34 BH 11 T L 1k 2% 2% Eitd Vol.34 No.11
2018 4 11 J CHINESE JOURNAL OF INORGANIC CHEMISTRY 2088-2096

Hin YR A Ti B2 Si0, HAKEESHEMLF
B & K H NH,-SCR R N4

bk U oY kD E4aF ! BRERS FN R
(FMRFRBLLER FMN 213164)
CLABRAESEMERBRESHRAF PO, M T FRAPHTFRE, &I/ 224051)
CHFRFREAFZARELEEZEHE &% 210023)

T A - BE IRk DL R4 3R R & AT B 1B BL B Ti 8 2% Si0, 49K (TiSNTs), SR J5 , I ILUL3E i) 07 WA 7E % AL 77
BT ORIE Mn & i Mo/TiSNTs &S #EALR 24 Si 5 Ti MY BTRY & 2 Wl 5 i AT DU BT 0 T AR 3 2 /Y 8 RT3
NH,-TPD(Z R I B BT 45 5 R 18 2% B Si0, B 48P A9 T AR OR IG5 1 AL 50 A9 TR P 2 TT EL B o 17 N, 78 A 57 32
THT 143 W5 A 0 50 30 9% P i A SR (N HL-SCR) B P, TR) I | HL-TPR (U 7 T i i JB0) 00 s 2R S 7R T 45 R B T A5 10 4
PR RE I ANAE E A B, NH, 2250 NO, 19 SCR &5 R U1 Si 5 Ti M4 B9 5 2 FE o 10 A9 Mn/Ti(10)SNT HEAL R B 7R 1
05 B4 AL I 1 73 S A 135~325 CIF NO bR 8 id 90% .

REIA . FARMEAL BRI R AR WIS AR
FESES . 0614.41°1; 0613.72; 0643.36 XHRARIRAD; A XESHS: 1001-4861(2018)11-2088-09
DOI: 10.11862/CJIC.2018.260

Preparation of Titania Doped SiO, Nanotube Composites with
Manganese Loadings for NH;-SCR Applications
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Abstract: Ti-containing SiO, nanotubes (TiSNTs) were firstly synthesized via a sol-gel and co-polycondensation
method. After that, a family of Mn doped TiSNTs (Mn/TiSNTs) catalysts with various Mn loading were prepared
via the co-precipitation method. When Si/Ti molar ratio was more than 5, a worm-like tubular morphology was
clearly observed. The NH3-TPD (NHj-temperature programmed desorption) results show that the Ti doping into the
skeleton of the silica nanotubes greatly enhanced the acidic sites of the catalyst and promoted the adsorption and
NH;-SCR  (selective catalytic reduction) activation on the surface of the catalyst. Meanwhile, the results of Hy-
TPR (H,-temperature programmed reduction) also show that Ti doping enhanced the redox ability of the catalyst
and the capacity of oxygen storage. Moreover, the doped Mn species was beneficial for reducing the reaction
temperature. The results of SCR of NO, with NH; show the catalyst with Si/Ti molar ratios of 10 (Mn/Ti(10)SNT)
exhibited significant catalytic activity, and the NO conversion rate remained over 90% in the reactive temperature

range of 135 to 325 °C.
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0 Introduction

Nitrogen oxides (NO,) emitted from automobile
exhaust or chemical manufacturing industrials evoke
serious environmental problems, including acid rain,
photochemical smog, and greenhouse effects. The
(SCR) of NO, with

ammonia (NH;) is the most effective means to remove

selective catalytic reduction

NO, species!"?. Transition metal (Fe, Mn, Co, Cr and
Ni), zeolite-based catalysts have been developed to
solve this problem™. In particular, Mn-based zeolite
catalysts exhibit excellent NO removal efficiency
because of their variable valence state, strong redox
capability and abundant acidic sites. Wang et al.®!
reported that composite SCR catalysts composed of
MnO, and multi-walled carbon nanotube (MWCNT)
demonstrated excellent activity, and the NO, conversion
rate was more than 90% at low temperature of 190 °C.
Lou et al.® reported that Mn/ZSM-5 catalysts exhibited
comparable SCR
temperature range of 170~350 °C. Yu et al.” found

reaction activity in the low-
that the MnSAPO-34 molecular sieve catalysts prepared
at 550 °C exhibited the best SCR activity with the NO
conversion nearly as high as 100%, and the catalytic
activity was rapidly improved at 250~300 °C.

