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Abstract

Using XPS, BET, XRD, TG-DTA, HRTEM-EDX, TPR and UV-Vis Diffuse
Reflectance spectroscopic methods the electronic, redox and structural properties
of Mn-Na-W/SiO, catalysts prepared by the incipient wetness impregnation method
and mixture slurry method were studied in detail. Since POSS nanotechnology
(POSS = polyhedral oligomeric silsesquioxanes) has attracted attention as tooling
for synthesis of catalysts with novel properties and functionalities, we expanded this
method for the preparation of Mn-Na-W/SiO, catalyst. The physicochemical and
catalytic properties of Mn-Na-W/SiOx catalysts prepared by conventional methods
and POSS nanotechnology were examined comparatively. In all studied Mn-Na-W/
Si0, catalysts both individual oxides (MnO,, WO;) and bimetal oxide phases
(Na,WO,, MnWO,) are found in addition to oxide particles of high dispersion.
The UV-Vis Diffuse Reflectance indicates that Na* cations facilitates stabilization
of octahedrally coordinated Mn*'y, cations in the isolated state, while Mn3*'y,
promote the disordering of W¢* cations in the supported system. The Mn-Na-W/
Si0, prepared using metal-POSS precursors marks out presence of unglobular
Si0, particles, higher dispersion of MnO, and MnWO, particles and more easily
reducible metal-oxide species. The catalysts prepared by incipient impregnation
method and mixture slurry method have practically similar catalytic performance
while the catalyst prepared by POSS nanotechnology method shows lower activity
and selectivity. At 800—850 °C the increase of C, hydrocarbons yield from 4
to 15% and the rise of molar ratio C,H,/C,Hg from 0.2 to 1 are observed when
impregnation or mixture slurry method are used for catalyst preparation instead of
POSS nanotechnology method.

1. Introduction

Development of effective catalysts for conver-
sion of methane to valuable products with high se-
lectivity will solve such problems as rational utili-
zation of natural gas and environmental protection
[1-10]. The oxidative coupling of methane (OCM)
is a promising process for direct production of eth-
ane and ethylene [8—10]. Besides the selective re-
actions (Egs. (1) and (2)), there are nonselective
oxidation of the hydrocarbons to CO, by-products

(Eq. 3).

* Corresponding author. E-mail: zinferl @mail.ru

2CH4 + 0502 — C2H6 + Hzo (1)
2CH4 + 02 i C2H4 +2H20 (2)
CH, + 20, — CO, + 2H,0 3)

The OCM process is a combination of the het-
erogeneous catalytic and homogeneous noncatalyt-
ic reactions [11, 12]. On the whole, the role of cat-
alytic surface is the generation of methyl radicals,
as well as the suppression of nonselective surface
oxidation of hydrocarbons to carbon oxides. A large
number of catalytic systems have been studied and
~25% C, (C,Hg + C,H,) yields have been obtained
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that is close to the commercial usefulness [10, 13,
14]. The Mn-Na-W/Si0, catalyst is one of the suit-
able OCM catalysts that shows both high product
yield and long-term stability [10, 13, 14].

