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Influence of nature and environment of manganese in Mn-BEA 
zeolite on NO conversion in selective catalytic reduction with 
ammonia  

R. Baran,a,b,* L. Valentin,c J.-M. Krafft,c  T. Grzybek,b P. Glatzela and S. Dzwigajc,* 

Manganese-containing BEA zeolites, MnxSiBEA (x = 1–4 wt %) and Mn(I.E.)AlBEA, were prepared by a two-step postsynthesis 

method and a conventional wet ion-exchange, respectively, and applied as catalysts in the selective catalytic reduction of 

NO with ammonia (NH3-SCR). The physicochemical analysis of zeolite properties by the high-energy-resolution 

fluorescence-detected XANES (HERFD-XANES) and X-ray emission spectroscopy (XES) uncovered that the coordination, 

geometry and oxidation state of Mn species are strongly related to the preparation method. Additionally, the study of 

catalysts acidity by FTIR spectroscopy with CO and pyridine probe molecules provided important insight into the number 

and type of acidic centres present on catalyst surface. The catalytic results revealed that NO conversion depended on the 

state and content of Mn. The zeolites obtained with the two-step postsynthesis method and with low Mn content were 

very active at medium temperature range (NO conversion ~100 %) with simultaneous high selectivity to N2 due to the 

presence of isolated, framework Mn(III) and Mn(II) species. The N2O formation was especially high for catalysts containing 

extra-framework polynuclear Mn species and negligible in the case of Mn(I.E.)AlBEA containing predominantly isolated, 

extra-framework Mn(II) species. 

Introduction  

The emission of nitrogen oxides (NO, NO2 and N2O) to the 

atmosphere has severe impact on the environment that can be 

mitigated by catalytic reduction of NOx (DeNOx). Despite 

numerous studies fundamental questions concerning the 

catalytic mechanism, intermediate complexes and site 

products formation remain unanswered1–5. One of the major 

challenge in DeNOx processes is to find catalysts that will allow 

effective conversion of NOx to dinitrogen at low temperature 

in diesel systems or in SCR unit at tail-end configuration for 

coal fired boilers in order of limit the costs of exhaust 

preheating or reheating. The current solutions do not fulfil all 

economic and environmental requirements thus some 

improvements should be implemented.   

Among the proposed new catalysts are manganese containing 

materials because of their high reactivity already below 425 

K6–9. The literature data shows that advantageous catalysts in 

SCR of NO at low temperature are manganese oxides 

supported on TiO2
10,11 and Al-SBA-1512 as well as Mn-

containing activated carbons13. However, their stability and/or 

selectivity to the desired products were not beneficial over 

575 K, the use of catalysts in a wider temperature range is 

crucial for automotive NH3-SCR system. The main obstacles 

were sintering of the active material and high N2O yield. In 

contrast, Cu-promoted zeolites, for example, were found to be 

less prone to deactivation and highly selective to N2 but not 

enough effective during the initial phase of operation when 

the car engine and catalyst are cold14,15. The development of 

catalyst preparation methods that allow precisely control of 

Mn speciation may improve NOx mitigation efficiency.  

In this work we studied properties of MnSiBEA and 

Mn(I.E)AlBEA catalysts obtained from parent BEA zeolite by a 

two-step postsynthesis method developed by Dzwigaj et al.16,17 

and by the conventional wet ion-exchange, respectively. The 

MnSiBEA prepared by novel postsynthesis method, composed 

of dealumination and impregnation steps, contains Mn species 

incorporated into the framework positions. Conversely, in 

Mn(I.E)AlBEA Mn centers are located in the extra-framework 

positions inside the zeolite cavities. Our comprehensive 

investigation unraveled various physicochemical properties of 

Mn species and their clear differences in catalytic activity in 

SCR of NO with ammonia. 