It is worth noting that different catalyst carriers
also have important effects on SCR activity. Al,O;
have been widely studied as low-temperature SCR
catalyst supports®™® because the surface of the Al,O;
carrier is modified with many hydroxyl groups, thus
are beneficial for the oxidation of NO into NO, and
maintaining the reaction between nitrogen oxides and
ammonia at low temperatures. For example, Xie et al.'’!
reported that the NO conversion rate reached around
80% at 200 °C over CuO/ALO; catalysts. Activated
carbon is another widely used carrier for the SCR
catalyst because of the strong adsorption capability for
NO molecules at low temperatures. The research results
have confirmed that activated carbon combined with
CuO exhibited high SCR activity at low temperature of
200 °C™M. In addition, the abundant Lewis acid sites
on the surface of TiO, are beneficial for the adsorption

and activation of ammonia during the SCR reaction.

Therefore, TiO, can also be employed as carriers for
the SCR catalyst.

Kato et al.'" reported that the removal efficiency
of NO could reach more than 60% from 250 to 450 C
for the Fe,0;/TiO, composite catalysts. Recent studies
have also showed that Ti-SBA-15, Ti-MCM-41, TS-1
and Ti-grafted SiO, can provide abundant acid sites
due to the incorporation of titanium!*",

Si0, nanotubes with high surface area are
considered as ideal supports for the dispersion of the
active components of the SCR catalyst and enrichment
of target gases. Moreover, it should be indicated that
if the titanium can be incorporated into the skeleton
of SiO, nanotubes, the strong redox capability and
large oxygen storage capacity can be achieved within
surface concentration. In this study, Mn and Ti co-
(Mn/TiSNTs) were rationally

designed and synthesized via assembling of several

doped SiO, nanotubes

co-polycondensation and  co-
obtained  Mn/TiSNTs

exhibited significant SCR activity under low reaction

methods such as
precipitation. The catalysts
temperatures due to the synergistic effect of different
active components and SiO, nanotube supports with

high surface area.

1 Experimental

1.1 Preparation of Mn/TiSNT catalysts

(TiSNT) with
different Si/Ti molar ratios were synthesized via a sol-

gel method. The 1.00 g of Pluronic F127 was dissolved
in 60 mL of 2 mol-L.™" HCI in a glass container with

The Ti-containing SiO, nanotubes

magnetic stirring followed by 2.8 g of tetraethyl
orthosilicate. Tetrabutyl titanate was dissolved into 3
mL of toluene, and the resulting solution was slowly
added into this solution. The solution was stirred at
250 r +min " and 11 C for 24 h in a covered
container. The gel was transferred into Teflon-lined
autoclaves and heated to 100 °C for 24 h. The product
was filtered, washed and dried in a vacuum oven at
55 °C. The as-synthesized product was calcined at 350
C in air for 5 h. The synthesized samples were
hereafter denoted as Ti(x)SNT where x represents the

Si/Ti molar ratio.
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According to the previous research, the Mn/
TiSNT catalyst with optimized 5.5% (w/w) Mn loading
shows the largest specific surface area of 430 m?-g™' "%,
The Mn/Ti(x)SNT catalysts were similarly prepared by
precipitation with NHs. A specific proportion of the
Ti(x)SNT sample was ion exchanged with appropriate
amounts of manganese acetate under magnetic stirring
at room temperature for 24 h. Ammonia was slowly
added to adjust the pH value to 11. The solution was
then filtered, washed with deionized water and dried
at 100 C overnight followed by calcination at 350 C
for 2 h. The synthesized catalyst samples were hereafter
denoted as Mn/Ti(x)SNT, where x represents the Si/Ti
molar ratio.