The complex reaction mechanism of OCM and
multicomponent composition of Mn-Na-W/SiO,
catalyst complicate the elucidation of the role of
various components of this catalyst. So there are
some controversies concerning the structure of ac-
tive center in the Mn-Na-W/Si0, catalytic system.
The surface cluster species WO, with one W=0
and three W-O-Si bonds was one of the first model
of the active site suggested for this reaction [15].
The DFT-study of Mn-Na-W/SiO, confirmed the
possibility of tetrahedral WO, species to be active
sites for methane activation [16]. By comparison
of the catalytic behaviors of Mn/Na,WO,/MgO
and NaMnO,/MgO catalysts, the authors suggest-
ed that Na—O—Mn species were the most possible
active sites [17]. The Mn,O; species were proposed
to act as the active sites responsible for the meth-
ane activation, while the Na*" and oxo anion (WO,*,
MoO,*, SO,*, PO or P,0,*) affect the formation
of the specified Mn species [18]. Alternatively, the
two metal site model of active centers was consid-
ered by Li and co-workers on the basis of XANES,
EXAFS, TPR, TPO and high temperature quench-
ing EPR characterizations [19]. According to this
model, methane activation takes place on the W¢*
sites, while activation of gas-phase oxygen occurs
on the Mn*" sites. The oxygen spillover from Mn,0;
to Na,WO, surface provides the higher activity of
Mn-Na-W/SiO, catalyst in comparison with that of
Na-W/Si0O, one. The similar results were obtained
by Kou et al. using the L-edge and the K-edge XAFS
and XPS [20]. It was indicated that the combina-
tion of tetrahedral (WO,) and octahedral (MnOy)
metallic cores with different oxidation states from
each other is responsible for the catalysis in the
oxidative coupling of methane. Ji et al. identified
also that both Na-O-Mn and Na-O-W species act
as the active centers of the catalysts for OCM [21].
It was noted that tetrahedral WO, species is more
active and selective for the OCM reaction while the
near-surface Mn concentration is correlated with
the CH, conversion and C,H, selectivity. There are
different assumptions about the role of the alkali
component [21-24]. In particular, it was demon-
strated that Na induces the low temperature phase
transition of amorphous silica support to a-cristob-
alite and also acts to disperse and stabilize the W
surface species [22]. The Na presence was assumed
to be necessary for the formation of distorted WO,
species which are responsible for the catalyst activ-
ity [23]. In addition it was found that the presence

of Na in the catalyst favors the Mn and W migration
to the catalyst surface [21]. Thus, the structure of
active centre for the OCM reaction is still a matter
of discussion. However it is clear that the presence
of all Mn, Na and W metals together provides the
highest performance of Mn-Na-W/SiO, catalysts in
the OCM reaction [21, 24]. The observed synergis-
tic effect agrees with the two metal site model of
active centers for the OCM reaction.

Various methods of preparation were applied for
synthesis of the Mn-Na-W/SiO, catalyst: i) the in-
cipient wetness impregnation method [22, 25, 26],
i1) the mixture slurry method [25, 26], iii) the sol-
gel method [25, 26], iv) the solid-phase synthesis
[24] and v) the solution combustion method [27].
As the precursors of the active component, as a rule,
inorganic salts of metals were used. It is obvious
that variation of the metal content, the nature of the
Si0, substrate or method and conditions of prepa-
ration allows regulation of the surface composition
of catalyst, behavior of metal-metal and metal-sup-
port interaction, metal dispersion and distribution in
support matrix and, consequently, the activity and
stability of Mn-Na-W/SiO, catalyst [25, 28] in the
target reaction. In particular, it was shown that the
incipient wetness impregnation method provided
the high concentration of Mn, Na and W elements
on the catalyst surface, while the mixture slur-
ry method and sol-gel method provided relatively
uniform metal distribution between the surface and
bulk of Mn-Na-W/SiO, catalyst [25]. It is suggested
that uniform elemental concentrations counteracted
the loss of active components during the reaction
providing long-term stability of catalyst. The prepa-
ration method did not affect the phase composition
of the catalyst, and Mn-Na-W/SiO, catalysts con-
tain crystalline phases Mn,0; of 60-80 nm in size,
Na,WO, of 50 nm in size and a-cristobalite [25,
27]. On the contrary, the metal content was shown
to determine the phase composition of catalyst and
the optimal metal content is equal to 0.5-3 wt.%
Mn, 0.4-2.3 wt.% Na, 2.2-8.9 wt.% W [21].

