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Water tolerance is an important topic for low temperature NH3-SCR, because of the inevitable deactivation of the
catalyst in the presence of water. In this work, it was found that by depositing trace SiO2 onto the surface of
Mn0.2Ti0.8O2 catalyst, the catalysts displayed enhancedwater-tolerancewith no compromise of its initial activity.
Furthermore, NH3-TPD, H2-TPR, and XPS results indicated that deposition of SiO2 tuned the pore sizes of the cat-
alysts without modifying their chemical properties, and controlled the inherent capillarity property that led to
the improved anti-water performance. This result sheds light on the rational design ofNH3-SCR catalystswith en-
hanced water-tolerance.
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1. Introduction

Nowadays, more and more attentions have been paid on air pollu-
tion. As themajor air pollutants, nitrogen oxides (NO andNO2) threaten
the ecological environment and human health with urban smog, acid
rain and ozone depletion [1]. Selective catalytic reduction of NOx by
NH3 (NH3-SCR) is a promising technology to treat the stack gases
from stationary sources [2]. Although the commercial V2O5/TiO2 cata-
lysts promoted byWO3 orMoO3 have beenwidely used for NO removal
during past decades, their high temperature active window determined
that they must be used at high-dust and high-SO2 working position,
which is critical to their performance [3,4]. Recently, low temperature
NH3-SCR catalysts, such as Mn based catalysts, have attracted the atten-
tion of more and more researchers, because they are suitable for tail-
end-position that can protect catalysts fromdust and SO2 [5–7]. Howev-
er, new problem comes. Water tolerance, which can be ignored at high
temperature, becomes a big trouble for low temperature NH3-SCR cata-
lysts as the tail-end-position temperature is close to the boiling point of
water [8–11]. According to Lian [9] and Liu [12], Mn based catalyst
deactivated rapidly after the addition of water at low temperature as
150 °C. Recent studies have revealed that the competitive adsorption
of H2O and reactant on the surface of catalysts constituted the main
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reason for the deactivation of NH3-SCR catalysts [13]. Moreover, de-
crease of the oxidation ability of catalysts in the presence of H2O could
also happen [14]. To upgrade the water tolerance of catalysts, lots of
high-efficient catalysts were developed. Qiu [10] and coworkers report-
ed an ordered mesoporous MnCo2O4 catalyst with good water toler-
ance. They proposed that the larger surface area and the more active
sites provided by the ordered mesoporous structure enhanced water
tolerance of the catalysts. Liu [15] reported a Mn–Ce–Ti mixed-oxide
catalyst that exhibited strong resistance against H2O and SO2 with a
broad operation temperature window. The increased oxygen vacancies
of Mn-Ce-Ti catalyst would promote the adsorption and activation of
gas-phase oxygen, which were considered to play an important role in
NH3-SCR in the presence of H2O and SO2. In general, previous studies
on enhancing theH2O toleranceweremainly accomplished by changing
the chemical properties of catalysts, such as active sites and oxygen va-
cancies to enhance their H2O tolerance. However, the structural proper-
ty of the modified catalysts was still rarely investigated.

In this work, we find out that by depositing trace amount of SiO2 on
Mn-Ti-O catalysts, the chemical properties (e.g., surface acidity, redox
property, chemical valence) were barely changed, but the water toler-
ance was dramatically enhanced. Based on structural analysis, the
pore sizes of catalysts increased after SiO2 modification. Therefore, it is
reasonable to deduce that the NH3-SCR performances of catalysts in
the presence of water are highly related to the pore size of catalyst.
This result may shed light on the design of NH3-SCR catalysts with
good water tolerance.
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Fig. 1. (a) NH3-SCR activities and (b) water tolerances of catalysts.

Table 1
XRF and BET results of catalysts.