1.2 Characterizations

XRD patterns of the products were obtained
using a Rigaku D/MAX2500 diffractometer with a
Cu Ka radiation source (A=0.154 nm), a tube voltage of
40 kV, and a tube current of 100 mA in the 26 range
of 5°~70° with a scanning rate of 3°-min™'. TEM
images were obtained by using JEM-2100 (with
operation voltage of 200 kV). The N, adsorption-
desorption isotherms were determined using a QQuanta-
chrome Autosorb-iQ2-MP N, adsorption instrument.
All of the samples were held in a vacuum at 300 C
for 5 h prior to measurement to ensure the elimination
of water and other superfluous species. The micropore
volume was measured via a ¢-plot method. The specific
surface area was calculated using the Brunauer-
Emmett-Teller (BET) method. UV-Raman spectroscopy
was conducted on a Thermo Fisher Scientific DXR
Raman spectrometer. A laser line at 325 nm was
employed as the excitation source. The UV-Vis DRS
spectra were obtained on a Shimadzu UV-2450 UV-
Vis spectrophotometer from 200 to 800 nm. The atomic
concentrations on the sample surfaces were evaluated
using XPS on a Kratos Analytical AXIS Ultra DLD
spectrometer. The binding energy of the Cls peak
(284.8 €V) was used as an internal standard. The TPD
of NH; (NH;-TPD) determined the number of different
acid sites and their strengths for the catalysts using a
Micromeritics  AutoChem 2920 automated catalyst

characterization system.

Prior to test, ~30 mg of the catalyst was pretreated
with high-purity N, at 40 mL-min™ and 500 °C for 60
min. Then, physical absorbed ammonium was removed
via helium under equivalent conditions. The TPD
operation was conducted next a heating rate of 10 °C-
min~" from 100 to 800 °C. The amount of desorbed NH;
was determined via a thermal conductivity detector
(TCD). The TPR runs were carried out with a linear
rate (10 “C+min™) in pure N, containing 5%(V/V) H,
at a flow rate of 30 mL-min™".
1.3 NH,-SCR activity testing

The catalytic activities of the Mn/Ti(x)SNT
samples were investigated using a custom-made fixed
bed. For each sample, about 500 mg of the catalyst
was placed in a quartz tube reactor with 1 em in
diameter. This was mixed with quartz sand to ensure
the smooth passage of the reaction gas through the
reactor. The reaction gas was composed of 8% (V/V)
0,, 600 mg-L™" NO, 600 mg-L™" NH; and 5% (V/V)
H,0. The balance was N,, 300 mL min~" total flow
(GHSV) of
36 000 h™ was employed. The concentration of NO in

rate and a gas hourly space velocity

the reactors outlet gas was analyzed via a gas analyzer
(FGA-4100, Guangdong Foshan Analytical Instrument
Co., Ltd.).

The NO conversion (Eq.(1)) and N, selectivity (Eq.
(2)) were respectively calculated as follows:

NO conversion=(Cyo"=Cxo™")/ Cro"x100% 1)

N, selectivity=Cy, /(Cro"~Cxg™)x100% 2)

Where Cyo" and Cyo™ are the respective concentra-

tions of NO at the inlet and the outlet of the reactor,

out

Cy, is the concentration of N, at the outlet.

2 Results and discussion

2.1 Morphology and composition analysis

Fig.1 shows TEM images of Ti-containing SNT
samples with different Si/Ti molar ratios. At relatively
high Si/Ti molar ratios such as Ti(20)SNT, Ti(15)SNT
and Ti(10)SNT, the worm-like tubular morphology was
clearly observed, which are illustrated in Fig.1(A~C).
Meanwhile, TEM images clearly confirmed the hollow

structure of the worm-like rods. However, when the
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(A) Ti(20)SNT; (B) Ti(15)SNT; (C) Ti(10)SNT; (D) Ti(5)SNT

Fig.1 TEM images of Ti-containing SNT with different Si/Ti molar ratios

molar ratio of Si/Ti was reduced to 5(Ti(5)SNT), the
worm-like tubular morphology disappeared, in other
words, the tubular morphology of Ti(5)SNT was
destroyed, as shown in Fig.1D. This is mainly due to
the higher content of titanium precursor and fast
hydrolysis rate of titanium precursor, which signifi-
cantly affect the assembly of the template and the
SiO, precursor resulting in the formation of tubular
structures.