The exploitation of the so-called “POSS nano-
technology” (POSS = polyhedral oligomeric silses-
quioxanes) in which metal-containing silsesquiox-
anes are used as precursors for the preparation of
catalytic materials provides a peculiar way to ob-
tain nanosized catalysts [29, 30]. This method of
preparing heterogeneous metal-containing materi-
als has distinct advantage over traditional methods
of preparing metal impregnated siliceous materials
in that the metal atoms remain highly dispersed
throughout support [29-35]. Maxim et al. reported
that Mg, Al, Fe-Cr and Fe-containing microporous
silicas were prepared by controlled calcination of
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metallasilsesquioxanes in the presence of metal free
silsesquioxane [32]. The isolated, clustered metal
species as well as particles of iron oxide were re-
vealed by spectroscopic analysis and TEM after
thermolysis of Fe-silsesquioxanes in 20%0,/Ar at
500 °C. The study of the Cr- [33], Mg- [34] and
Al-containing [34] silicas derived through calcina-
tion of appropriate metallsilsesquioxanes at similar
conditions showed that nearly homogenous metal
dispersion could be achieved. Only in case of Cr sil-
icas the small amount of Cr,O; was observed [33].
Obviously the increase of temperature of catalyst
precursor calcination from 500 °C that is usually
applied for calcination of metal-containing silses-
quioxanes up to range 800-900 °C that is optimal
for calcination of Na-Mn-W/Si10, material will lead
to expected low dispersion of metal species. For
example, the Ti-O-Si linkage remained when the
titanosiloxane was subjected to calcination in the
range 450-800 °C while the formation of anatase
and rutile forms of TiO, was observed after calcina-
tion at temperature above 900 °C [35].

Herein using XPS, BET, XRD, TG-DTA, HR-
TEM-EDX, TPR and UV-Vis Diffuse Reflectance
spectroscopic methods we thoroughly studied elec-
tronic, redox and structural properties of Mn-Na-W/
Si0, catalysts prepared by the incipient wetness im-
pregnation method and the mixture slurry method.
Since POSS nanotechnology has attracted atten-
tion as tooling for synthesis of catalysts with novel
properties and functionalities [29-35] we expand-
ed this method for the preparation of Mn-Na-W/
Si0, catalyst. The physicochemical properties and
performance in OCM of Mn-Na-W/SiO, catalysts
prepared by conventional methods and POSS nano-
technology were examined comparatively. The pe-
culiarity of the genesis of Mn-Na-W/Si0, materials
prepared by different methods was revealed.

2. Experimental
2.1. Catalyst preparation

The series of Mn-Na-W/SiO, catalysts were
synthesized at different preparation routes. The ab-
breviation in the bracket indicates the preparation
method: I is the incipient wetness impregnation
method, M is the mixture slurry method, and P is the
POSS nanotechnology. The nominal metal compo-
nents in the samples prepared by different methods
were similar: 3 wt.% Mn, 1.4 wt.% Na and 5 wt.%
W, which is in the range of optimal metals contents
for the Mn-Na-W/SiO, tri-metallic catalyst [21].

The Mn-Na-W/SiO, (I) sample was prepared by
sequential incipient wetness impregnation of SiO,

(Silica gel Davisil 646, 250-500 um, Sigma-Al-
drich) with an aqueous solutions of the correspond-
ing metal precursors (manganese (II) acetate tetra-
hydrate Mn(CH;COO), - 4H,0, sodium tungstate
dihydrate Na,WO, - H,0, sodium oxalate Na,C,0,)
taken in appropriate concentrations. The tempera-
ture of intermediate drying of Na-W/SiO, materi-
al (before following impregnation with solution of
Mn salts) was 120 °C for 6 h. The Mn-Na-W/SiO,
catalysts were then dried at 120 °C for 6 h and cal-
cined in air at 850 °C for 6 h.

The Mn-Na-W/SiO, (M) catalyst was pre-
pared by mixture slurry method. Aqueous solu-
tions of salts (manganese (II) acetate tetrahydrate
Mn(CH;COOQ), - 4H,0, sodium tungstate dihydrate
Na,WO, - 2H,0, sodium oxalate Na,C,0,) taken
in appropriate concentrations were added drop-
wise into a silica sol (LUDOX LS, 30 wt.% SiO,,
Sigma-Aldrich) with stirring, and the mixture was
stirred vigorously for several hours. The mixture
slurry was dried at 120 °C for 6 h and calcined in
air at 850 °C for 6 h.