Experimental 

Materials 

Manganese-containing BEA zeolites were prepared from 

parent TEABEA zeolite by a two-step postsynthesis method 
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(Mn1.0SiBEA, Mn2.0SiBEA and Mn4.0SiBEA) and a conventional 

ion-exchange procedure (Mn(I.E.)AlBEA) using SiBEA and HAlBEA 

as the supports. The preparation of the supports was 

described in our earlier work18. The Mn1.0SiBEA, Mn2.0SiBEA 

and Mn4.0SiBEA were prepared by impregnation of 2 g of SiBEA 

with Mn(NO3)2 solutions with appropriate concentration of 

Mn. Firstly, the suspensions were stirred for 24 h at 298 K in 

excess solvent using 200 mL of the precursor solutions. Then, 

the suspensions were stirred in evaporator under vacuum of a 

water pump in air at 353 K for 2 h until water was evaporated. 

The Mn(I.E.)AlBEA was prepared by stirring for 3 hours at 333 K  

the suspension of 2 g of HAlBEA and 200 mL of manganese(II) 

nitrate solution (C = 0.01 mol L-1). Then the suspension was 

filtered and the obtained solid was washed with distilled water 

and dried at 363 K overnight. This procedure was repeated 

twice. The obtained Mn loading was 1.9 wt %. 

All the samples were calcined in air (100 K h-1) at 773 K for 3 h 

under static conditions and labeled as C-Mn1.0SiBEA, C-

Mn2.0SiBEA, C-Mn4.0SiBEA and C-Mn(I.E.)AlBEA, where C- stands 

for calcined and index next to Mn symbol indicates its content.    

 

Techniques 

X-ray fluorescence chemical analysis was performed at room 

temperature on SPECTRO X-LabPro apparatus. 

The XRD experiments were carried out on a PANalytical 

Empyrean diffractometer equipped with the Cu Kα radiation (λ 

= 154.05 pm) in the 2θ range of 5 − 90°. High-temperature XRD 

measurements were carried out using the same diffractometer 

equipped with an Anton Paar HT 1200N oven-chamber. The 

measurements were done in the air at 298 – 1173 K 

temperature range. 

Diffuse reflectance UV−vis spectra were recorded in ambient 

atmosphere on a Cary 5000 Varian instrument using 

polytetrafluoroethylene as reference. 

X-ray photoelectron spectroscopy (XPS) measurements were 

carried out using an Omicron (ESCA+) spectrometer and an Al 

Kα (hν =1486.6 eV) source. The X-ray source was equipped 

with a flood gun. The area of the analyzed sample was ca. 3 

mm2. The powder samples were prepared for measurements 

by pressing them on an indium foil. The binding energy (BE) 

scale was calibrated to the Si 1s peak at 103.3 eV. Zeolite 

samples were outgassed at room temperature to 10−7 Pa. All 

spectra were fitted with a Voigt function (a 70/30 composition 

of Gaussian and Lorentzian functions) in the CasaXPS software 

in order to determine the number of components under each 

XPS peak. 

The acidic properties of Mn-containing zeolites were 

determined by pyridine and CO sorption combined with 

infrared spectroscopy as described in our previous work19,20. 

The XAS and XES experiments were carried out at beamline 

ID26 of the European Synchrotron Radiation Facility (ESRF) in 

Grenoble, France. The data were recorded on the pellets 

containing 5 wt % of the sample diluted in the cellulose. The 

incident energy was tuned through the Mn K edge by a pair of 

cryogenically-cooled Si(111) monochromator crystals. A Fe foil 

was used to calibrate the energy by setting the first inflection 

point of the Fe K edge to 7112 eV. The XES spectra were 

collected at incident energy of 6700 eV with a X-ray emission 

spectrometer equipped with a set of four spherically bent 

Ge(333) and Ge(440) crystals for Mn Kα and Kβ lines, 

respectively, and detected with an avalanche photodiode. The 

analyzer crystals were arranged in vertical Rowland geometry. 

The Mn Kα XES spectra were fitted with two Lorentzian 

functions to determine the full width at half maximum 

(FWHM) of the Kα1 line. High-energy resolution fluorescence 

detected x-ray absorption near edge structure (HERFD-XANES) 

spectra were recorded for all zeolite samples at the maximum 

of the Mn Kα1 line. The incident total flux was 1013 photons s-1. 

A background subtraction was applied to the Mn Kβ valence-

to-core X-ray emission spectra (VTC-XES) using the procedure 

proposed by Gallo and Glatzel21 in order to remove the 

contribution of the 3p to 1s (K) core-to-core (CTC)  main line 

tail. 

