catalyst
surface or reacted with WO; to form the solid super acid.
When citric acid monohydrate was not added during the
preparation process, the main crystal phase of WZ/T was
TiOSO,4, and the peak of anatase TiO, was relatively weak.
This may be because citric acid monohydrate created pores
during the roasting process, so that gases such as SO, could
be easily exhausted. For WZ/T catalyst, the citric acid
monohydrate was not added, resulting in the failure of
gases such as SO, to be exhausted, so that the decomposi-
tion of TiOSO, was incomplete. In order to verify the guess,
WZ/T was calcined a second time and tested for NO
conversion. The result was shown in Fig. S2.1 After the WZ/T
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(a) X-ray diffraction patterns of different catalysts and (b) detail information of 5C-WZ/T.
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Fig. 4 FE-SEM images of different catalysts: (a) and (b) WZ/T; (c) and (d) 5C-WZ/T.

catalyst particles undergo secondary roasting, the catalytic catalysts. This indicated that the hierarchical pore structure
activity was improved at low temperature. However, the NO was indeed beneficial to the improvement of catalytic
conversion was still lower than that of 5C-WZ/T and other performance.

S1m

Fig. 5 TEM images of WZ/T catalyst.
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Fig. 4 showed the FE-SEM pictures of WZ/T and 5C-WZ/T. As
shown in Fig. 4(a) and (b), WZ/T was composed of rod-shaped
particles with a diameter of 30 nm. Meanwhile, the rod-
shaped particles were more evenly dispersed, but there were
no obvious macropores. Correspondingly, with the addition of
the appropriate amount of citric acid monohydrate, the 5C-WZ/
T catalyst was also composed of spherical particles with
a diameter of 30 nm and formed sub-micron pores. Combined
with the following pore size distribution data (Fig. S4t), it
indicated that the 5C-WZ/T catalyst had a hierarchical pore
structure. This interpenetrating hierarchical pore structure was
beneficial to exposing more active sites, and contributed to the
adsorption and activation of reactant molecules, thereby
improving the catalytic performance.

Fig. 5 showed the TEM picture of the WZ/T catalyst. From
Fig. 5(a) and (b), it could be seen that the WZ/T catalyst was
composed of rod-shaped nanoparticles, and the dispersion was
relatively uniform. From Fig. 5(c) and (d), the lattice fringe with
an interplanar spacing of 0.35 nm was consistent with the d-
spacing of (101) facet of anatase TiO,, respectively.?*>°

W3S nm

Fig. 6 TEM images of 5C-WZ/T catalyst.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 displayed the TEM picture of the 5C-WZ/T catalyst.
From Fig. 6(a) and (b), it could be observed that the 5C-WZ/T
catalyst was composed of uniformly dispersed spherical nano-
particles. Meanwhile, the interplanar spacing of the lattice
fringe was also 0.35 nm. In addition, according to Fig. S3,7 it
was seen that the Ti, W, Zr and O elements were uniformly
distributed. From Fig. 4, it could be observed that W-Zr-O,/TiO,
was a hierarchical pore structure formed by the agglomeration
of uniform nanospheres. Therefore, it was indicated that WO,
and ZrO, were not loaded on the surface of TiO, nanoparticles,
but formed the spherical nanoparticles together with TiO,.

Table 1 showed the specific surface area, pore volume and
average pore diameter of different catalysts. The specific surface
area of WZ/T was only 11.8 m> g~', and the average pore
diameter was 14.9 nm. It proved from the side that the
precursor of TiOSO, did not generate TiO, due to high
temperature calcination. In addition, the specific surface areas
of 5C-WZ/T, 10C-WZ/T and 15C-WZ/T were 89.8 m*> g ', 117.2
m? g ' and 106.4 m* g~ ', respectively. It showed that citric acid
monohydrate played an important role in pore formation.
Compared with the common V,05(WO3)/TiO, and V,05(M0Os)/

0:35:nm
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Table 1 Physical properties of different catalysts

Samples Sger/(m” g ) Voore! (em® g ™) Dpore/nm Ref.
V,05(M00Q;)/TiO,  63.2 0.090 4.9 31
Vo W,Ti 55.4 — — 32
WZ/T 11.8 0.060 14.9 —
5C-WZ/T 89.8 0.481 18.3 —
10C-WZ/T 117.2 0.306 8.3 —
15C-WZ/T 106.4 0.267 7.4 —_