Sample

Relative atomic
concentration
(mol.%)

BET area
(m2/g)

Pore
volume
(cm3/g)

Average pore
size (nm)Mn Ti Si

Mn0.2Ti0.8O2 20.73 79.27 – 138 0.59 15.25
Mn0.2Ti0.8O2-hex0.5 21.77 78.90 0.33 149 0.72 22.67
Mn0.2Ti0.8O2-hex3 20.97 79.20 0.83 159 0.79 23.84
Mn0.2Ti0.8O2-hex5 21.06 77.93 1.01 162 0.84 23.59
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2. Experimental

2.1. Catalyst preparation

Mn-Ti-O catalysts were synthesized via solvothermal method. Brief-
ly, a solution of manganese acetate tetrahydrate (1 g), ethanol (28 mL),
deionized water (1 mL), acetic acid (1 mL), and tetrabutyl titanate
(5 mL) was transferred into a Teflon-lined stainless steel autoclave
and heated at 180 °C for 12 h. After being washed by deionized water
and ethanol for 3 times, the products were dried at 40 °C overnight
and donated as Mn0.2Ti0.8O2. To prepare the SiO2 modified samples,
1 g Mn0.2Ti0.8O2 powder was dispersed in 100 mL n-hexane contained
certain volumes of hexamethyldisiloxane. After 24 h magnetic stirring,
the powders were separated by centrifugation and washed with deion-
ized water and ethanol for 3 times, respectively. Finally, the powders
were dried overnight and calcined at 500 °C for 3 h with the heating
rate of 10 °C/min. The catalysts were signed as Mn0.2Ti0.8O2-hexx,
where x means the volume of hexamethyldisiloxane. For example, the
Mn0.2Ti0.8O2-hex1 sample represented that 1 mL hexamethyldisiloxane
was used in the synthesis process.

2.2. Characterization

The XRD patterns of the catalysts were checked using an XRD-6000
X-ray diffractometer (Shimadzu). N2 adsorption/desorption isotherms
of the catalysts were obtained at−196 °C using an ASAP2020 physical
adsorption instrument (Micromeritics) to calculate BET surface area of
the catalysts. NH3-temperature programmed desorption (NH3-TPD) ex-
periments were performed using a multifunction chemisorption ana-
lyzer, detected by a thermal conductivity detector (TCD). The
temperature programmed reduction (H2-TPR) of the catalysts was re-
corded by a chemisorption analyzer. X-ray photoelectron spectroscopy
(XPS) measurements were performed in a PHI 5000 VersaProbe
spectrophotometer.

2.3. NH3-SCR activity and water tolerance tests

The NH3-SCR activity tests were performed in a fixed-bed reactor
with 0.1 g catalyst. The feed gas contained 500 ppm NO, 500 ppm
NH3, 5 vol.% O2, 5 vol.% H2O (when used), with N2 as the balance gas.
The total flow rate of the feed gas was 100 mL/min, corresponding to
a space velocity approximately 60,000 h−1. Including NO, NH3, NO2,
and N2O, the effluent gases were continuously analyzed at 150 °C by
an online Thermofisher IS10 FTIR spectrometer equipped with a 2 m
path-length gas cell (250 ml volume).

3. Results

3.1. Effect of SiO2 modification on catalytic activity and water tolerance

The NH3-SCR performances of these catalysts are shown in Fig 1a.
The samples exhibit high catalytic activity under reaction temperatures
as low as 125 °C. For all samples, NO conversions are over 90% in a wide
temperature window from 125 °C to 250 °C. Above 250 °C, the activities
of these catalysts decrease with the increasing of temperature. Samples
Mn0.2Ti0.8O2-hex0.5 and Mn0.2Ti0.8O2-hex3 exhibit similar activities as
Mn0.2Ti0.8O2. However, the activity of Mn0.2Ti0.8O2-hex5 is the lowest,
indicating taha excess SiO2 deposition is adverse to the catalytic perfor-
mance. On the basis of the above result, it seems that the trace amount
of SiO2 has negligible influence on the NH3-SCR performance of the
catalysts. Furthermore, water tolerance tests were investigated, and
the results are displayed in Fig. 1b. It is observed that the water vapor
has negative effect on the deNO reaction over Mn0.2Ti0.8O2 catalyst.
NO conversion at 150 °C over Mn0.2Ti0.8O2 declines to 60% after the ad-
dition of water vapor for 24 h. However, under the same condition NO
conversion at 150 °C of SiO2-modified samples still remained over
85%. Moreover, their NO conversions are almost recovered when
water vapor is removed. Therefore, it is suggested that the SiO2-
modified catalysts display satisfactory resistance against water vapor.
Among the SiO2-modified samples, the water resistance of the
Mn0.2Ti0.8O2-hex0.5 is slightly worse than that of the Mn0.2Ti0.8O2-hex3
and Mn0.2Ti0.8O2-hex5.