The tests of the catalyst activity in selective catalytic reduction 

(SCR) of NO with ammonia were performed in a fixed bed 

reactor. The composition of the reaction gas was: 1000 ppm 

NO, 1000 ppm NH3, 3.5 vol. % O2 and He as balance. The gas 

mixture was provided with calibrated electronic mass flow 

controllers (BETA-ERG). The total gas flow was 0.1 L min−1 and 

the catalyst mass was 0.2 g. The concentrations of NO and N2O 

were analyzed by NDIR detectors (ABB 2020 AO series). Prior 

to the reaction the catalyst bed was activated in 3.5 % O2/He 

flow (0.1 L min−1) in the temperature range of 298–798 K with 

a linear heating rate of 2 K min−1 and then for 1 h at 798 K. The 

standard test was carried out over 1 h at 573–773 K with 

increasing reaction temperature every 50 K interval. The NO 

conversion was calculated from the measured concentration 

of nitrogen oxide. The N2 selectivity was calculated based on 

following formula: 

 

 

Results and discussion 

Stability of the Mn-BEA catalysts 

In our previous work, we have shown by XRD that Mn ions 

were introduced into the zeolite SiBEA matrix forming isolated, 

mononuclear Mn(II) and Mn(III) species22. In this work, we 

studied the zeolite durability by means of in-situ XRD during 

calcination at elevated temperature and in air atmosphere. 

The experiments were carried out between 298 – 1173 K. The 

temperature was gradually raised 100 K per step with 2 K min-1 

ramp rate in order to follow the possible changes in the zeolite 

structure. The registered XRD profiles for Mn(I.E.)AlBEA, 

Mn1.0SiBEA and Mn4.0SiBEA are shown in Figure 1. In the case 

of Mn(I.E.)AlBEA, we observed an increase in the intensity of the 

main diffraction reflection (d302) at around 22.5° with increase 

of the temperature from 298 to 773 K (without significant shift 

of the diffraction angle). In contrast, with further increase of 

the temperature the position of the main diffraction peak was 
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displaced to higher values of the 2θ angle (to 22.75° at 1173 K) 

with simultaneous decrease of its intensity. These 

observations suggest that above 773 K the process of thermal 

dealumination could occur with simultaneous modification of 

the ratio between the polymorphs A, B and C that are present 

in the BEA structure23,24. For Mn4.0SiBEA, a small increase in 

intensity of the main diffraction peak at 22.50° was registered 

with a temperature increase from 298 to 573 K. However, at 

temperature higher than 573 K, a significant decrease in the 

intensity was observed with a simultaneous shift of the 

diffraction angle from 22.50° to 22.78°. Interestingly, for 

Mn1.0SiBEA, during the initial stage of thermal treatment (298 

– 673 K), the main diffraction peak was moved to lower Bragg 

angle from 22.58 to 22.52°. Presumably, this shift originated 

from a stronger incorporation of Mn into vacant T-atom sites 

of SiBEA zeolites 16,22  

 

Nature and environment of manganese in Mn-BEA zeolites 

Diffuse reflectance UV-Vis spectroscopy 

The DR UV-vis spectra of C-Mn(I.E.)AlBEA, C-Mn1.0SiBEA and C-

Mn4.0SiBEA are collected in Figure 2. For all of them the 

characteristic bands at 285 and 490–550 nm are seen. The first 

band is related to charge transfer transition between O2- 

ligands and Mn(II) in the particular environment, in line with 

other reports on Mn-containing zeolites25,26. The second band, 

observed at 490 nm for C-Mn(I.E.)AlBEA and C-Mn1.0SiBEA, 

suggests the presence of isolated Mn(III) species in distorted 

tetrahedral or octahedral symmetry. In the case of C-

Mn4.0SiBEA the maximum of the second band appeared at 550 

nm due to the presence of extra-framework manganese oxide 

species besides framework manganese species. This 

observation is in line with earlier reports on Mn-containing 

materials27,28. 
X-ray photoelectron spectroscopy 

The results of the 2p XPS characterization of C-Mn(I.E.)AlBEA 

and C-Mn2.0SiBEA are shown in Figure 3 and Table 1. XPS 

allows detection of the oxidation of Mn but it is very 

challenging to determine the coordination of Mn in zeolites 

only from XPS results. As we reported earlier, the XPS 

spectrum of C-Mn2.0SiBEA is composed of two peaks 

accompanied by satellite features in the 2p3/2 and 2p1/2 

ranges22. The peaks observed at 641.5 and 653.6 eV are typical 

for Mn(II) species29,30 whereas peaks at 643.3 and 655.4 eV 

may be ascribed to Mn(III) species31,32 occurring in the 

framework in distorted tetrahedral coordination.  

