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Abstract

A MnSIBEA zeolite has been prepared by a two-step postsynthesis procedure which consisted,
in the first step, of a treatment of tetraethylammonium BEA zeolite by nitric acid with
formation of vacant T-atom sites and then, in the second step, of an incorporation of Mn ions
into framework of resulted SIBEA zeolite by their reaction with silanol group of vacant T-
atom sites. The incorporation of Mn ions into the framework of SIBEA zeolite has been
evidenced by XRD. The formation of isolated mononuclear Mn(I1) and Mn(l11) in MnSIBEA
zeolite has been shown by FTIR, diffuse reflectance UV—vis, EPR and XPS. Acidic properties
of mononuclear manganese species have been investigated by FTIR spectroscopy using
pyridine as the probe molecule. The changes in the oxidation state of Mn species under

various treatments have been proved by EPR.



1. Introduction

Increasing interesting in manganese-containing zeolite catalysts have been observed
over several last years, especially in the processes important for environment protection such
as selective catalytic reduction of NO with ammonia’® and oxidation of volatile organic
compounds (VOC)*® because of their high efficiency. The most often methods used for the
preparation of Mn-containing zeolites are conventional techniques of postsynthesis

modification such as wet impregnation and ion-exchange®’®

or direct synthesis in
hydrothermal conditions.>** However, manganese in Mn-containing zeolites obtained by
these conventional preparation procedures may be present at various oxidation states and
environment because these preparation methods do not allow controlling state of manganese
in the zeolite structure. As a result Mn-containing zeolite materials with different form of
manganese species e.g., isolated ions in framework and extra-framework positions, single
oxides clusters (MnO, Mn,03 and MnO,) or mixed oxides such as Mn3O,4 could be formed.

Presence of different form of active sites might lead to poor selectivity in many
reactions but major requirement for the catalysts preparation is to obtain a stable and high
selective catalyst to hinder side reactions and to avoid fast deactivation. Thus, the
optimisations of current methods as well as development of new methods of zeolite catalyst
preparation have been strongly demanded.

In this work we have used a two-step postsynthesis method developed earlier by

Dzwigaj et al.**?®

to obtain Mn-containing SIBEA zeolite with isolated, mononuclear Mn
species. The incorporation of manganese ions into zeolite framework was evidenced by XRD,

FTIR, diffuse reflectance UV—vis, XPS and EPR.

2. Experimental section

2.1. Materials



Two portions of the tetraethylammonium BEA (TEABEA) zeolite (Si/Al = 17)
provided by RIPP (China) were prepared. The first one was used to obtain HAIBEA zeolite
by the way described in in our earlier work.!” The second fraction of TEABEA zeolite was
dealuminated by a treatment with nitric acid solution of C = 13 mol L™ at 353 K for 4 h, to
obtain aluminum free SIBEA zeolite, and then it was washed several times with distilled
water and dried at 368 K overnight. In the next step two portions of SIBEA zeolite were
contacted with Mn(NO3), aqueous solution with appropriated concentration and stirred for 24
h at 298 K. Then, the suspensions were stirred in evaporator under vacuum of a water pump
for 2 h at 333 K until the water was evaporated. The obtained materials were denoted as
Mn; oSIBEA and Mn,SIBEA where number next to element symbol refers to Mn wt %
content. The as prepared Mn-containing SiBEA materials were calcined at 773 K (100 K h™)

over 3 h and denoted as C-Mn (SIBEA and C-Mn,(SiBEA.

2.2. Techniques

X-ray fluorescence chemical analysis was performed at room temperature on
SPECTRO X-LabPro apparatus.

XRD experiments were done on a PANalytical Empyrean diffractometer equipped
with the Cu Ka radiation (A = 154.05 pm) in the 26 range of 5°—90°.

Textural properties of studied samples were determined by low-temperature (77 K) N,
sorption on an ASAP 2010 apparatus (Micromeretics). The zeolites, before analysis, were
treated under vacuum at 623 K for 5 h. The specific surface area was calculated from the BET
method. In order to determine the micropore volume the Dubinin-Radushkevich equation was
used.

The OH groups environment and acidic properties of Mn-containing zeolites were

determined by infrared spectroscopy as described in our previous work'®*°.
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Diffuse reflectance UV—vis spectra were recorded in ambient atmosphere on a Cary
5000 Varian instrument with polytetrafluoroethylene as reference.