3.2. Physical and chemical properties of the catalysts

In order to explore the reason of the distinct improvement of water
tolerance, the chemical and structural properties of the obtained sam-
ples were systematically investigated. The XRD patterns of catalysts
are shown in Fig. S1. All the samples are in the anatase phase (JCPDS,
21-1272). No impurity peak or dramatically shifted peak is observed, in-
dicating thatMn andSi species are highly dispersed on the surface of an-
atase TiO2. As showed in Table 1, the relative content of Mn, Si, and Ti
was measured by XRF analysis. The atom ratio of Mn to Ti of each cata-
lyst is 1:4. The contents of Si are lower than 1%, which increase with the
adding of the hexamethyldisiloxane dosage. Table 1 and Fig. 2 show the
measured textual parameters and pore size distribution. Obviously,



Fig. 3. NH3-SCR activities in the present of H2O under different temperature.
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pore volumes and BET surface areas of the catalysts increases little after
SiO2 modification, whereas the pore sizes of catalyst enhanced
remarkably.

The reduction behaviours, surface acidities, and the valence state of
Mn, which usually play important roles in the catalytic performance,
were investigated via H2-TPR, NH3-TPD, and XPS analyses. As showed
in Fig. S2, two reduction peaks centered at 200 and 300 °C are distin-
guished in the H2-TPR profile of Mn0.2Ti0.8O2 catalyst. These two peaks
are assigned to the reduction processes of MnO2 → Mn2O3 → MnO
[16,17]. The reduction peaks located at 420 and ~550 °C are ascribed
to the flowing away of the lattice oxygen atoms. The reduction property
of Mn0.2Ti0.8O2-hex3 is comparable to that of Mn0.2Ti0.8O2. The results of
NH3-TPD are illustrated in Fig. S3. The profiles of both Mn0.2Ti0.8O2 and
Mn0.·2Ti0.8O2-hex3 catalyst can be divided into three peaks at 200, 300,
and 450 °C, which are attributed to the weak acid, medium strong acid,
and strong acid, respectively [18,19]. It is found that the weak acid and
medium strong acid act as the dominant acid sites on the surfaces of
Mn0.2Ti0.8O2 and Mn0.2Ti0.8O2-hex3 catalyst. The results of XPS analyses
are represented in Fig. S4. The Mn 2p peak are divided to peaks at
641.6 eV, 642.9 eV, 653.2 eV, and 654.1 eV, which belong to Mn3+

2p1/2, Mn4+ 2p1/2, Mn3+ 2p3/2, and Mn4+ 2p3/2 respectively [10,12].
The Mn states of Mn0.2Ti0.8O2 and Mn0.2Ti0.8O2-hex3 are close to each
other. According to the analyses above, it can be deduced that trace
SiO2 modifying barely changed the reduction behaviours, surface acidi-
ties, and Mn valence state of catalysts.

The reaction mechanisms were studied via in situ DRIFTS. As shown
in Fig. S5a and S5b, when NO + O2 flow is turned on, the two peaks of
asymmetric (1600 cm−1) and symmetric (1170 cm−1) bending vibra-
tions of N\\H bond in Lewis acid site linked NH3, detected in catalysts
saturated with NH3, disappear gradually, accompanying with the new
peaks of at bridging nitrates (1610 cm−1), monodentate nitrates
(1520 cm−1), and linear nitrites (1280 cm−1) appearing [20]. It is indi-
cated that the NH3 species adsorbed on the surface of catalysts can react
with NO+O2 flow and are consumed, which suggests that NH3-SCR on
Mn0.2Ti0.8O2 and Mn0.2Ti0.8O2-hex3 catalysts follow the similar E–R
mechanism [8]. The NO + O2 coadsorption in situ DRIFTS over
Mn0.2Ti0.8O2 and Mn0.2Ti0.8O2-hex3 under NH3 flow at 150 °C are
shown in Fig. S5c and S5d. In the spectra of both Mn0.2Ti0.8O2 and
Mn0.2Ti0.8O2-hex3, with introduction of NH3 flow, the signals of the
asymmetric (1600 cm−1) and the symmetric bending vibrations of
N\\H bond (~1220 cm−1) appear rapidly instead of the bridging
bidentate nitrates (1610 cm−1) [5,6]. However, the bands of the
monodentate nitrates (1510 and 1280 cm−1) still remain. It evidently
proves that the bridging bidentate nitrates are the active species for
NO consumption, where the monodentate nitrates are inert for NO re-
duction. The L–H mechanism is well agreed with the NH3-SCR on
Mn0.2Ti0.8O2 and Mn0.2Ti0.8O2-hex3 [13,14].
Fig. 2. BJH pore size distribution of catalysts.
4. Discussions