Table 1 XPS chemical analysis of C-Mn2.0SiBEA and C-Mn(I.E.)AlBEA 

Sample 

Concentration (%) Ratio 

Si 2p O 1s C 1s Al 2p  

Mn 2p 

MnIII/MnII 

MnII MnIII 

C-Mn2.0SiBEA 31.03 53.48 15.31 - 0.11 0.06 0.61 

C-

Mn(I.E.)AlBEA 
29.04 55.2 14.04 1.46 0.15 0.12 0.57 

 

The XPS spectrum of C-Mn(I.E.)AlBEA also consists of two peak 

doublets in the 2p3/2 and 2p1/2 ranges suggesting the presence 

Figure 1 Evolution of XRD patterns of Mn(I.E.)AlBEA, Mn1.0SiBEA and Mn4.0SiBEA 
recorded at 298 – 1173 K in air 

Figure 2 DR UV-Vis spectra recorded at room temperature of C-Mn(I.E.)AlBEA, C-
Mn1.0SiBEA and C-Mn4.0SiBEA 
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of Mn(II) and Mn(III) species. However, compared to the C-

Mn2.0SiBEA spectrum, the positions of the peaks are shifted to 

higher binding energy of ~0.8 eV. This change suggests a 

considerably different chemical environment of Mn in C-

Mn(I.E.)AlBEA than in C-Mn2.0SiBEA. In the former, zeolite 

manganese occurs as isolated extra-framework species 

coordinated to framework aluminum and located in the 

cationic positions of BEA structure. The results of XPS chemical 

analysis (Table 1) revealed similar Mn(III)/Mn(II) ratio on the 

zeolite surface. 

 
X-ray absorption spectroscopy 

HERFD-XANES as an element specific technique was performed 

to characterize the local geometric and electronic structure of 

manganese in the studied zeolites. The HERFD-XANES spectra 

show sharper features and a pre-edge that is well-separated 

from the white line33,34. Figure 4 shows the spectra for calcined 

and rehydrated C-Mn1.0SiBEA, C-Mn2.0SiBEA and C-

Mn(I.E.)AlBEA. The shapes of the white lines resemble those 

observed for other Mn-zeolites such as MnAPO-3135, MnAPO-

1836 and Mn-ZSM-537 that contain hydrated/dehydrate, 

isolated Mn(II)/Mn(III) species in framework or extra-

framework positions. The spectra of C-Mn1.0SiBEA and C-

Mn2.0SiBEA are almost identical due to the uniform distribution 

and environment of manganese species throughout the zeolite 

framework. The absorption edge positions (determined as the 

maximum of the first derivative) for all samples are situated at 

around 6548 eV (differences are of 0.2 eV). With respect to the 

previous investigations38 and our study on the reference 

samples (Fig. S1) there is a linear relation between the edges 

shift and the valence state of Mn for the same type of 

compounds (i.e. oxides)39,40. The shift is around 3.5 eV per 

oxidation degree. Thus, this parameter suggests similar 

valence state in all samples in contradiction to the results from 

other characterization techniques. Even so, the Mn K 

absorption main edge is strongly influenced by the local 

coordination, in particular inter-atomic distances41, and is thus 

not necessarily a reliable indicator of the oxidation state. 