TiO, catalysts in the literature,*-** the 5C-WZ/T, 10C-WZ/T and
15C-WZ/T catalysts had a larger specific surface area, which was
conducive to the adsorption and activation of reactant mole-
cules, and promote the improvement of catalytic performance.
However, the average pore size gradually decreased with the
increase of citric acid monohydrate. This meant that the
excessive amount of citric acid monohydrate may cause some of
the larger pores to collapse. It can also be seen from Fig. S4f
that the most probable aperture was also gradually reduced.
Finally, according to the results of FE-SEM and pore size
distribution, it could be concluded that the 5C-WZ/T catalyst
had a hierarchical pore structure.

The acidity affected the adsorption of NH; molecules,
thereby determining the catalytic performance.**?** The NH;-
TPD results of WZ/T, 5C-WZ/T, 10C-WZ/T and 15C-WZ/T were
shown in Fig. 7. The ammonia desorption peak was divided into
three types: (1) the desorption peak at 50-200 °C was attributed
to physical adsorption of ammonia; (2) the desorption peak at
200-400 °C corresponded to weak acidity; (3) the ammonia
desorption peak at 400-550 °C corresponded to strong acidity.*®
For the four groups of catalysts, the temperature difference of
the ammonia desorption peak was not obvious, indicating that
the addition of citric acid monohydrate had little effect on the
acid strength. As shown in Fig. 7(b), after the pores were made
with citric acid monohydrate, the amount of strong acid ob-
tained by the catalyst was reduced while the amount of weak
acid was significantly increased. According to our previous

—WZ/T — 10C-WZ/T
—5C-WZ/T — 15C-WZ/T
322

(@)

94

1455
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1 n 1 n Il L 1 " Il
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Fig. 7 (a) NH3-TPD profiles and (b) acid quantity of different catalysts.
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research, the strong acid of W-Zr-O,/TiO, catalyst corresponded
to Bregnsted acid, and the weak acid corresponded to Lewis
acid.”® Therefore, it could be guessed that citric acid mono-
hydrate provided a reducing atmosphere during the roasting
process, which reduced the number of hydroxyl groups on the
catalyst surface, thereby reducing the number of Brgnsted acid.
It was precisely because of the decrease in the amount of
Bronsted acid that the NO conversion of the 5C-WZ/T, 10C-WZ/
T and 15C-WZ/T catalysts at 600 °C was reduced. However, the
increase in the amount of weak acid was conducive to the
adsorption of ammonia molecules, thereby increasing the NO
conversion of the catalyst at low temperatures. Finally,
compared with the total acid quantity of V,05-WO3/TiO,
(0.13 mmol g~ ' and 0.20 mmol g~ '), W-Zr-O,/TiO, had a higher
acid quantity.>”*® It was conducive to the adsorption and reac-
tion of reactant molecules on the catalyst surface, thereby
improving the catalytic activity at high temperature.

Fig. 8 displayed the H,-TPR results of WZ/T, 5C-WZ/T, 10C-
WZ/T and 15C-WZ/T to evaluate the redox performance. The
broad peak at 400-700 °C should correspond to the reduction of
Ti** to Ti**.*** As shown in Fig. 8(a), although the WZ/T catalyst
had the highest hydrogen consumption (3.21 mmol g %), the
hydrogen reduction peak temperature was also the highest (640 °C).
As the addition of citric acid monohydrate increased, the reduction
peak temperature gradually decreased (from 537 °C to 514 °C). It
indicated that the addition of citric acid monohydrate not only
changed the microscopic morphology of the catalyst, but also
enhanced the redox performance of the catalyst. It was mainly due to
the reducing atmosphere formed during the roasting process of citric
acid monohydrate, which gradually transformed Ti*" to Ti*" ions,
and consumed the chemisorbed oxygen and hydroxyl on the catalyst
surface. Therefore, the enhancement of redox properties at low
temperature increased the NO conversion of the 5C-WZ/T catalyst.

