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MnO; nanotubes, nanorods, and nanoparticles were prepared using a hydrothermal method, after which
the different activities for selective catalytic reduction (SCR) of nitrogen oxides (NO,) were compared.
MnO; nanorods performed the highest activity for reduction of NO, under a gas hourly space veloc-
ity of 36,000h~! with conversion efficiencies of above 90% between 250 and 300°C; it also had the
highest removal efficiency of 98.2% at 300°C. From the analysis of X-ray diffraction, scanning electron
microscopy, X-ray photoelectron spectroscopy, temperature-programmed desorption, and temperature-
programmed reduction, we can ascribe the high activity of MnO, nanorods to low crystallinity, more
lattice oxygen, high reducibility, and a large number of strong acid sites. The apparent activation energy
of the SCR reaction on the surface of nanorods was calculated to be 20.9 k]/mol, which favored the reaction

NO, better than the other catalysts.

Apparent activation energy
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1. Introduction

Nitrogen oxides (NOy) are major environmental pollutants and
have detrimental effects on human health. NO is the main compo-
nent of NOy, which is generated through the combustion processes
(stationary and mobile) [1,2]. NOx contributes to acid rain, forma-
tion of photochemical smog and ozone layer depletion, which has
attracted much attention all over the world. Due to the increas-
ing threat of NOy to our survival, many approaches have been
developed to reduce its emission, among which selective catalytic
reduction technique (SCR) is proven to be an effective way com-
pared with other NOy abatement technologies, such as nonselective
catalytic reduction technique, storage, and thermal decomposition
[3,4].

Many catalysts have beenreported to be active in NH3-SCR tech-
nology [5,6]. Commercially available catalysts are mainly based on
V,05/TiO; [7]. Due to the fact that these catalysts only exhibit high
NOy conversions in the temperature range of 300-400 °C, SCR sys-
tems are normally installed prior to particle removal facility [8].
However, high concentrations of particles and other contaminants
are deleterious for the catalyst; thus, locating the SCR system after
the particle removal facility, where the flue gas temperature is
usually below 300°C, is highly desired. Therefore, there is a great
interest in the development of SCR catalysts that are active at low
temperatures.
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Many catalysts consisting of various transition metal oxides (V,
Cr, Mn, Fe, Co, Ni, and Cu oxides) on different commercial supports,
such as silica and alumina, have been studied. Among them, MnOy-
based catalysts have attracted much attention because of their high
activity for SCR reaction and for various other reactions, such as
oxidative coupling of methane [9], CO and CH4 oxidation [9,10],
oxidative dehydrogenation [11,12], and total oxidation of VOCs
[13,14]. For example, MnOy/Al;03 [15], MnOx/NaY [16], MnOx/USY
[17], MnOy/TiO; [10,11,18], and unsupported MnOy [19] have been
shown to perform high catalytic activities for NO, removal. In this
report, unsupported MnO, catalysts with different shapes have
been prepared, after which their activities for NOy removal are
studied. The results showed that among them, MnO, nanorods
exhibited excellent catalytic activity in the temperature range of
100-300°C.

2. Experiments
2.1. Catalyst preparation

Catalysts were prepared using a hydrothermal approach [20,21].
In a typical experimental procedure for MnO, nanotube prepa-
ration, 2 mmol KMnO4 and 8 mmol HCl were added to 45ml
deionized water to form the precursor solution. This was then
transferred into a Teflon-lined stainless steel autoclave with a
capacity of 65ml. The autoclave was sealed and hydrothermally
treated at 140°C for 12 h. Once the autoclave was cooled down
to room temperature naturally, the black precipitates were col-
lected by centrifugation and washed several times using deionized
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Fig. 1. SEM images of the catalysts. (a) MnO; nanotubes; (b) MnO, nanorods; and (c) MnO; nanoparticles.

water to remove possible impurities or excess ions. The as-prepared
sample was then dried in air overnight. To prepare the MnO,
nanorods, 3 mmol Mn(CH3COO), was added into the KMnO4 +HCl
aqueous solution and heated at 180 °C for 12 h. To prepare the MnO,
nanoparticles, the heat temperature was changed to 220°C, and
additive of NaF was added in the nanorod synthesis procedure.

