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Abstract The effects of different manganese precursors on the low-temperature

(100–300 �C) selective catalytic reduction of nitrogen oxide (NOx) were investi-

gated. MnOx/TiO2 catalysts were prepared by a sol–gel method using three different

precursors, manganese(II) nitrate (MN), manganese(II) acetate (MA2), and man-

ganese(III) acetate (MA3). They had an overall high specific surface area, but the

relatively small surface areas of MN–MnOx/TiO2 and MA3–MnOx/TiO2 were due

to the existence of a Mn3O4 phase in these catalysts. There is no chemical reaction

at the working temperature, which proves the high thermal stability of all the

catalysts. The result of de-NOx (removal of NOx) efficiency in the low temperature

region showed that the catalyst synthesized with manganese acetate had higher

catalytic activity than the catalyst synthesized with manganese nitrate. Despite the

relatively small surface area, the MA3–MnOx/TiO2 exhibited the highest de-NOx

efficiency, which resulted from the most enriched Mn concentration and Mn4?

species (MnO2) as well as strong acid sites on catalyst surface.
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Introduction

The selective catalytic reduction (SCR) of NOx with NH3 is an effective technique

for removing NOx from flue gases of stationary sources [1, 2]. The commercial

catalyst, V2O5/TiO2 (anatase) with either WO3 or MoO3, has high activity and

stability for the use in SCR of NOx with NH3 at 300–400 �C [3–5]. However, SO2

and the high concentrations of ash in the flue gas reduce their performance and

durability because this type of catalyst is always placed before dust precipitation

and flue gas desulphurization system [6, 7]. Therefore, the trend is to develop low-

temperature catalysts capable of working at the end of the exhaust system without

the reheating [8].

In the low temperature SCR, the commercial catalyst cannot be defined. Most of

the investigated catalysts were noble metal and transition metal oxides (Cr, Mn, Fe,

Co, Ni, and Cu). The research of noble metal catalyst was focused on the catalyst

support such as SiO2, Al2O3 [9], mesoporous silica [10], zeolites [11], TiO2–ZrO2

[12], and MgO–CeO2 [13]. It was reported that 50 and 75 % NO conversions were

obtained over Pt/Al2O3 catalyst at 140 �C and over Pt/SiO2 catalyst at 90 �C [14]. A

large number of catalysts consisted of various transition metal (Cr, Mn, Fe, Co, Ni,

and Cu) oxides on different commercial supports have been investigated for low

temperature SCR reactions, which can be capable of operating in the temperature

range 100–300 �C. Among all the zeolite-based catalysts, Fe-ZSM-5 and Cu-ZSM-5

have been the most extensively investigated in the past 20 years. At temperatures

over 350 �C on 2.5 % Fe/ZSM-5, the NO conversion reached nearly 90 % and also

with a wide temperature window [15, 16]. Manganese oxides supported on TiO2

have relatively high activity for low temperature SCR of NOx with NH3 among

these catalysts [17]. Manganese oxide was the main catalyst (active phase) and

titanium oxide was the catalyst support in this composite. The active phase acts as a

decomposition catalyst of the nitrogen oxide (NOx) to nitrogen and water. The

catalyst support formed a large surface area and ensured that the shape of the active

phase was maintained. Titanium oxide does not have activity in the SCR reaction

[18]. It has been documented that MnOx–Al2O3 prepared using the manganese

acetate (MA) precursor shows better dispersion of MnOx on alumina and higher

catalytic activity than manganese nitrate (MN) at 100-180 �C [19]. It has also been

reported that the MnOx/TiO2 catalyst prepared from MN resulted in a better

performance than that prepared from the MA precursor at 100–200 �C [20].

In this study, commonly used precursors [manganese(II) acetate, manganese(III)

acetate, and manganese(II) nitrate] were chosen for the synthesis of MnOx/TiO2

catalysts but the manganese(III) nitrate was excluded from the comparison because

manganese(III) nitrate is an unstable compound, which evolves N2O4 at room

temperature due to the low thermal stability [21]. The activity of the catalysts

synthesized by different precursors were analyzed based on the assumption that the

same synthesis condition. Three kinds of the catalyst were characterized by
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structural and thermal analysis. The effects of the manganese precursors on the

catalytic activity were identified in terms of surface chemical properties.

Experimental

Catalyst preparation

The MnOx–TiO2 catalysts were prepared by a sol–gel method with different

precursors, manganese(II) nitrate (Mn(NO3)2, MN), manganese(II) acetate (Mn(CH3-

COO)2, MA2), and manganese(III) acetate (Mn(CH3COO)3�2H2O, MA3). A mixture

of titanium(IV) isopropoxide (Ti[OCH(CH3)2]4) and ethanol at a 1:10 (by weight)

ratio was stirred under reflux at room temperature. A large amount of deionized water

and manganese precursors, which are designated as MN, MA2 and MA3, were added

and stirred for 24 h. The sol–gel solution was then vaporized at 110 �C until a dry gel

was obtained and treated thermally at 400 �C for 2 h. The heating rate was 5 �C/min to

promote the decomposition of organic components in the precursor.