3.3 Surface analysis

Fig. 9 and S57 showed the XPS high-resolution scan spectra of
WZ/T, 5C-WZ/T, 10C-WZ/T and 15C-WZ/T catalysts. Table 2
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Fig. 8 (a) H>-TPR profiles and (b) H, consumption of different catalysts.
calculated the atomic ratio of the catalyst surface. According to  peaks of WZ/T catalysts, that of 5C-WZ/T, 10C-WZ/T and 15C-

Fig. 9(a), the peaks of Ti 2p were divided into two types
according to the electron binding energy: (1) the peaks at
464.6 eV and 458.5 eV were attributed to Ti*"; (2) the peak at
463.4 eV corresponded to Ti*".*t Compared with the spectral

WZ/T catalysts shifted to the low electron binding energy,
which was mainly because the reducing atmosphere changed
the chemical environment of catalyst surface atoms. Mean-
while, the Ti*" ion concentrations of WZ/T, 5C-WZ/T, 10C-WZ/T
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Fig. 9 (a) Ti 2p, (b) O 1s, (c) W 4f and (d) Zr 3d XPS high-resolution scans spectra of different catalysts.
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Table 2 Atomic ratios on the surface of different catalysts

Sample Ti**/(Ti** + Ti*") 0,/(0, + Op)
WZ/T 0.12 0.69
5C-WZ/T 0.14 0.23
10C-WZ/T 0.17 0.17
15C-WZ/T 0.18 0.16

and 15C-WZ/T gradually increased. It was mainly because the
reducing atmosphere caused by citric acid monohydrate made
Ti** transformed to Ti**. In other words, it also increased the
oxygen vacancy concentration of the catalyst to a certain extent,
thereby improving the catalytic performance.

From Fig. 9(b), the O 1s could be divided into chemisorbed
oxygen (O,, 531.2 eV) and lattice oxygen (Og, 529.6 eV).*>™*
Similar to the change of the Ti 2p, the addition of citric acid
monohydrate caused the shift of the O 1s. Compared with WZ/
T, the chemisorbed oxygen concentrations of 5C-WZ/T, 10C-WZ/
T and 15C-WZ/T decreased obviously. It was consistent with the
H,-TPR results, indicating that the addition of citric acid

monohydrate reduced the hydrogen consumption and

View Article Online
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chemisorbed oxygen concentration. The chemisorbed oxygen
could participate in the reaction, thus promoting the reaction
and improving the catalytic performance.***® Therefore, the
decrease of chemisorption oxygen concentration of 5C-WZ/T
catalyst would lead to the decrease of catalytic activity.
However, the hierarchical pore structure promoted the
adsorption and activation of ammonia and other reactive
molecules, thereby improving the catalytic performance.

Fig. 9(c) and (d) displayed the W 4f and Zr 3d XPS spectra of WZ/
T, 5C-WZ/T, 10C-WZ/T and 15C-WZ/T catalysts. The peaks spanned
at 34-36.5 eV (W 4f,),) and 36.5-40 eV (W 4f5,) corresponded to W**
species.*”*® Furthermore, the spectral peaks at 182 eV (Zr 3ds,) and
185 €V (Zr 3d,),) corresponded to Zr*" species.”

3.4 Reaction mechanism

Fig. 10 displayed the in situ diffuse reflectance infrared spec-
trum of the 5C-WZ/T catalyst. Table 3 summarized the peaks
and corresponding species. When NH; was adsorbed for 3 min,
the coordinated NH; (3500-3100 cm ™" and 1601 cm™ ') and
NH," (1468 cm™") appeared obviously on the catalyst surface.
Meanwhile, the peak intensity of hydroxyl group (3646 and
1351 cm™ ') decreased gradually with the increase of time. This
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In situ DRIFTS of 5C-WZ/T catalyst: (a) NHz adsorption at 300 °C, (b) NO + O, reacted with preadsorbed NH3 at 300 °C, (c) NO + O,

reacted with NHsz at 300 °C, (d) NO + O, reacted with NH3 at different temperatures.
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Table 3 Details of the bands and corresponding species
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RSC Advances

Band (cm ™) Species Ref.
3650-3640, 1351 Hydroxyl group 50
3500-3100 NH stretching vibration of coordinated NH; 51
1601 NH bonds in coordinated NH; on Ti—O-Ti Lewis acid sites 39
1575 NH bonds in coordinated NH; on Lewis acid sites 52
1509 Bidentate nitrates 53
1468 The symmetric and asymmetric bending vibrations of NH," 54
1400-1350 Monodentate nitrite 55
1316 Partially oxidized NHj3, such as N H,0, 56
1233 Bridging nitrates 39