2.2. Catalyst characterization

X-ray diffraction (XRD) pattern was recorded on a Philips XD-
98 X-ray diffractometer using CuKa radiation (A=0.15406 nm).
The morphology was observed by scanning electron microscopy
(SEM) (JEOL S-4800). X-ray photoelectron spectroscopy (XPS) data
were obtained using Kratos Axis Ultra-DLD, in which C 1s =284.8 eV
was used as internal reference for the data processing of the
XPS. The temperature-programmed reduction (H,-TPR) experi-
ment was carried out for every 50 mg of catalyst from 100 to 1000 °C
with a 1690 Gas Chromatograph. Prior to the analysis, the catalysts
were pretreated at 300°C for 0.5 h in air. The TPR runs were car-
ried out with a linear heating rate (10 °C/min) in a mixed flow of 5%
H, in argon with a flow rate of 40 ml/min. An NHs-temperature-
programmed desorption (NH3;-TPD) experiment was performed to
determine the acidity of catalysts. Here, 50 mg of every catalyst was
loaded in the reactor and pretreated in a He stream (30 ml/min) at
550°C for 1h, and then cooled to 100°C in the same stream. The
pretreated sample was then exposed to NHj3 (4%) at a flow rate
of 20 ml/min for 3 h. The physisorbed NH3 was removed by flush-
ing the catalysts with N, at a flow rate of 30 ml/min for 1 h before
starting the TPD experiment. Experimental runs were recorded by
heating the samples in N, (30 ml/min) from 100 to 700°C at a
heating rate of 10°C/min. Both the H,-TPR and NH3-TPD exper-
iments were analyzed in an online gas chromatographer using a
TCD detector.

2.3. Catalytic experiments

Catalytic activity tests were carried out in a flow reactor of
a fixed-bed tank. All catalysts were grounded and mixed with
25 wt¥% organoclay and then pasted on ten 3 cm x 10 cm aluminum
plates. The prepared catalytic plates were inserted into the grooves
of the reactor; the distance between plates was 5-6 mm. An
NO-NO,-NOy analyzer (Testo AG-testo 350) was used to measure
theinletand outlet concentrations of NO and NO,. The catalyst tem-
perature was measured through a thermocouple projecting into the
center of the reactor. The air flowing through silica gel to remove the
water before introduction to the reactor was mixed in as the source
of O, and N,. The premixed gases (0.9% NO/Ar, 1% NH3/Ar) were
prepared to formulate the flue gas in the experiment. The reactant
gas feed, consisting of NOx (550 ppm), O; (6 vol%), NH3 (550 ppm),
and N as balanced gas, was introduced to the reactor at a total flow

rate of 500 ml/min, corresponding to a GHSV of 36,000 h—!. Water
vapor (2.5vol%) was generated by passing N, through a gas-wash
bottle containing deionized water. The reacting gases were mixed
and preheated at 100°C before the reactor entrance. The activity
tests were performed from 100 to 300 °C with a step of 25°C.

3. Results and discussion
3.1. SEM and XRD analysis

Fig. 1 shows the SEM image of the as-prepared MnO;, nanos-
tructures. High-purity nanotubes were successfully prepared; the
diameter of the nanotubes ranged from 30 to 100 nm, and a length
of more than 1 wm (Fig. 1a). The MnO; nanorods also showed high
morphological purity with a diameter between 100 and 200 nm,
and alength between 500 nm and 1 wm (Fig. 1b). Meanwhile, Fig. 1c
shows the irregular particle-like morphology of the (3-MnO,;. As
shown in Fig. 2, all the diffraction peaks of the nanotubes can be
exclusively indexed as the tetragonal a-MnO, structure (JCPDS 44-
0141). For the nanorods, in addition to the peaks of a-MnO,, several
small peaks assigned to the 3-MnO, (JCPDS 65-2821) were also
observed, indicating that the MnO, nanorods here mainly existed
in the a phase. For the MnO, nanoparticles, all peaks corresponded
to the 3-MnO, (JCPDS 65-2821). From the intensity of the peaks
and full width at half maximum, the MnO, nanotubes and nanorods
were of low crystallinity compared with the nanoparticles.