Moreover, the elemental composition of Mn/Ti(x)
SNT samples was measured by a Varian Vista-AX
inductively  coupled  plasma  optical  emission
spectrometer (ICP-OES). The Si/Ti test ratio (ng/ng) of
Ti-containing SNT was close to the theoretical value,
the results are shown in Table 1.

Table 1 Element composition of Ti-containing SNT

with different Si/Ti molar ratios

Sample ws [wr; Mass fraction of Mn / % ns /ny
Ti(20)SNT 10.78 5.5 18
Ti(15)SNT 7.60 5.7 13
Ti(10)SNT 5.02 5.5
Ti(5)SNT 2.44 54 4

2.2 XRD patterns
XRD patterns of Ti-containing SNT samples with

different Si/Ti molar ratios are shown in Fig.2. For Ti-
containing SNT, an intense diffraction peak located at
23.4° is clearly observed, and the peak can be
attributed to the characteristic peaks of amorphous
silica. For Ti(5)SNT, two weak diffraction peaks were
located at 25.2° and 27.2°. Both peaks could be
attributed to anatase TiO, phase. This was possibly
because the hydrolysis rate of the titanium precursor
was faster and played a leading role resulting in the
formation of TiO, nanoparticles. The Si source could
not form a tubular structure. When Si/Ti molar ratio

was more than 5, the anatase phase was not detected

2520 —
¢:TiO
® 2700 2

>

Ti(5)SNT

Ti(10)SNT

Ti(15)SNT

Ti(20)SNT

1020 30 40 50 60 70 80
20/ ()

Fig.2 XRD patterns of Ti-containing SNT with different

Si/Ti molar ratios
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in the XRD patterns. It may be speculated that the
relatively small amount of titanium could not be
detected due to the small particles of titanium. The
excessive amount of the titanium precursor will affect
the formation of SiO, hollow nanotube structures.
2.3 UV-Vis DRS analysis

UV-Vis DRS spectroscopy was used to understand
the nature and coordination of the Ti species in the
Ti-containing SNT. UV-Vis DRS spectroscopy of the
Ti-containing SNT samples with different Si/Ti molar
ratios are shown in Fig.3. A strong absorbance band
at 220 nm was observed on Ti(20)SNT, Ti(15)SNT and
Ti(10)SNT samples. These were attributed to isolated
framework titanium in tetrahedral coordination. The Ti
atoms likely substitute for Si atoms in the skeleton of
SNT structures with the formation of a Ti-O-Si-Ti
band""¥. No absorbance band was observed in the SNT
sample. A strong absorbnce band at 310~340 nm was
observed for the Ti(5)SNT sample, which indicated the
19 implying
the formation of a crystalline TiO, phase. No
absorbance band was seen at 220 nm in UV-Vis DRS

spectroscopy. The Ti atoms do not exist in the

presence of polytitanium (Ti-O-Ti), clusters

skeleton of the SNT structure. In contrast, its peak is
too weak to be masked. TEM images do not show a
tubular morphology, thus we suspect that the
hydrolysis rate of the titanium precursor is faster,

which will result in the formation of polytitanium (Ti-

104 (a) SNT
(b) Ti(20)SNT
(c) Ti(15)SNT
0.8 4 (d) Ti(10)SNT
(e) Ti(5)SNT
3 0.6 4
g
2
2
204+
0.2
0.0 <

—r T T T
200 300 400 500 600 700 800
Wavelength / nm
Fig.3 UV-Vis DRS spectra of Ti-containing SNT with

different Si/Ti molar ratios

O-Ti), clusters.