On the basis of the above characterizations, it is indicated that the
chemical properties of the obtained catalysts are similar and thus not
the factors for the distinct water tolerance of NH3-SCR. However, we
find that enlarged pore sizes of catalysts match the enhancedwater tol-
erance. Due to the capillarity, water drops tend to condense in pores
with small diameter. The condensedwater blocked the pores of the cat-
alyst, which has an adverse impact on NH3-SCR. Therefore, it can be in-
ferred that the NH3-SCR performance in the presence of H2O is closely
dependent on the structural property of catalysts, especially pore size.

To confirm the speculation above, NH3-SCR tests in the presence of
H2O at different reaction temperature were carried out, and the results
are shown in Fig. 3. At high temperature like 200 °C, both catalysts with
and without SiO2 modification exhibit high catalytic activity when
water vapor is introduced. However, all the catalysts show low NO con-
version at low temperature as 125 °C when H2O is added into the feed
gas. Furthermore, the total mass loss rates of samples before and after
water treatment at different temperature were measured. The water
adsorption at certain temperatureΔmH2O is calculated through Eq. (1).

ΔmH2O ¼ Δm1−Δm2 ð1Þ

whereΔm1 is the totalmass loss rate of the catalyst after treating byH2O
gas for 24 h, Δm2 is the total mass loss rate of the catalyst before water
treatment.

As showed in Table 2,water is hardly adsorbed on catalysts at 200 °C,
in contrast to 125 °C.With andwithout SiO2modification, thewater ab-
sorption at 150 °C of the sample is quite different. More water is
absorbed on Mn0.2Ti0.8O2 with smaller average pore size. And in the
presence of H2O, the amounts of condensed water on catalysts well
match the NH3-SCR activities. It evidently shows that the condensed
water inhibits the NH3-SCR on catalyst. Fig. 4 illustrates the influence
of water. At high temperature, water hardly condenses in the pore of
catalyst. Hence, H2O has limited influence on NH3-SCR activities of cat-
alysts. As the temperature decreases, water tends to condense in small
pores of the catalyst because of the capillary effect. The condensed
water blocks the pore and the active site of the catalyst, leading to the
NH3-SCR activity decrease. As the reaction temperature further declines,
Table 2
Water adsorption rate of catalysts at different temperature.

Sample ΔmH2O−125°C(%) ΔmH2O−150°C(%) ΔmH2O−200°C(%)

Mn0.2Ti0.8O2 1.211 0.632 0.128
Mn0.2Ti0.8O2-hex3 1.089 0.348 0.114



Fig. 4. Illustration of the relationship among water tolerance at different temperature, pore sizes, and capillarity.
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water seriously adsorbs on samples with varying average pore sizes.
Therefore, all the samples exhibit poor activity in the presence of
water. In addition, the SiO2 modification was also applied to Mn-Ce-Ti
oxide catalyst. As showed in Fig. S6, the SiO2 modified Mn-Ce-Ti oxide
catalyst exhibits high water tolerance than fresh Mn-Ce-Ti oxide cata-
lyst, which suggests that this method is a general and inherent strategy
for designing of NH3-SCR catalyst with good water tolerance.
5. Conclusions

The SiO2 modification method was performed to enhance the pore
size of Mn0.2Ti0.8O2 catalysts. All the catalysts exhibit high NH3-SCR ac-
tivities at 150 °C, with SiO2-modified ones showing good water toler-
ance. Trace amount of SiO2 modification independent on the reduction
behavior, the surface acidities, and the Mn states of catalysts.

The pore size heavily influences the catalyst inactivation in the pres-
ence of water. The capillarity of water is severely under low tempera-
ture, and water condensed in pore of catalysts inhibits the NH3-SCR.
Larger pore size prevents more catalyst from water condensation,
since water vapor tends to liquefy in small pore. Therefore, the large
pore catalyst processes higher NH3-SCR activity in the presence of H2O.
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