L,
+ B -MnO,
00|—Nfln02
‘; + L2
G
=
2 +
¢+ ¢
£ e \ 111. 0
= |9b0 E 0 000
- b A ihn ]
I v T *: T . T L T ~ T & T U

10 20 30 40 50 60 70 80
20(degree)

Fig. 2. XRD patterns of the catalysts. (a) MnO; nanotubes; (b) MnO; nanorods; and
(¢) MnO; nanoparticles.
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Fig. 3. XPS spectra of MnO; nanotubes, nanorods, and nanoparticles. (a) Mn 2p
spectra; and (b) O 1s spectra.

3.2. XPS analysis

Fig. 3 shows the XPS spectra of the catalysts. The Mn 2p core
level spectra in Fig. 3a illustrate the binding energies for Mn 2p3/2
and Mn 2p'/2, where a binding energy of 642 +0.2eV suggests
the existence of only Mn** of MnO;, and an energy separation of
11.5eV is observed between the Mn 2p3/2 and Mn 2p'/? states.
All these features are consistent with the values reported in lit-
erature [22,23]. The O 1s binding energy 529.2+0.4eV in Fig. 3b
can be ascribed to the lattice oxygen ions (Or) bound to Mn [24].
The peaks at 530-533 eV can be attributed to the surface oxy-
gen and surface hydroxyl groups (Os) bound to Mn [25,26]. The
ratios of O /(O +Os) on the surface of MnO, nanorods, nanopar-
ticles, and nanotubes were approximately 63.8%, 60.8% and 11.7%,
respectively.

3.3. TPR and TPD analyses

Fig. 4 shows the TPR spectra of three samples. For MnO, nan-
otubes, the TPR profile shows three overlapped peaks ranging from
350 to 600 °C that correspond to the reduction of MnO, to Mn,03,
Mn,03 to Mn304 and Mn304 to MnO, respectively [27,28]. The
TPR curves of the nanorods showed two overlapped peaks, corre-
sponding to the reduction of MnO, to Mn304 and Mn304 to MnO,
respectively. This observation is in accordance with the previous
reports stating that the reduction of MnO, with low crystallinity
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Fig. 4. TPR patterns of MnO; nanotubes, nanorods, and nanoparticles.

takes place through a distinct two-step process [29]: the first step
involves the reduction of MnO, to Mn304, and the second step
represents the reduction of Mn304 to MnO. For the nanoparti-
cles, the curve contains three overlapped peaks corresponding to
the reduction of MnO, to Mn,03, Mn;03 to Mn304 and Mn304 to
MnO, respectively [27,28]. The H, consumption levels for MnO,
nanorod, nanoparticle, and nanotube calculated from Fig. 4 were
approximately 11.39, 11.20 and 2.93 mmol/g, respectively.

The NH3-TPD patterns of these catalysts are shown in Fig. 5. The
NH3-TPD spectra of the MnO, nanotubes contain only a single main
peak ranging from 400 to 550 °C, which signifies a distribution of
weak acid sites. The peak could be assigned to the successive des-
orption of ammonia physisorbed to weak acid sites and likely linked
to Bronsted acid sites (250-440°C) [30]. For the MnO, nanorods,
the NH3-TPD curve showed two peaks - the first one centered at
about 760 °C and the second one centered at about 830 °C - that can
be attributed to NH3; desorbed from Lewis acid sites [31]. The shape
of the NH3-TPD pattern obtained from the nanoparticles was very
similar to that of the nanorods; in addition, their desorption tem-
peratures all shifted to a high temperature, suggesting the presence
of strong acid sites on the surface. The ratios of desorption amounts
of NH3 for MnO, nanorods, nanoparticles, and nanotubes were
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Fig. 5. TPD patterns of MnO, nanotubes, nanorods, and nanoparticles.
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Fig. 6. NOy conversion of MnO, nanotubes, nanorods, and nanoparticles under the
conditions of 550 ppm of NO, 550 ppm of NH3, 6% of O, 2.5% of H,O (when added),
and GHSV of 36,000h".

approximately 1:0.54:1.67 (mainly weak acid sites for nanotubes),
respectively.

3.4. Catalytic activity characterization

Fig. 6 shows the NOy conversion efficiency as a function of tem-
peratures over different catalysts. For nanotubes, the efficiencies
were all very low in the investigated temperature window, and the
best efficiency of 60.8% was attained at 300 °C. The nanoparticles
had efficiencies of below 80% in the temperature window, and the
best efficiency of 78.5 at 300 °C. The nanorods present the highest
activity for reduction of NOy in the investigated temperature win-
dow from 100 to 300 °C with efficiency of above 90% between 250
and 300 °Cand the highest removal efficiency 0 98.2% at 300 °C. The
NOy conversion for the nanotubes and nanoparticles in the stud-
ied temperature range was always lower than that for nanorods.
Moreover, the catalytic properties of all catalysts increased with
temperature from 100 to 300°C.