Based on these characterization results, we
synthesized Ti-containing silicon nanotubes with
defined hollow tubular structures. The addition of
titanium affects the formation of the tubular structures.
With Si/Ti molar ratio was fixed over 5 (as Ti(20)SNT,
Ti(15)SNT and Ti(10)SNT samples), the Ti species
embedded into the framework of SNT and were served
as Ti atoms in tetrahedral coordination. When the
molar ratio of Si/Ti was 5, the Ti species existed as
(Ti-O-Ti), clusters, which distorted the

tetrahedral environment.

polytitanium

2.4 N, adsorption-desorption
Fig4a shows the N,
isotherms of Mn/TiSNT catalyst samples. It is shown
that all of the Mn/TiSNT samples exhibited classical
IV-type isotherms with an obvious H4 hysteresis loop
as defined by IUPAC. This indicates that a mesopore

adsorption-desorption

structure existed in these catalysts. There are two

capillary condensation steps in the adsorption
isotherms indicating that the catalysts had two types
of mesopores. The hysteresis loop at relatively low
pressure corresponds to the inner void of the hollow
nanospheres, and the hysteresis loop in the relatively
high pressure is ascribed to the interparticle void
formed from nanosphere packing. Fig.4b exhibits the
narrow mesopore distributions of Mn/TiSNT samples,
and the pore diameter increased with the
decreasement of Ti. Table 2 shows the BET surface
area, pore volume and average pore diameter of Mn/
TiSNT catalysts. The BET surface area, pore volume
and average pore diameter of catalysts decreased with
an increasing amount of doped titanium. When the Si/
Ti molar ratios of the Mn/TiSNT catalysts were over 5,

the BET surface area, pore volume and average pore

Table 2 Textural properties of Mn/Ti(x)SNT

catalysts
BET surface Pore volume / Average pore
Catalyst
area / (m*+g™) (em®-g™) diameter / nm
Mn/Ti(20)SNT 460 0.0110 11.4
Mn/Ti(15)SNT 450 0.010 1 10.2
Mn/Ti(10)SNT 435 0.009 6 9.3
Mn/Ti(5)SNT 286 0.007 3 8.0
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Fig.4
(b) Pore distributions of Mn/TiSNT catalysts

diameter of the Mn/TiSNT catalysts decreased slightly
with increasing amounts of doped titanium. When the
Si/Ti molar ratio of the Mn/TiSNT catalyst was 5, the
surface area decreased dramatically from 435 to 286
m*+ g™ due to the morphology transformation of hollow
Si0O, nanotubes.
2.5 XPS results

The catalysts are characterized by XPS to
evaluate the oxidation state of Mn and to estimate the
concentrations of Mn on the surface of the Mn/TiSNT
catalysts. Fig.5 presents the Mn2p XPS spectra of the
Mn/Ti(20)SNT and Mn/Ti(10)SNT catalysts, which

consist of asymmetrical Mn2ps, and Mn2p, vibrational

Mu/Ti(10)SNT

A 1 A 1 A 1 " 1 "
660 655 650 645 640 635
Binding energy / eV
Fig.5 Mn2p XPS spectra of Mn/TiSNT catalyst with

different Si/Ti molar ratios
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Mn/Ti(5)SNT

Mn/Ti(20)SNT
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(a) Nitrogen adsorption-desorption isotherms of Mn/TiSNT catalysts with different Si/Ti molar ratios;

peaks with binding energies of about 642.3 and 653.8
eV, respectively. Deconvolution fitting of the Mn2ps,
and Mn2p,, peaks yields four distinct peaks centered
at 642.1, 653.4, 643.8 and 656.1 eV. These were
slightly shifted relative to standard literature values.
The asymmetric Mn2p;, peak indicated the

presence of a mixed-valence manganese species. The

Mn2p;, peaks near 656.1 eV and the Mn2p,, peaks

#2021 hroving the

near 643.8 eV were assigned to Mn
presence of the MnO, species on the catalyst surface.
XRD patterns show no MnQO, crystals on the catalysts.
The Mn2psy, and Mn2p,, peaks at approximately 653.4
and 642.1 eV were assigned to Mn***%| proving the
presence of the Mn,O; species on the catalyst surface.