The analysis of the pre-edge in the XANES spectrum may bring 

additional information about valence state and symmetry of 

the Mn species42. The pre-edge features may be related in a 

one-electron picture to electronic transition from a 1s core 

level to an empty orbital with strong 3d character. In line with 

the ligand field multiplet calculations by Radu et al.37 and the 

report by Glatzel et al.43 on the electronic structure of Mn in 

oxides the Mn(II) pre-edge feature in octahedral coordination 

has a distinct shape that arises from at two strong resonances 

(t2g and eg) and is placed at lower energy whereas Mn(III) has a 

far more complex pre-edge structure arising from the (3d,3d) 

electron-electron interactions. The Mn(III) spectrum shows 

one sharp feature at an energy similar to the Mn(II) doublet 

and a broad feature at about 3 eV toward higher absorption 

energy. The intensity of the pre-edge peaks is higher for 

manganese species in tetrahedral than octahedral 

coordination due to pd-mixing in tetrahedral symmetry35,44. 

The pre-edge of C-Mn(I.E.)AlBEA is markedly different from that 

of C-Mn1.0SiBEA and C-Mn2.0SiBEA with lower intensity and 

only one feature at ca. 6539.7 eV. For C-Mn1.0SiBEA and C-

Mn2.0SiBEA the pre-edges consist of a pronounced feature at 

6539.9 eV and another peak at 6542.5 eV. Furthermore, the 

spectral shape resembles the one recorded for Mn3O4 by 

Glatzel et al.43 Hence, it is probable that for C-Mn1.0SiBEA and 

C-Mn2.0SiBEA the contribution of Mn(III) is higher than in C-

Mn(I.E.)AlBEA. The higher pre-edge spectral intensity suggests 

the presence of Mn species in the tetrahedral and/or pseudo-

tetrahedral coordination for zeolites obtained by two-step 

postsynthesis method. Conversely, the extra-framework 

species present in C-Mn(I.E.)AlBEA are rather in octahedral 

coordination.   
X-ray emission spectroscopy 

X-ray emission spectroscopy is a very helpful tool to 

characterize valance states of manganese in catalytic 

materials8,29,45. We display in Figure 5 the Mn Kα XES spectra 

of C-Mn(I.E.)AlBEA, C-Mn1.0SiBEA and C-Mn2.0SiBEA. The Kα1 line 

full width at half maximum (FWHW) depends on the Mn spin 

multiplicity and thus oxidation and spin state. The results of 

Figure 3 XPS spectra recorded at room temperature of C-Mn2.0SiBEA and C-
Mn(I.E.)AlBEA 

Figure 4 HERFD-XANES spectra recorded at room temperature at the Mn K edge 
of C-Mn(I.E.)AlBEA, C-Mn1.0SiBEA and C-Mn2.0SiBEA 
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the XES investigation on various manganese compounds 

carried out by Konishi et al.46 revealed the shift in energy and 

the decrease of the FWHM of Mn Kα1 line with increase of the 

manganese valence (decrease of total spin). The XES spectra of 

C-Mn1.0SiBEA and C-Mn2.0SiBEA are almost identical with the 

same peak positions of Kα1 at 5900 eV and values of the 

FWHW of 3.56 – 3.58 eV. In the case of C-Mn(I.E.)AlBEA the Kα1 

line peak maximum is shifted by about 0.4 eV to higher 

emission energy (inset of Fig. 5) in comparison to C-Mn1.0SiBEA 

and C-Mn2.0SiBEA. In addition, the FWHW of Kα1 peak is 

slightly wider (3.74 eV). This indicates that the Mn species in 

the zeolites prepared by two-step postsynthesis method may 

possess a higher Mn(III)/Mn(II) ratio than that of C-

Mn(I.E.)AlBEA obtained by conventional ion exchange.  

We continue with the XES Kβ mainline spectra of the same 

samples, which are shown in Figure 6. The XES Kβ spectrum is 

composed of strong Kβ1,3 peak and a broad Kβ’ shoulder at 

lower emission energy. The splitting arises from a strong intra-

atomic exchange interaction between the valence electron 

spin and the unpaired spin in the Mn 3p shell in the final state 

of the K (3p to 1s) decay47. The manganese species with the 

same spin state and local environment give very similar 

spectra as shown for C-Mn1.0SiBEA and C-Mn2.0SiBEA samples. 