To better evaluate the catalytic activity, kinetic parameters were
calculated according to the following equation from the NOy con-
version [32-34]:
k:—%xln(l—x). @)
In the above equation, k is the reaction rate coefficient (mlg=—1s-1),
V is the total gas flow rate (mls~1), W is the mass of catalysts in
the reactor, and x is the conversion of NOy in the testing activity.
This equation is based on the theory that the reaction is first-order
dependent on NOy and zero-order dependent on NH3 [35-37]. A
high reaction constant of MnO, nanorods shown in Fig. 7 was
observed clearly, especially in the high temperature range. The
improvement in the catalytic rate of catalysts at high temper-
ature is much greater than that at low temperatures. The rate
constant for MnO, nanorods at 300°C was 13.4mlg-!s~1, which
was much higher than that of the nanoparticles (5.12mlg-1s-1)
and nanotubes (3.30mlg~'s~1). The apparent activation energy
was calculated using the Arrhenius equation given by:

k = kge~Ea/RT (2)

In the above, E; is the apparent activation energy. It can be
calculated from the slope of the curve In(k) versus 1/T as the
inset in Fig. 7 shown, apparent activation energies of SCR reac-
tion on the MnO, nanorods, nanotubes, and nanoparticles were
20.9, 21.0 and 36.6 kJ/mol, respectively. In view of kinetics, the
surface of MnO, nanorods was favorable to SCR reaction. Further-
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Fig. 7. Reaction rate coefficient of MnO, nanotubes, nanorods, and nanoparticles.
The inset is Arrhenius plot of MnO, nanorods.

more, the reaction constant of nanorods was much higher than
that of nanotubes and nanoparticles, so the SCR reaction occurred
quickly there. From the apparent activation energy, less energy was
needed for activation in the SCR reaction on the nanorods. There-
fore, the MnO, nanorods had the best efficiency among the three
catalysts.

Based on the analysis of XPS and TPR, the MnO, nanorods
and nanoparticles showed more Oy groups and high reducibility,
thereby contributing to the catalytic activity. However, total NH3
desorbed from MnO, nanoparticles was only approximately half
of those desorbed from the nanorods. Accordingly, MnO, nanorods
had a large number of strong acid sites, which favored SCR reaction.

Given that water vapor is always included in the feed gas stream
containing NOy to be removed, Fig. 6 also shows the effect of water
vapor on the NOy removal over the MnO, nanorod catalyst after
stabilization. When 2.5% H,0 was added, a slight decline in NOy
conversion (from 98% to 92% at 300°C) was observed, indicating
that the inhibition effect of H,O on the SCR activity over MnO,
nanorods was almost negligible. The inhibition effect could be
ascribed to the competition adsorption between water and ammo-
nia on acid sites [19].

The HRTEM (not showed here) showed that the MnO, nan-
otubes and nanorods grew along the c-axis, in agreement with
results reported in literature [20,21]. For nanoparticles, the deter-
mination of its surface structure is difficult because of their
poly-morphological structure. Although further study is needed
to clarify the relationship between the atomic structure of cat-
alyst surface and the corresponding catalytic activity, it seems
that MnOyx nanorods showed excellent NH; adsorbability and
high lattice oxygen concentration, which favored the de-NOy
reaction.

4. Conclusion

MnO, nanotubes, nanorods, and nanoparticles have been pre-
pared using a hydrothermal method, after which the different
SCR activities of NO, were studied and compared. MnO, nanorods
showed the best efficiency among the three different-shaped MnO,
atlow temperature (100-300 °C) under a GHSV of 36,000 h—!. Based
on the XRD, SEM, XPS, TPD and TPR analyses, the high efficiency of
MnO, nanorods could be ascribed to low crystallinity, more lattice
oxygen, high reducibility, and a large number of strong acid sites.
The apparent activation energy of the SCR reaction on the surface
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of nanorods has been calculated to be 20.9 kJ/mol, which is in favor
of the reaction compared with the two other catalysts.
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