X-ray photoelectron spectroscopy (XPS) were carried out with Omicron (ESCA+)
spectrometer, using an Al Ko (hv =1486.6 ¢V). X-ray source was equipped with a flood gun.
The area of the analyzed sample was ca. 3 mm?® The powder samples were prepared for
measurements by pressed them on an indium foil. Binding energy (BE) of Mn, C, and O was
calibrated to the Si 1s peak at 103.3 eV. Zeolite samples were outgassed at room temperature
to a pressure of 10 ' Pa. All spectra were fitted with a Voigt function (a 70/30 composition of
Gaussian and Lorentzian functions) in order to determine the number of components under
each XPS peak.

EPR spectra were recorded on a JEOL FA-300 series EPR spectrometer at 9.3 GHz (X
band) using a 100 kHz field modulation and a 5—10 G standard modulation width. The spectra
were recorded at 298 and 77 K for fresh and calcined samples. The fresh Mn,,SIBEA sample
was treated at 373, 473, 573 and 773 K for 2 h under a dynamic vacuum of 10 ° Pa at each
temperature, which led to the activated Act-373-Mn;(SIBEA, Act-473-Mn,(,SIBEA, Act-573-
Mn,oSIBEA and Act-773-Mn,SIBEA samples, respectively. Then Act-773-Mn, SIBEA
sample was reduced by treatment with pure H, at 543 K for 1 h what led to the Red-573-

Mn, oSIBEA sample.

3. Results and discussion
3.1. XRD and FTIR Evidence for the Incorporation of Manganese into the Framework
of SIBEA

The textural properties of zeolites before and after dealumination and after
introduction of manganese ions were studied by means of low-temperature nitrogen sorption.

Figure 1 exhibits nitrogen sorption isotherms of TEABEA, HAIBEA, SIiBEA, and
5



Mn oSIBEA. All of them are type | according to IUPAC. The values of BET specific surface
area and micropore volumes of HAIBEA, SIBEA, and Mn;,SIBEA were in the ranges of
613-669 m® g * and 0.25-0.27 cm® g*, respectively (Table 1). Those characteristics are
typical of BEA zeolites.”>?" The two-step postsynthesis procedure used for samples
preparation did not significantly change the textural properties of zeolites upon acid treatment
and the introduction of manganese into SIBEA support. Only TEABEA zeolite possessed low
specific surface area and micropore volume due to presence of the organic TEA template in
the structure of this zeolite, which might have blocked access to same pores. However, the
acid treatment as well as the calcination led to removal of the organic compounds and
increase of Sget and V¢ values.

An analysis of zeolite BEA structure modifications may be done by XRD involving
monitoring of the main reflection position at 20 = 22.3°-22.6°, corresponding to dso, Spacing,
within a given series of zeolite samples. The dso, spacing for all studied samples were
calculated from the corresponding 26 value and summarized in Table 2. The ds, Spacing
decreased from 3.9788 A for TEABEA to 3.9497 A for HAIBEA and to 3.9206 A for SiBEA
indicating a matrix contraction, consistent with the removal of Al atoms from zeolite BEA
structure. The introduction of Mn into SIBEA resulted in the increase of the dso, spacing from
3.9206 A for SiBEA to 3.9365 A for Mn(SIiBEA and to 3.9725 for C-Mny,SiBEA (Figure
2). Those changes in the position of the main diffraction peak suggest expansion of the BEA
structure and the incorporation of manganese ions into the vacant T—atom sites forming
isolated, mononuclear Mn species in line with our earlier reports on VSIiBEA? and
MoSiBEAZ zeolites. Furthermore, all diffractograms are typical of zeolite BEA phase with
no proofs of the structure amorphization and appearance of other crystalline phases,
suggesting that the removal of aluminum by nitric acid treatment did not damage zeolite

structure.



The FT-IR spectra of HAIBEA, SIBEA and Mn; (SiBEA are showed in the Figure 3.
The insightful analysis and descriptions of the FTIR results obtained on HAIBEA and SiBEA
were done in our previous work.' It is well seen that the acid treatment of parent TEABEA
zeolite led to removal of Al species and resulted in obtaining an aluminum free SiBEA with
vacant T-atom sites (Scheme 1). The introduction of Mn into SiBEA zeolite led to the strong
decrease in the intensity of the bands at 3520 and 3705 cm™ related to OH groups forming
hydroxyl nests indicating that a specific reaction between them and Mn ions took place.
Moreover, the appearance of a new band at 3625 cm™ was due to formation of Mn—O(H)-Si
moieties (Scheme 1, Structure C), similar to acidic hydroxyl groups typical for zeolite
materials. Thus, Mn ions were incorporated into vacant T-atom sites as isolated, framework
species.