The K1,3 maximum in C-Mn(I.E.)AlBEA at 6493.4 eV is of 0.4 eV 

higher than for C-MnxSiBEA. Simultaneously, an increase in the 

intensity and sharpening of the Kβ’ line were observed 

suggesting a stronger Mn(II) character for C-Mn(I.E.)AlBEA 

consistent with the observations for the Mn XES Kα lines and 

by HERFD-XANES. The shift of the peak maximum to the higher 

emitted energy indicates an increase in the total spin 

(reduction of oxidation degree) as we have demonstrated for a 

series of manganese oxides in Figure S2.  

In order to complement XES study we moved our investigation 

to valence-to-core X-ray emission spectroscopy (vtc-XES) to 

probe the occupied orbitals with metal p-character a few eV 

below the Fermi level (valence orbitals). The vtc-XES spectrum 

is composed of two main features denoted as Kβ2,5 and Kβ” 

and the overall spectral shape depends on the type of ligands 

and the local geometry.  The positions and number of the main 

features were distinguished by fitting with Lorentzian 

functions as shown in Figure S4. For both C-Mn1.0SiBEA and C-

Mn2.0SiBEA zeolites the Kβ2,5 maxima are at 6534.8 eV whereas 

for C-Mn(I.E.)AlBEA it is slightly shifted of 0.6 eV to 6534.2 eV 

(Fig. 7). Moreover, Kβ2,5 of C-Mn(I.E.)AlBEA is more intense and 

broader than that of C-MnxSiBEA. This is related to differences 

in the symmetry of molecular orbitals (MOs) of octahedral (Oh) 

and tetrahedral (Th) complexes as Gallo et al. explained for Ti 

models48. The vtc-XES spectra of Oh complex consists of two 

peaks whereas Th complex is composed of three peaks leading 

to broader and less intense Kβ2,5 line as is observed for C-

Mn1.0SiBEA and C-Mn2.0SiBEA. Bergmann et al.49 presented 

earlier that the position and the intensity of the Kβ” features 

indicate the type of ligands and bond distances of the metal-

ligand systems. They reported that an increase of the Kβ” line 

intensity was related to shortening of the bond between Mn 

and O in manganese oxide compounds. The Kβ” lines of C-

Mn1.0SiBEA and C-Mn2.0SiBEA are at around 6520.5 – 6520.7 eV 

and they are equal in the intensity indicating the same type of 

Figure 5 Mn Kα XES spectra recorded at room temperature of C-Mn(I.E.)AlBEA, C-
Mn1.0SiBEA and C-Mn2.0SiBEA 

Figure 6 Mn CTC Kβ XES spectra recorded at room temperature of C-
Mn(I.E.)AlBEA, C-Mn1.0SiBEA and C-Mn2.0SiBEA 

Figure 7 Mn VTC Kβ XES spectra recorded at room temperature of C-
Mn(I.E.)AlBEA, C-Mn1.0SiBEA and C-Mn2.0SiBEA 
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oxygen ligands from manganese framework species. 

Dissimilarly, the Kβ” of C-Mn(I.E.)AlBEA appeared at 6518.2 eV 

indicating considerable different ligand environment 

compared to C-MnxSiBEA zeolites. Indeed, the manganese 

species occurring in the extra-framework position are 

coordinated with oxygen bonded to framework Al.  

Thus, by combining XES and XANES investigations we can state 

that Mn in samples prepared by two-step postsynthesis 

method (C-Mn1.0SiBEA and C-Mn2.0SiBEA) is predominantly 

present as isolated species incorporated into the zeolite 

framework with mixed Mn(II)/Mn(III) oxidation state. On the 

other hand for zeolite obtained by conventional wet ion-

exchange the manganese species are present in extra-

framework positions mostly as Mn(II) with very small 

contribution of Mn(III) species. 

FTIR study of manganese species and their acidity in MnSiBEA 

zeolites 

The FTIR spectroscopy following CO sorption as a probe 

molecule was applied in order to study the acidic centers 

present in Mn2.0SiBEA zeolites. The adsorption of CO on 

Mn2.0SiBEA zeolite led to the appearance of bands at 2205, 

2187, 2176, 2160 and 2140 cm-1 (Fig. 8A). The intensity of all 

bands gradually increased with successive CO doses. The two 

bands with highest wavenumbers at 2205 and 2187 cm-1 are 

due to interaction of CO with framework Mn(II) and Mn(III) 

species, respectively, most probably as a dicarbonyl moieties 

consistent with earlier reports on Mn containing zeolite50,51. 