Characterization of the catalysts

The specific surface areas of the catalysts were measured by nitrogen adsorption at

liquid N2 temperature (-196 �C), using an ASAP2010 (Micromeritics, USA)

adsorption apparatus. Powder X-ray diffraction (XRD) measurements were carried

out with a M18XHF (MAC Scientific Co., Netherlands) system with Cu Ka

(k = 0.1543 nm) radiation. A SDTQ600 (TA Instruments, USA) performed to test

the thermal analysis. The samples were heated from room temperature to 700 �C at

a rate of 10 �C/min. Fourier transform infrared spectroscopy (FT-IR) monitoring of

ammonia adsorption was carried out on a Thermo Nicolet 6700 FT-IR instrument

(Thermo Electron Corporation, USA) running at a 4 cm-1 resolutions. A gas

containing 1000 ppm NH3 (100 ml/min) was passed through the sample for 1 h at

room temperature before the FT-IR experiment. The IR spectra were collected after

being purged with N2 flow gas for 1 h. The atomic surface concentration on each

catalyst was analyzed by X-ray photoelectron spectroscopy (XPS, Escalab 250

(Thermo Scientific, UK) using Al Ka (1486.6 eV) as the radiation source. The

reference used the C1s binding energy (BE) of 284.6 eV.

Catalytic activity measurement

The SCR activity was measured in a fixed-bed reactor containing 0.50 ml catalyst at

100–300 �C in 50 �C steps with a gas hourly space velocity of 12,000 h-1. The feed

gas mixture consisted of 1000 ppm NO, 1000 ppm NH3, and 5 % O2. A total flow

rate of 100 ml/min was maintained for all the experiments with N2 as the balance

gas. The flow rate was controlled using a mass flow controller (Sierra Instruments,

Inc. and Hi-Tec Co.). The NO and NO2 concentrations were monitored continually

using a NOx analyzer (42C, Thermo Ins.). An ammonia trap containing a boric acid
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solution was installed before the sample inlet to the analyzer to avoid errors due to

the oxidation of ammonia in the converter of the NO/NOx analyzer.

Results and discussion

Fig. 1 shows the XRD patterns of the catalysts prepared from different precursors. The

peaks corresponding to the TiO2 anatase phase were observed on all samples and

Mn3O4 phase was noted on the MN–MnOx/TiO2 and MA3–MnOx/TiO2 samples. The

manganese oxide phase was not identified at the MA2–MnOx/TiO2 sample in the XRD

pattern. It was originated from the strong background of TiO2 and also implies that

manganese oxides could have been in a highly dispersed state or manganese ions were

inserted into the TiO2 lattice resulting in the presence of more surface hydroxyl groups

in the TiO2 anatase [22–24]. The surface areas of MN-MnOx/TiO2, MA2-MnOx/TiO2

and MA3-MnOx/TiO2 were 161.32, 174.38, and 155.36 m2/g. The MN-MnOx/TiO2

and MA3-MnOx/TiO2 had a small surface area due to the existence of a Mn3O4 phase

in these catalysts compared to MA2-MnOx/TiO2.

Fig. 2 shows the results of thermal analysis on MnOx/TiO2. As for MN–MnOx/

TiO2 and MA2-MnOx/TiO2, there are two peaks at around 100 and 680 �C. The

peak observed at approximately 100 �C, which was due to the evaporation of water

[25]. The sharp peak at around 680 �C can be explained by an anatase to rutile phase

transformation. However, the chemical reactions including critical weight loss with

exothermic peaks cannot be found at working temperatures. It means that materials

were chemically stable at the working temperature. The thermal stability in low

temperature SCR was important for long term use and the TG/DSC results proved

that all samples was suitable as a low temperature SCR catalyst.

Fig. 3 presents the FT-IR spectra of ammonia adsorbed on MnOx/TiO2 catalysts.

Two strong peaks at 1667 and 1256 cm-1 and a weaker peak at 1460 cm-1 were

observed. The bands at 1667 and 1460 cm-1 were assigned to the symmetric and

asymmetric bending vibrations of NH4
? chemisorbed on the Brønsted acid sites,

Fig. 1 XRD patterns of TiO2

and different catalysts powder at
room temperature with a Cu Ka
(k = 0.1543 nm) radiation: 1—
MN-MnOx/TiO2; 2—MA2-
MnOx; 3—MA3-MnOx/TiO2.
filled diamond—anatase
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Fig. 2 TG and DTA profiles of different catalysts from room temperature to 700 �C at a rate of 10 �C/
min: a MN-MnOx/TiO2, b MA2-MnOx, c MA3-MnOx/TiO2
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whereas the bands at 1256 cm-1 were assigned to vibrations of the N–H bonds in

NH3 linked coordinately to the Lewis acid sites [26–28]. The peak at approximately

1530 cm-1 was attributed to amide (NH2) species. The broad band in the range of

3200–3450 cm-1 was assigned to the O–H and N–H stretching vibration, indicating

the coordination adsorption of H atom and O atom in metal oxide appear on the

catalyst surface [29–31]. For all the peaks, both the peaks of NH3 adsorption on

Brønsted acid sites and Lewis acid sites were obviosuly observed. The MA2-MnOx/

TiO2 and MA3-MnOx/TiO2 catalysts have similar acid sites. The adsorption of

ammonia on the MN-MnOx/TiO2 catalyst showed relatively weaker acid sites and

amide species.