The FT-IR investigation associated with pyridine sorption may reveal not only the
number of acidic sites but also their strength and different nature. The difference spectra of
pyridine adsorbed on HAIBEA, SiBEA, Mn, (SiBEA and Mn; (SiBEA are shown in Figure 4.
In the case of HAIBEA zeolite intensive bands of pyridinium cations and coordinately bonded
pyridine molecules are seen. This indicates presence of Bronsted acidic sites as well as Lewis

g . . . . . J . 19.24
acidic sites in line with other works on aluminosilicate materials'”

. Pyridinium cations
(bands at 1546 and 1638 cm™) and pyridine coordinately bonded to Lewis acidic sites (bands
at 1622, 1491, and 1455 cm™) are present in the FT-IR spectra even after outgassing of
HAIBEA at 573 K (Table 2), suggesting the strong acidic character of both Brensted and
Lewis acidic sites in this zeolite. In contrast, for SIBEA very low intense bands at 1638, 1546,
and 1491 cm™ are observed, indicating the presence of only a little amounts of Brensted and
Lewis acidic sites (Figure 4 and Table 2). The introduction of manganese in SIBEA resulted

in arising of the band at 1450 cm™ suggesting the formation of new Lewis acidic sites in

Mn, (SiBEA and Mn,; (SiBEA due to the presence of framework mononuclear Mn(II) species
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(Scheme 1, Structure B). Furthermore, in the FTIR spectra of Mn,; (SiBEA and Mn; (SiBEA
the intensity of the bands at 1546 and 1638 cm™ increased suggesting the formation of an
additional amount of Brensted acidic sites probably due to the creation of mononuclear
Mn(III) species as shown in Scheme 1, Structure C. Similar observations were reported for
FeSiBEA zeolites by Hnat et al.”> Moreover, after samples evacuation at 573 K concentration
of Lewis acidic centers decreased about 50 % and 30 % for Mn; (SIBEA and Mn, (SiBEA,

respectively, suggesting high strength of acidic sites related to mononuclear Mn species.

3.2 Nature and Environment of Mn sites in MnSiBEA zeolites evidenced by DR UV-Vis

and XPS.

The X-ray photoelectron spectroscopy and diffuse reflectance UV-Vis spectroscopy
are very common use for determination of the oxidation state and the coordination of metal
complexes in solid materials. However, in the case of manganese the possibility of occurring
of Mn species with various oxidation states causes difficulties in interpretation of the
experimental results. The literature data of XPS and DR UV-vis bands related to different
oxidation state and type of Mn species in catalytic materials are summarized in Table 4 to
facilitate the discussion of our results.

DR UV-Vis spectra of as-prepared Mn; (SIBEA and Mn, (SiBEA exhibit two bands at
305 and 480 nm. The former one may be related to charge transfer transition between O*
ligands and Mn(II) in the particular environment, in line with other reports on Mn-containing
zeolites.****” The band at 480 nm suggests presence of mononuclear Mn(IIl) probably as
isolated species in pseudo-tetrahedral or octahedral coordination.****’ Thus, it seems that
some part of initial Mn(II) was oxidize to Mn(IIl) during preparation procedure. After
calcination intensity of bands at around 495 — 520 nm increased indicating larger contribution

of Mn(IlI) in studied samples. Taking into account the positions of DR UV-Vis bands it may
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be believed that in C-MnSiBEA zeolites manganese is mostly present as framework,
mononuclear Mn(II) and Mn(III). Due to the lack of bands with maximum at 550 — 800 nm,
the presence of Mn(IV) may be excluded.****!

In the case of manganese compounds, the XPS spectroscopy allows determining the
oxidation state of manganese. However, it is very difficult to determine the coordination state
of this element in zeolites. Figure 6 exhibits XPS spectrum of C-Mn,SiBEA with peaks of
Mn 2ps;, range at 640.6 and 642.0 eV and of Mn 2p;, range at 652.7 and 654.1 eV.
According to the literature data peaks at 640.6 and 652.7 eV are ascribed to Mn(l1) species.™*

On the other hand, bands at 642.0 and 654.7 eV are typical for Mn(l11) species in zeolites.****

Moreover, signals typical for Mn(IV) are not seen at XPS spectrum of this zeolite®*®
suggesting lack of Mn(lV) in studied sample. Thus, in C-Mn,,SIBEA manganese is
predominantly present as framework, mononuclear Mn(I1) and Mn(l1l). This statement is in

an agreement with DR UV-Vis results.