The Ols core level peak of the Mn/Ti(20)SNT
and Mn/Ti(10)SNT catalysts are shown in Fig.6. The
Ols spectra of all catalysts show two distinct peaks
with binding energies of 532.3~534.1 eV and 529.1~
530.2 eV, which were assigned to the weakly surface-
adsorbed oxygen ions (O,uue) and the lattice oxygen
(Oraice)> Tespectively (The atom ratios of Opyice 10 O gpebed
was shown in Table 3)*%. The introduction of the Ti
species to the silicon nanotubes results in major
changes in the content of surface-adsorbed oxygen. It
is obvious that the intensity of surface-adsorbed
oxygen increased with the decreasing Si/Ti molar

ratio. This is because Ti incorporation leads to charge
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Table 3 Atom ratios of Oypge t0 Oygeornea

Sample Mn/Ti(5)SNT Mn/Ti(10)SNT Mn/Ti(15)SNT Mn/Ti(20)SNT
Noatic) ! Motadorbed) 6.11% 45.4% 7.31% 0.94%
imbalance, and this leads to the formation of shows the N, selectivity for these catalysts, all of

vacancies and unsaturated chemical bonds on the

catalyst surface.

(e} Otutice

adsorbed

Mu/Ti(5)SNT

k Mn/Ti(10)SNT

\ \\Mn/Ti(IS)SNT

- Mn/Ti(20)SNT

536 534 532 530 528 526 524 522
Binding energy / eV

Fig.6 Ols XPS spectra of Mn/TiSNT catalysts with

different Si/Ti molar ratios

It is well known that surface-adsorbed oxygen
plays an important role in NH;-SCR, and this can
promote the oxidation of NO to NO,. Therefore, an
increase in surface-adsorbed oxygen on the catalyst
surface has a positive effect on the SCR reaction.
When the Si/Ti molar ratio was 5, the amount of
surface-adsorbed oxygen decreased sharply. This may
be related to its morphology and the formation of
(Ti-O-Ti), clusters that decreased the
catalytic activity of Mn/Ti(5)SNT catalysts.

2.6 SCR activity

The NO conversion rates for the SCR reaction

polytitanium

were evaluated on Mn/TiSNT catalysts with different
Si/Ti molar ratios between 50 and 350 °C (Fig.7A).
The Si/Ti molar ratio impressed an obvious influence
on the catalytic performance of the Mn/TiSNT catalyst.
As  the the NO

conversion rate of all Mn/TiSNT catalysts increased

reaction temperature increases,
initially, then they reached the highest conversion rate
and maintained at this level for a while. The
conversion rates subsequently decreased with an

increase in the operating temperature. Fig.7B also

which exhibited high selectivity through the entire
temperature range.

The Mn/Ti(10)SNT catalysts possess the highest
SCR activity at low temperature amongest all catalysts
studied. The Mn/Ti(10)SNT catalyst endows NO
conversion rates as high as 90% at 135 “C, and shows
excellent catalytic activity from 135~325 C (NO
conversion over 90%). When the amount of titanium
doping is excessive, the catalytic activity of the Mn/Ti
(5)SNT catalyst was drastically decreased. The NO,
removal activity of the Mn/TiSNT catalysts follows the
order of Ti(10)SNT>Ti(15)SNT>Ti(20)SNT>Ti(5)SNT.
These results clearly suggest that higher titanium
doping decreased the deNO, activity of Mn/TiSNT

catalysts.
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1 1 1 1 1 1
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Fig.7 (A) Catalytic performance for SCR of NO with
ammonia and (B) N, selectivity of Mn/TiSNT
catalysts with different Si/Ti molar ratios as a

function of temperature
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2.7 NH;-TPD and H,-TPR analysis
NH;-TPD was used to determine the catalysts
strength and amount of different acid sites-the acidity
of the catalyst is beneficial for the adsorption and
activation of NH;. The NH;-TPD curves for all samples
contained three desorption peaks (Fig.8). The peaks
from 100 to 250 °C were attributed to ammonium
species adsorbed at weak Lewis acid sites or weakly
adsorbed NH;*. The peaks from 250 to 400 °C were
assigned to ammonia adsorbed on strong Brnsted acid
sites”. The peaks from 400 to 600 C were due to
strong Brnsted acid sites formed by the interaction of
Brnsted acid sites with extra-framework titanium
species™?,
50

40

304 ——> Mn/Ti(20)SNT

Mn/Ti(10)SNT

20—

Intensity / a.u.