The Mn-Na-W/SiO, (P) sample was prepared by
using metal-POSS precursors (manganese (II) hep-
taisobutylPOSS (C,H,),S1,04(OH)O,Mn, tungsten
(IV) bis-heptaisobutylPOSS ((C,H,),S1,0,,),W and
sodium heptaisobutylPOSS (C,Hy),Si,0,(OH),0O-
Na). Metal-POSS precursors taken in the required
ratio were dissolved in solvent (hexane-toluene
mixture). Solvent removal was performed with a
warm solution under Ar flow and using vigorous
stirring. The catalysts were then dried at 120 °C for
6 h and calcined in air at 850 °C for 6 h.

The reference samples Mn/Si0,, W/SiO,, NaW/
Si0,, NaMn/Si0O, and MnW/SiO, were prepared by
sequential incipient wetness impregnation of SiO,
(Silica gel Davisil 646, 250-500 pm, Sigma-Al-
drich) with aqueous solutions of the corresponding
metal precursors. The drying and calcination of the
reference samples were performed in the same way
as for sample obtained by impregnation method de-
scribed above.

2.2. Catalyst characterization

The chemical composition of the prepared cat-
alysts was determined by X-ray fluorescence spec-
troscopy (XFS) using an ARL analyzer with a Rh
anode of an X-ray tube and inductively coupled
plasma-atomic emission spectrometry (ICP-AES)
method.

X-ray photoelectron spectra were recorded in
a SPECS (Germany) spectrometer using a hemi-
spherical PHOIBOS-150-MCD-9 analyzer (AIK,
radiation, hv = 1486.6 eV). The binding energy
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(BE) scale was pre-calibrated using the positions
of the peaks of Audf,, (BE = 84.0 ¢V) and Cu2ps,
(BE = 932.67 eV) core levels. The samples in the
form of small granules were loaded onto a conduct-
ing double-sided copper scotch. The Si2p peak of
Si0, catalyst support at 103.3 eV was used to cor-
rect charge effects on the sample. Survey spectra
were recorded at the analyzer pass energy of 50
eV, and high resolution narrow energy windows
at 20 eV. The atomic concentration ratios of ele-
ments on the catalyst surface were calculated from
the integral photoelectron peak intensities (Mn2p,
W4f, Nals, Ols, Cls, Si2s), which were corrected
with theoretical sensitivity factors based on the Sco-
field's photo-ionization cross sections [36].

The BET surface area (Sger) and the pore vol-
ume (V) of the supports and catalysts were de-
termined in a Micromeritics ASAP 2400 instrument
using nitrogen adsorption at -196 °C. Prior to sur-
face area determination, the powders were degassed
under vacuum (107° mbar) at 150 °C for 4 h.

The phase composition was determined by X-ray
diffraction (XRD) in the 2-theta range of 10—-80° us-
ing HZG-4C (Freiberger Prazisionmechanik) with a
CoK, radiation source.

The thermogravimetric and differential thermal
analysis was carried out in a NETZSCH STA 449C
apparatus. Catalysts were tested over the tempera-
ture range from room temperature up to 1000 °C at
the heating rate of 10 °C/min in air.

Transmission electron microscopy (TEM) was
carried out in a high-resolution JEOL JEM-2010
microscope operating at 200 kV with a structural
resolution of 0.14 nm. The samples were deposited
on perforated carbon supports attached to the cop-
per grids. The local elemental analysis of the sam-
ples was carried out by an energy dispersive X-ray
analysis (EDX) method using an EDAX spectrome-
ter equipped with a Si (Li) detector with a resolution
of 130 eV.

Temperature-programmed reduction (TPR) ex-
periments were carried out in flow system with a
quartz reactor (i.d. 4 mm). A 10 vol.% H,/Ar mix-
ture was used as a reduction gas. Prior to TPR, 100
mg catalyst sample was treated in O, at 500 °C for
0.5 h and then cooled down to room temperature.
The reactor was heated at a rate of 10 °C/min to
950 °C. The effluent was analyzed by thermal con-
ductivity detector (TCD).