3.3EPR

The electron paramagnetic resonance spectroscopy is a powerful tool for the
identification of paramagnetic transition metal species due to high sensitivity and unique
spectrum shape related to nature and environment of the species occurring in a studied sample.

The X-band EPR spectrum of Mn(ll) species in a disorder state consists of six major
lines.*® Generally, Mn(ll) species in zeolites may be present as (i) framework mononuclear
Mn(l1), (i) isolated Mn?* ions in extra-framework positions, (iii) small clusters and (iv)
oxides of MnO in extra-framework positions. Mn(ll) species in framework positions, (ii)
isolated Mn?* ions in extra-framework positions, (iii) small clusters and (iv) oxides of MnO in
extra-framework positions. According to Sinha et al.*’ first two types of Mn(l1) species appear

in EPR spectra as six major hyperfine lines, whereas the two later exhibits broad resonance
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features. The contribution of certain Mn(ll) species in zeolite samples depends on a
preparation procedure and the manganese concentration. For the fresh samples, Mn; (SIBEA
and Mn,oSIBEA, the broad EPR signal appears at room temperature (Fig. 7) and at 77 K (Fig.
8). On the other hand, hyperfine splitting can be resolved for samples after calcination (C-
Mn; oSIBEA and C-Mn,SIiBEA). Moreover, for both calcined samples several additional
lines can be observed in between the six main hyperfine lines for measurements at 77 K.
These additional lines are assigned to Am; = £1 forbidden transitions in line with previous
reports on Mn(l1) containing zeolites.*%

Presence of broad EPR signal for fresh samples may be related to interactions of Mn(l1)
ions being in close vicinity to each other as well as presence of remaining precursor NO3
anions after impregnation step. This may also indicate that manganese ions were not
completely incorporated into the SiBEA framework. However, calcination step led to removal
of precursor anions and strong incorporation of manganese species into zeolite beta
framework as mononuclear Mn(ll). This is confirmed by well-resolved EPR signal for C-
MnioSiBEA and C-Mn,oSiBEA typical for isolated, hydrated Mn(ll) species.'*?°
Nevertheless, it is important to mention that authors of previous works on Mn-containing
zeolite indicated that high quality EPR signal might be obtained only for samples with low
Mn content. In our case, spectra for calcined samples are very well resolved even when they
contained up to 2 wt % of Mn. This is additional evidence that in our samples manganese is
present as well dispersed framework, mononuclear species.

An additional EPR experiment carried out for Mn,,SIBEA sample was performed in
special reactor operated under vacuum and at different temperatures. The investigation
revealed that with increasing temperature from room temperature up to 573 K (Fig. 9)

decrease in EPR signal intensity was observed suggesting gradual oxidation of Mn(ll) to

Mn(11). However, when temperature was raised to 773 K a reverse increase in EPR signal
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intensity took place indicating an auto-reduction of Mn(lll) to Mn(ll) due to the high
temperature and the high vacuum. After that, the studied sample was treated in flowing
hydrogen at 573 K. A sharp decrease in signal intensity was seen indicating that H,-treatment
caused reduction of large part of Mn(ll) species to EPR silent Mn(l) and/or Mn(0) species.
The same conclusions were drawn from EPR measurements carried out at 298 as at 77 K (Fig.

10).

Conclusions

The two-step postsynthesis method is an excellent way to obtain mononuclear
manganese species in the framework of SIBEA zeolite without considerable changes in
textural and structural properties of BEA zeolite.

The XPS, EPR, DR UV-Vis and FTIR investigations shown that manganese is
incorporated into framework of BEA zeolite as isolated species and is present at two
oxidation degree Mn(l1) and Mn(l11)

Framework manganese species create new type of Bronsted and Lewis acid sites in
MnSIiBEA zeolite.

EPR measurements performed on the zeolite samples after different treatment revealed
that manganese species presence in Mn; oSIBEA and Mn,,SIBEA might easily change their

oxidation state what will have important effect on the catalytic properties of these materials.
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Table 1. Textural properties of selected zeolite samples.