Mn/Ti(15)SNT
Mn/Ti(5)SNT

| S DU DAY A DA DR |
100 200 300 400 500 600 700
Temperature / ‘C

Fig.8 NH3-TPD curves of Mn/TiSNT catalysts with

different Si/Ti molar ratios

For the Mn/Ti(10)SNT catalyst, the intensity of
the peak in the temperature range of 400~600 °C was
significantly higher than other catalysts with different
Si/Ti molar ratios. This indicates that when the Si/Ti
molar ratio was 10, the amount of acid sites of the
catalyst increase-especially the strong acid sites on
the catalyst surface. This promotes the adsorption and
activation of NH; on the surface of the catalyst.
Therefore, the SCR activity of the -catalyst was
improved at low-temperature regions.

The H,-TPR profiles for Mn/TiSNT catalysts with
different Si/Ti molar ratios are presented in Fig.9. The
redox properties of the catalysts are affected by the

amount of doped titanium. The Mn/TiSNT catalyst
exhibited a broad reduction peak from 200 to 400 °C;
this  corresponded to the
reduction process: MnO,—Mn,0;—Mn;0,—MnO*",
Mn/TiSNT  catalysts
of doped
titanium. The results show that Ti doping could

following  successive
The reduction peak of the
increased with an increasing amount
enhance the redox ability and oxygen storage capacity
of the Mn/TiSNT catalyst. With an increasing amount
of doped titanium, the reduction peak gradually
shifted to a higher temperature. This indicated that
the redox reaction of the catalyst occurred at a higher
temperature. However, the reduction peaks shifted to
higher which
activities of the catalysts were reduced by the amount
of doped titanium. The H,-TPR results showed that
Mn/Ti(10)SNT had the largest area for the reduction
peak of all catalysts, i.e., it had the strongest redox

temperatures, implying the redox

and oxygen storage capacity. This was consistent with

the results of the catalytic activity testing.

/\ Mn/Ti(10)SNT

300 'C 360 C

Ll

Mn/Ti(20)SNT

A 1 i 1 i 1 2 1 A 1 A 1
100 200 300 400 500 600 700
Temperature / C
Fig.9 HyTPR curves of Mn/TiSNT catalysts with

different Si/Ti molar ratios

3 Conclusions

Ti-containing SNT (TiSNT) with different Si/Ti
molar ratios had been synthesized via a sol-gel and
co-condensation method. When the Si/Ti molar ratio
was more than 5, a hollow tubular morphology was
clearly observed. When the Si/Ti molar ratio was
located at 5 (Ti(5)SNT), the hollow morphology of Ti
(5)SNT is destroyed. The Mn/TiSNT catalysts with
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different Si/Ti molar ratios were prepared via an 382-387

impregnation method. Their performances for SCR
treatment of NO, with NH; were evaluated. Among the
Mn/TiSNT  catalysts Mn/Ti(10)SNT
catalyst was the best for SCR of NO. The results
indicate that over 90% of NO conversion was achieved

at a low temperature of 135 °C. Meanwhile, the NO

prepared, the

conversion rate remained larger than 90% from 135 to
325 °C. When the Si/Ti molar ratio was more than 3,
the catalyst had a large specific surface area indicating
that it could provide a high active surface. XPS results
show that the surface-adsorbed oxygen of the Mn/Ti
(10)SNT catalyst was the highest, which was favorable
for SCR reaction. The TPR studies show that the Mn/
Ti(10)SNT catalyst had the strongest redox capability
and huge oxygen storage capacity. In addition, the
superior activity is ascribed to the abundant acidic
sites in Mn/Ti(10)SNT catalysts, which will promote the
adsorption and activation of NH; on the surface of the

catalysts.
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