The band at 2176 cm-1 corresponds to the adsorption of CO on 

bridged Si–O(H)–Mn(III) groups, possess medium acidic 

character. Its appearance is an additional proof for the 

formation of isolated Mn(III) in the framework of SiBEA. The 

remaining band at 2161 cm-1 is related to silanol groups 

present in large quantity in Mn2.0SiBEA in line with earlier 

studies of dealuminated BEA zeolite52,53.  

Table 2 Amounts of Brønsted and Lewis acidic centers in SiBEA, Mn1.0SiBEA, Mn2.0SiBEA 

and Mn4.0SiBEA 

Sample 

Brønsted acidic centers 

(μmol g−1) 

Lewis acidic centers 

(μmol g−1) 

423 K 573 K 423 K 573 K 

SiBEA 8 3 3 1 

Mn1.0SiBEA 22 8 74 37 

Mn2.0SiBEA 26 6 136 93 

Mn4.0SiBEA 23 9 173 103 

After the introduction of CO up to 133.3 Pa (equilibrium 

pressure) gradual evacuation was performed as showed in 

Figure 8B. It can be seen that the evacuation led to complete 

disappearance of the bands related to physisorbed CO (2135 

and 2140 cm-1) and CO adsorbed on OH groups (2160 cm-1). 

Simultaneously, for the bands at 2205 and 2187 cm-1 a 

decrease in intensity and a shift to higher wavelength were 

observed. The shift of the band maxima to 2210 and 2199 cm-1 

(inset of Fig. 8B) is probably related to transformation of 

dicarbonyl moiety to monocarbonyl complexes Mn(II)–(CO) 

and Mn(III)–(CO), respectively54,55. The fact that these two 

bands are seen in the FTIR spectrum even after profound 

evacuation proves the high stability of bonds between 

Figure 8 FTIR difference spectra recorded at 100 K in carbonyl stretching regions 
of Mn2.0SiBEA (A) after adsorption of a small dose (ca. 10 μmol g -1 (a–d) then 45 
μmol g-1 (e–f)) of CO and (B) evolution of the spectra in dynamic vacuum (a–g) 

Figure 9 FTIR spectra recorded at room temperature of SiBEA, Mn1.0SiBEA, 
Mn2.0SiBEA and Mn4.0SiBEA after adsorption of pyridine (133 Pa) for 1 h at room 
temperature and desorption at 423 K for 1 hour 
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manganese and carbon monoxides and their strong acidic 

character.  

The FTIR investigation combined with pyridine sorption may 

reveal not only the number of acidic sites but also their 

strength and various natures. The difference spectra of 

pyridine adsorbed on SiBEA, Mn1.0SiBEA, Mn2.0SiBEA and 

Mn4.0SiBEA are shown in Figure 9. With respect to SiBEA very 

low intense bands at 1638, 1546, and 1491 cm-1 are observed, 

illustrating low concentration of Brønsted and Lewis acidic 

sites (Table 2)56,57. The introduction of manganese in SiBEA 

resulted in increasing the band at 1450 cm-1 suggesting the 

formation of new Lewis acidic sites in MnxSiBEA due to the 

existence of framework mononuclear Mn species. 

Furthermore, in the FTIR spectra of Mn1.0SiBEA, Mn2.0SiBEA 

and Mn4.0SiBEA the intensity of the bands at 1546 and 1638 

cm-1 increased suggesting the formation of an additional 

amount of Brønsted acidic sites probably due to the presence 

of bridging hydroxyl groups Si–O(H)–Mn(III). Similar 

observations were reported for FeSiBEA zeolites by Hnat et al. 
58 

Catalytic results 

Figure 10 exhibits the NO conversion in NH3-SCR on 

Mn1.0SiBEA, Mn2.0SiBEA, Mn4.0SiBEA and Mn(I.E.)AlBEA zeolite 

catalysts. The huge difference in DeNOx activity between two 

types of catalysts is clearly seen. The catalysts obtained with 

two-step postsynthesis method showed high activity at low 

and medium temperature range while the catalyst obtained by 

conventional wet ion exchange performed poor activity in the 

423 – 623 K range. Nevertheless, differences in catalytic 

activity were also seen between Mn1.0SiBEA, Mn2.0SiBEA and 

Mn4.0SiBEA. In the low temperature range (423 – 523 K) the 

NO conversion increased with increasing reaction temperature 

reaching maximum conversion of 96 % for Mn4.0SiBEA and only 

slightly lower for Mn2.0SiBEA and Mn1.0SiBEA, 93 and 89 % 

respectively. In the medium temperature range (523 K – 623 K) 