Sample Specific surface area, Sger Micropore volume, Vpmic
(m*g™) (cm®g™)
TEABEA 58 0.03
HAIBEA 626 0.26
SIBEA 613 0.25
Mn; oSIBEA 669 0.27
Table 2. XRD parameters of selected zeolite samples.

Sample 26 () O30z (A)
TEABEA 22.326 3.9788
HAIBEA 22.493 3.9497

SIBEA 22.662 3.9206

Mn, (SIBEA 22.569 3.9365
C-Mny(SIiBEA 22.362 3.9725
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Table 3. Amounts of Brgnsted and Lewis acidic centers in HAIBEA, SIBEA, Mn; oSiBEA

and Mn, (SIiBEA.

Bragnsted acidic centers | Lewis acidic centers

Sample (umol g %) (umol g )
423 K 573 K 423 K 573 K
HAIBEA 333 247 137 128
SIiBEA 8 3 3 1
Mn oSIBEA 22 8 74 37
Mn; oSIBEA 26 6 136 93
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Table 4. Literature data of DR UV-Vis and XPS bands of manganese in various oxidation

states and environments.

Range of
DR UV-Vis _
Type of species Compounds
bands
(nm)
Mn*" ions Mn-ZSM-5*
250 — 325 framework Mn(l11) MN-BEAZ
framework Mn(I11) NMn-YZ
MnMCM-41%
extra-framework .
390 — 500 Mn-ZSM-5
Mn(I1) and Mn(l11) -
Mn-APO-31
CeOo—
_ MnO/Si0,*
extra-framework Mn(l11) and Mn(I1V) (oxides -
500 — 800 Mn-SBA-15
clusters)
Zn/Mn-MCM-
418
Range of o
Oxidation state Compounds
XPS bands (eV)
10%Mn/USY"
640 — 641 Mn(l1)
1.6MnCBV®
Ag-Mn/H-BEA*
641 — 642 Mn(111)
Mn/Ce-ZrO,™”
Mn/ZSM-5*
643 — 644 Mn(IV)

AgMn/HZSM-5%
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Figure captions

Figure 1. Adsorption isotherms of nitrogen at 77 K of TEABEA, SiBEA, HAIBEA and
Mn; oSIBEA samples. Full symbols: adsorption; empty symbols: desorption. For convenience,

the dataset for SIBEA, HAIBEA and Mny (SiBEA were shifted upwards along the Y-axis.

Figure 2. XRD patterns recorded at room temperature of TEABEA, HAIBEA, SiBEA,

Mnl_oSi BEA and C-M n]__oSiBEA.

Figure 3. FTIR spectra recorded at room temperature of HAIBEA, SIBEA and Mn; (SiBEA

in the vibrational range of OH groups.

Figure 4. FTIR spectra recorded at room temperature of HAIBEA, SIBEA, Mn; (,SiBEA and
Mn, oSIBEA after adsorption of pyridine (133 Pa) for 1 h at room temperature and desorption
at 423 K for 1 hour

Figure 5. DR UV-Vis spectra recorded at ambient atmosphere of Mn; (SIBEA, Mn,(SIBEA,

C-Mn; oSIBEA and C-Mn,SIBEA.

Figure 6. Mn 2p XP spectrum recorded at room temperature of C-Mn, (SiBEA.

Figure 7. EPR spectra recorded at room temperature of Mn; (SIBEA, Mn,(SIiBEA, C-

Mn; oSIBEA and C-Mn,SIBEA.

Figure 8. EPR spectra recorded at 77 K of Mny (SIBEA, Mn,,SIBEA, C-Mn; (SIBEA and C-

Mn, (SIBEA.

Figure 9. EPR spectra recorded at 289 K of Mn,SIBEA, Act-100-Mn,(SIBEA, Act-200-
Mn, oSIBEA, Act-300-Mn, oSIiBEA, Act-500-Mn,SiBEA and Red-300-Mn,(SiBEA where
Act states for activated (outgassed for 2 h under vacuum), Red states for reduced (treated with

pure hydrogen for 1 h) and number prior to zeolite symbol states for treatment temperature.
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Figure 10. EPR spectra recorded at 77 K of Mn,SiBEA, Act-100-Mn,(SIBEA, Act-200-
Mn,oSIBEA, Act-300-Mn,SIBEA, Act-500-Mn,,SIBEA and Red-300-Mn,,SiBEA where
Act states for activated (outgassed for 2 h under vacuum), Red states for reduced (treated with

pure hydrogen for 1 h) and number prior to zeolite symbol states for treatment temperature.
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