The electronic state of Mn-Na-W/Si0, samples
was studied by means of Ultraviolet-Visible-Near
Infrared Diffuse Reflectance Spectroscopy (UV-
Vis-NIR DRS) using a Shimadzu UV-2501 PC
spectrophotometer with ISR-240A diffuse reflec-
tance unit. All the samples were powdered and

placed in a quartz cell with the optical path length
of 2 mm. The diffuse reflectance spectra of the sam-
ples were recorded using BaSO, as the reflectance
standard in the wavelength range of 190900 nm
at room temperature. The obtained coefficients of
diffuse reflectance were transformed into absorp-
tion coefficients using the Kubelka-Munk function,
F(R,) = (1-R,)*/2R,, and the wavelengths were
converted into wave numbers. All UV-Vis-NIR
DRS data are presented in the coordinates of Kubel-
ka-Munk function vs wave numbers. UV-Vis-NIR
DRS gives the way to reveal the oxidation degree
of the cation, its coordination number, and the char-
acter of cations interaction with each other and with
the support, using the d-d transitions in the visual
part of the spectrum and the ligand-metal charge
transfer bands (CTB) in the UV area.

2.3. Catalytic activity test

OCM experiments were performed in a 14 mm
1.d. quartz fixed-bed reactor with a feed composi-
tion of CH, : O, : He equal to 4 : 1 : 2 under at-
mospheric pressure, at temperatures 650-950 °C
and gas flow rate 175 mLy/min. The gas purity was
99.95% CH,, 99.995% O, and 99.995% He. Prior
to each activity test, the catalysts were calcined in
0O, flow (100 mLy/min) at 700 °C for 2 h. In or-
der to minimize the catalyst overheating, the 500
mg sample (fraction of 0.25-0.50 mm) was diluted
with an equal amount of SiC. Analysis of both inlet
and outlet reaction mixtures were accomplished us-
ing the Stanford Research Systems QMS 300 mass
spectrometric gas analyzer. Calculation of the re-
action parameters was performed from mass flows
considering the changing of the reaction volume,
which can be determined from the change of inert
concentration. Selectivity of the reaction products
(C,Hg, C,H,, CO and CO,) was determined using
flow rates (V) of products after the reactor as:

Sy = 2 Veans -100%
came 2. VC2H6 +2- VC2H4 + VCO + Vcoz
Sy = 2-Veans -100%
an. Veans 2 Veana +Veo +Veon
Sep = Vo -100%
2. VC2H6 +2- VC2H4 + Vco + Vcoz
v,
Seon = co2 -100%

2. VC2H6 +2- VC2H4 + VCO + Vcoz

Yield of products was calculated as selectivity mul-
tiplied by methane conversion.
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3. Result and discussion
3.1. Characterization of Mn-Na-W/SiO, catalysts

The actual metal bulk contents in the prepared
Mn-Na-W/Si0, catalysts are shown in Table 1. It
can be noted that in all cases the actual chemical
composition of samples is in good agreement with
nominal specified value — 3 wt.% Mn, 1.4 wt.% Na
and 5 wt.% W.

The metal dispersion in Mn-Na-W/SiO, catalyst
was estimated from XPS data. The surface atomic
ratios obtained by XPS analysis are presented in
Table 2. The surface Mn : Si ratios are similar to
the bulk ratios for all samples indicating a high dis-
persion of Mn oxide in these catalysts. The surface
Na : Si and W : Si ratios of all catalysts point out
a less uniform distribution of these elements. The
surface Na : Si and W : Si ratio is higher than the
bulk ratio denoting that the Na and W are located
preferentially on the silica surface rather than in

the bulk. This effect is more pronounced for Mn-
Na-W/Si0, (I) catalyst.