the activity of all three catalysts remained high with NO 

conversion of 96 – 89 %. It is well known that manganese 

containing materials are highly effective in SCR process at low 

temperature7,11. The catalysts described in the literature were 

often doped with high Mn loading leading to the formation of 

surface manganese oxides (MnO2 and Mn3O4) which were 

responsible for excellent activity. While the reaction 

temperature increases, a sharp drop in catalytic activity was 

observed. The proposed reason for this was the ammonia 

oxidation to N2O, which is accelerated by large MnOx clusters 

at elevated temperature. The analysis of the selectivity of the 

catalysts (Fig. 11) revealed that the application of all samples 

resulted in very high N2 selectivity (~100 %) at 423 – 573 K. 

Even though, gradual decrease in selectivity toward N2 was 

observed over 573 K for MnxSiBEA catalysts depending on Mn 

concentration. Significant loss in N2 yield appeared in 

particular for Mn4.0SiBEA whereas for Mn1.0SiBEA the decrease 

was much smaller. Conversely, in case of Mn(I.E.)AlBEA the N2 

selectivity remained high and stable over the whole studied 

temperature range. Furthermore, for this catalyst output in NO 

removal strongly increased at 723 – 773 K reaching 80% in NO 

conversion, the highest value among all tested samples.   

The decrease in catalyst efficiency was strongly correlated with 

the type of manganese species occurring in zeolites and with 

N2O formation. The polynuclear extra-framework species 

present in Mn4.0SiBEA were responsible for high NO conversion 

at low temperature but at high temperature led 

predominantly to oxidation of ammonia to N2O. For 

Mn1.0SiBEA the formation of N2O seems to be a minor problem 

and for Mn(I.E.)AlBEA it is almost negligible. The catalytic results 

show that valence state and environment of manganese 

species have strong impact on the activity in SCR of NO.  The 

mononuclear, framework Mn species present in Mn1.0SiBEA 

and Mn2.0SiBEA as Mn(II) and Mn(III) allowed obtaining high 

NO conversion and N2 selectivity in the 573 – 723 K range. 

Despite poor performance at 423 – 623 K, the Mn(I.E.)AlBEA 
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catalyst gave unexpectedly high activity at 723 – 773 K. 

Probably, the vicinity of Al species improved the catalytic 

activity of isolated, extra-framework manganese and 

prevented the N2O formation. The acidic sites present in this 

type of catalysts may also play an important role in the 

catalytic mechanism according to our previous report19. 

Conclusions 

The modifications of zeolite beta by two different 

postsynthesis preparation methods led to two types of 

catalysts with considerably different manganese species. In the 

zeolites obtained by two-step postsynthesis method, with low 

metal content (up to 2 wt %), manganese is present in the 

framework positions as Mn(II) and Mn(III) species. In the C-

Mn(I.E.)AlBEA zeolite, prepared with conventional wet ion 

exchange method, manganese was predominantly present as 

extra-framework octahedral Mn(II) species. Both groups of 

zeolites possess high thermal stability as evidenced by HT-XRD. 

Mn1.0SiBEA and Mn2.0SiBEA catalysts showed significant 

activity in the SCR process with NO conversion of about 89 – 

96 % and high N2 selectivity in the medium temperature range. 

The drop of ca. 20 % in selectivity toward N2 at 723 – 773 K 

range seemed to be due to N2O formation. On the other hand, 

Mn(I.E.)AlBEA showed excellent selectivity to the desired 

product in the whole temperature range but it gave high NO 

conversion only at elevated temperature.  Thus, it was shown 

that the location of manganese species, their state as well as 

the acidity played an important role in NH3-SCR. 
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