indicated that both Lewis and Brensted acids existed on the
catalyst surface, and the main intermediate species of ammonia
adsorbed on the catalyst surface were coordinated NH; and
NH,". Furthermore, the weak peaks of monodentate nitrite,
partially oxidized NH; and bridging nitrates appeared. It indi-
cated that the 5C-WZ/T catalyst had good redox performance
(can also be verified in the H,-TPR results). The appearance of
monodentate nitrite species and bridging nitrates indicated that
the hierarchical pore structure played an important role in the
rapid conversion of reactive species on the catalyst surface. This
conclusion could be confirmed in the H,-TPR, NH;-TPD and BET
results. Compared with that of WZ/T, the hydrogen consumption
concentration of 5C-WZ/T catalyst reduced. However, the addition
of citric acid monohydrate enhanced the redox performance and
promoted the increase of oxygen migration rate, which accelerated
the transformation of reactant molecules.

As shown in Fig. 10(b), NO + O, was introduced and NH; was
stopped when the catalyst adsorbed NH; for 10 min. The peaks of
coordinated NH; on Lewis acid sites and NH," decreased with the
increased of time. Meanwhile, the peak intensity of the mono-
dentate nitrite (1396 cm ") and bridging nitrates (1233 cm™ ") also
gradually decreased. Correspondingly, the peak intensity of partially
oxidized NH; was slightly increased. It confirmed that coordinated
NH;, NH,', monodentate nitrite and bridging nitrates were involved
in the NH;-SCR reaction. In other words, the NH;-SCR reaction of
the 5C-WZ/T catalyst at 300 °C followed the L-H mechanism.

After NO + O, was introduced for 10 min, NH; was added to
make the SCR reaction continue to occur on the catalyst surface
(Fig. 10(c)). It could be seen that there was no obvious change in
all peaks. The main species on the catalyst surface were still
coordinated NH; (3500-3100 cm™ ' and 1601 cm™ '), NH,"
(1468 cm™") and monodentate nitrite (1396 cm "), and the peak
intensity of other species was relatively weak. When the mixture
of NH; + NO + O, was introduced and gradually heated
(Fig. 10(d)), it could be observed that the spectral peaks of NH;
intermediate species have gradually disappeared, while the
spectral peaks of monodentate nitrite and bidentate nitrates
gradually increased with the increase of time and reaction
temperature (Fig. S61). It indicated that the NH," was reacted
with gas-phase NO,. In other words, the NH;-SCR reaction at the
450 °C followed E-R and L-H mechanisms simultaneously.

The NH;-SCR reaction over 5C-WZ/T catalyst followed L-H
mechanism at 300 °C and followed E-R and L-H mechanisms
simultaneously at 450 °C. The in situ DRIFT spectra have proven

© 2021 The Author(s). Published by the Royal Society of Chemistry

that the monodentate nitrite, bidentate nitrate, coordinated NH;
and NH," existed over the 5C-WZ/T catalyst surface. Therefore, the
reaction mechanism of 5C-WZ/T was proposed in eqn (3)-(11).

O, +2*% -2 - O (3)

NH; + * — —NH;* (4)

NH;(g) — NHj(a) (Brensted acid sites) (5)
—NH;3* + —0* — —OH* + —NH,* (6)

NO + —O0* - —NO,* (7)

NHi(a) + —NO,* - NH,NO, — N, + 2H,0 (8)
—NH,* + —NO,* — N, + H,0 + —O* (9)

2 — OH* & H,0 + —O* (10)

NHZ(a) + NO, —» NH;sNO, — N, + H,O (11)

4.

In this work, a series of W-Zr-O,/TiO, catalysts with hierar-
chical pore structure were prepared, and used for the NH;-
SCR. The addition of citric acid monohydrate could make the
catalyst form a hierarchical pore structure. It not only
improved the specific surface area, redox performance, and
acid quantity, but also enabled the catalyst to expose more
active sites and improved the catalytic performance. Although
the reducing atmosphere caused by citric acid monohydrate
reduced the chemical adsorption oxygen concentration, it
increased the oxygen mobility and Ti*" ion concentration,
which was more conducive to the improvement of catalytic
activity. Finally, according to the in situ DRIFT spectra, the
NH,-SCR reaction over 5C-WZ/T catalyst followed L-H and E-R
mechanisms. The monodentate nitrite, bidentate nitrate, gas-
phase NO,, coordinated NH; and NH," were the main reaction
intermediate.

Conclusions
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