High resolution Mn2p, Nals and W4f spectra
of the fresh catalysts are shown in Fig. 1 and the
binding energies (BE) of catalyst components are
summarized in Table 3. Comparison of spectra in
Fig. 1a indicates that the chemical states of Mn are
similar in all studied samples. The Mn2p binding
energy of 641.5 £ 0.1 is characteristic of the Mn*"
oxidation state on the surface [37, 38]. Nals peak
at 1071.8 £ 0.1 eV observed by XPS (Fig. 1b) indi-
cates the Na'! state [39]. The analysis of W4f spec-
tra shows BE = 35.6 + 0.1 eV expected for W¢*
[40, 41], and the spectra of different catalysts are
similar to each other (Fig. 1c). It is not possible
to distinguish WO; and Na,WO, phases by XPS
because of identical W*' state in both phases [36].
Thus, the data of XPS demonstrates that electronic
states of Mn-Na-W/SiO, catalyst components on
the surface are not affected by the catalyst prepa-
ration mode.

Table 1

The chemical composition and textural characteristics of Mn-Na-W/SiO, catalysts

Sample Chemical composition, wt.% Textural characteristics
Mn Na W Sger, (M?/g) Vporer (CM*/g)
Mn-Na-W/SiO, (I) 3.37 1.46 5.19 1.6 0.003
Mn-Na-W/SiO, (M) 3.01 1.55 4.83 0.9 0.002
Mn-Na-W/SiO, (P) 3.14 1.38 5.00 3.6 0.009
Table 2
Surface (XPS) and bulk (ICP, XFS) atomic ratios for Mn-Na-W/SiO, catalysts
Sample Mn/Si Na/Si W/Si
surface bulk surface bulk surface bulk
Mn-Na-W/SiO, (I) 0.05 0.04 0.21 0.04 0.06 0.02
Mn-Na-W/SiO, (M) 0.05 0.04 0.20 0.05 0.03 0.02
Mn-Na-W/Si0O, (P) 0.04 0.04 0.15 0.04 0.04 0.02
6415 1071.8 Waf] 356
W
2 3 3
2
)
2
1
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Fig. 1. XPS spectra in Mn2p (a), Nals (b) and W4f (c) regions of the fresh catalysts: 1 — Mn Na-W/SiO, (I), 2 — Mn-

Na-W/SiO, (M), 3 — Mn-Na-W/SiO, (P).
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Fig. 2. N, adsorption-desorption isotherms (a) and the pore size distribution (b) for Mn-Na-W/Si0, catalysts.

The N, adsorption—desorption isotherms and the
pore size distribution for Mn-Na-W/SiO, catalysts
prepared by different methods are shown in Fig.
2. For Mn-Na-W/Si0, (I) and Mn-Na-W/Si0O, (M)
samples the type III isotherms without hysteresis
loop indicate to the practically nonporous materi-
als. In this case the surface area is mainly related
to their external surfaces. For Mn-Na-W/SiO, (P)
sample the type IV isotherm with a H1 hysteresis
loop at relative pressure P/Po = 0.5-0.9 is observed
which is associated with both textural and frame-
work-confined mesopores [42, 43]. The wide pore
size distribution is determined for all prepared sam-
ples (Fig. 2b).

The texture characteristics of Mn-Na-W/SiO,
samples are listed in Table 1. In case of Mn-Na-W/
Si0O, (I) sample the addition of metal components
to silica followed by calcination at 850 °C leads
to a considerable decrease of specific surface area
(from 320 to 1.6 m?/g) and pore volume (from 1.1
to 0.003 cm?/g) of support SiO.. It can be explained
by the transition of amorphous silica into crystalline
phases during the calcination, which was previously
reported [22, 25]. The observed texture characteris-
tics (Sger ~ 1-3 m?/g and V.. ~ 0.002-0.009 cm’/g)
of prepared Mn-Na-W/SiO, catalysts is in the good
correlation with published data for Mn-Na-W/SiO,
based materials [22, 25, 26]. As seen from data of
the Table 1, the specific surface area and total pore
volume increase in the following order: Mn-Na-W/
Si0, (M) < Mn-Na-W/SiO, (I) < Mn-Na-W/SiO,
(P). The specific surface area and total pore volume
of Mn-Na-W/Si0, (P) sample is greater than those
of Mn-Na-W/SiO, (I) and Mn-Na-W/SiO, (M)
samples by more than 2 and 3 times, respectively.
These results indicate that the textural characteris-
tics of Mn-Na-W/Si0, are strongly affected by the
preparation method and the calcination of the metal
silsesquioxane mixtures produces more porous ma-
terials than those prepared by the impregnation or
mixture slurry method.