Manganese supported TiO2 catalysts were examined by XPS to identify the

surface atomic concentration and the valence states of Mn interacting with TiO2 on

each catalyst. Fig. 4 shows the Mn 2p photoelectron peaks of the MnOx/TiO2

catalysts, and Table 1 lists the relative atomic proportion of Mn and the

compositions determined by XPS. Two main peaks due to Mn 2p3/2 and Mn 2p1/2

were observed at around 641–653 eV for all samples. The overlapping Mn 2p3/2

peaks were deconvoluted into several peaks with the use of Shirley type background

to identify the surface manganese oxide phases and the results are shown in Table 1.

It has been well established that the 2p3/2 binding energy of the MnO2 (Mn4?) peak

and Mn2O3 (Mn3?) peaks appear at 642.1 ± 0.2 and 641.3 ± 0.2 eV, respectively

[19, 20, 32]. The SCR of NO over the pure manganese oxides at the low temperature

was investigated by Kapteijn et al. [19] and found that the de-NOx efficiency

decreased in the order of MnO2[Mn5O8[Mn2O3[Mn3O4. The MA3-MnOx/

TiO2 catalyst had the most enriched Mn concentration and Mn4? species (MnO2) on

the TiO2 surface. In addition, the MA3-MnOx/TiO2 has the highest concentration of

Mn on the surface and the Mn/Ti ratio was MA3-MnOx/TiO2[MA2-MnOx/

Fig. 3 FT-IR spectra (4 cm-1 resolutions) of MnOx/TiO2 with different precursor after adsorption of
ammonia gas. A gas containing 1000 ppm NH3 (100 ml/min) was passed through the sample for 1 h at
room temperature before the FT-IR experiment
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TiO2[MN-MnOx/TiO2. It is well-known that the concentration of Mn on the

surface was in the same sequence of the catalytic activity.

The catalytic activity of various manganese precursors on the Mn loaded TiO2

catalysts were tested for low temperature SCR from 100 to 300 �C. Fig. 5 presents

the NOx conversion results on the above mentioned catalysts. The MnOx/TiO2

catalysts showed over 90 % activity at 200 �C, and saturated from this temperature.

The MA3-MnOx/TiO2 catalyst especially showed higher de-NOx efficiency than the

others in all regions. The difference in atomic concentration or valence states on the

surface was considered. The fact that the MA3–MnOx/TiO2 showed a relatively

higher SCR activity despite showing a lower surface area indicates that the surface

area is not significant to the low temperature SCR activity. This is caused by the

higher Mn coverage resulting in a higher intensity of NH3 adsorption and Mn4?/

M3? ratio. It is easier to understand why the MA3–MnOx/TiO2 catalyst showed

better SCR activity because the catalytic reaction is related to the surface MnO2 and

Fig. 4 XPS spectroscopes of different catalysts using AlKa (1486.6 eV) as the radiation source

Table 1 Relative atomic proportion of Mn4?, Mn3?, and compositions of different catalysts

Samples Mn4?/Mn3? ratio Proportion (%) Metal content obtained with XPS (at%)

MnO2 Mn2O3 Mn Ti O Mn/Ti

MN-MnOx/TiO2 0.25 20.2 79.8 1.8 19.09 53.01 9.42

MA2-MnOx/TiO2 2.32 69.9 30.1 2.43 17.95 51.59 13.54

MA3-MnOx/TiO2 4.45 81.7 18.3 3.93 18.59 55.56 21.14
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NH2 species [6]. The manganese(III) acetate was the most effective precursor for

MnOx/TiO2 SCR efficiency for these reasons.

Conclusions

The MnOx/TiO2 catalysts were prepared by a sol–gel method using different

precursors for the low temperature SCR. The MN-MnOx/TiO2 catalyst showed

relatively weaker acid sites and amide species than the other samples. The MA2-

MnOx/TiO2 and MA3-MnOx/TiO2 catalysts contained similar acid sites. The

catalyst synthesized with manganese acetate had higher catalytic activity than the

catalyst synthesized with manganese nitrate. The MA3-MnOx/TiO2 catalyst

especially showed the highest NOx conversion under flow conditions of

GHSV = 12,000 h-1 from 100 to 300 �C with a relatively small specific surface

area. The MA3-MnOx/TiO2 catalyst was found to be the best for the low

temperature SCR of NO with NH3 among the three different types of precursor

catalysts examined. The efficiency of MnOx/TiO2 SCR catalyst were able to

increase by manganese acetate (III) precursor, because it has enriched Mn

concentration and Mn4? species (MnO2) on the TiO2 surface.
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