Figure 3 shows the XRD patterns of a-cris-
tobalite and Mn-Na-W/SiO, samples prepared by
different methods and calcined at 850 °C for 6 h.
The a-cristobalite (20 = 25.6°, 33.2°, 36.7°, 42.2°
and other, JCPDS 39-1425), tridymite (20 = 24.1°,
27.10,35,2°, JCPDS 42-1401), Na,WO, (20 = 19.5°,
32.2°, 37.9°, 50.6 and 61.3°, JCPDS 12-0772) and
Mn,0; (20 = 38.5°, 65.1°, JCPDS 41-1442) phases
are observed in all studied catalyst after calcina-
tion at 850 °C (Fig. 3). However a strong decrease
of intensity of diffraction pattern is observed for
Mn-Na-W/SiO, (P) in comparison with those for Mn-
Na-W/SiO, (I) and Mn-Na-W/SiO, (M) samples.

In case of reference samples, only Na-contain-
ing samples Mn-Na/SiO, and Na-W/SiO, show
the phase transformation of silica into crystalline
phases of a-cristobalite and tridymite after calci-
nation at 850 °C. In the other samples Mn/SiO,,
W/Si0, and MnW/Si0O, the SiO, support remains
as amorphous silica after the analogous calcination.
For Na-W/SiO, and Mn-W/Si0, samples the for-
mation of crystalline Na,WO, and MnWO, phases
were observed, respectively. There are no any Mn-
or W-containing crystalline phases in the Mn/SiO,,
W/Si0, and Mn-Na/Si0O, samples.

A - tridymite
o - Na2W04
* -Mn,O,
M..J Mz ®
3
@
gL s i . o | MoNaWSiO, (M
c o
‘ﬂ_,) o
=
A N . a1 MnNaWISio, ()
W

A-._/'J W“m

T T T T T T T T T T 1
20 30 40 50 60 70 80

20,grad
Fig. 3. Effect of preparation mode on phase composition
of Mn-Na-W/SiO, catalysts. Calcination temperature is
850 °C.
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Table 3
Observed XPS binding energies (eV) of catalyst components

Sample Mn2p Nals Wwaf Si2p Ols (Si0,) | Ols (MOy) Cls
Mn-Na-W/Si0O, (I) 641.5 14071.75 35.55 103.3 532.7 530.5 284.8
Mn-Na-W/Si0, (M) 641.45 1071.8 35.5 103.3 532.7 530.7 284.7
Mn-Na-W/Si0, (P) 641.5 1071.8 35.6 103.3 532.7 530.6 284.8

Table 4
Phase composition of Mn-Na-W/Si0, catalysts: effect of calcination temperature
Sample XRD data
Tearcination, °C
300 °C 500 °C 700 °C 850 °C
Mn-Na-W/Si0, (I) amorphous SiO, amorphous SiO, a-cristobalite SiO, | a-cristobalite SiO,
MnWO, MnWO, tridymite (traces) tridymite (traces)
Na,WO, Na,WO,
Mn,0O; Mn,0;

Mn-Na-W/SiO, (M) amorphous SiO,

MHWO4

amorphous SiO,

a-cristobalite SiO, | a-cristobalite SiO,

MnWO, tridymite (traces) tridymite (traces)
N32W04 N32WO4
Mn203 Mn203

Mn-Na-W/Si0, (P) amorphous SiO,

amorphous SiO,

a-cristobalite Si0O,
tridymite (traces)
Na,WO,
Mn,0;

a~cristobalite Si0O,

The phase compositions of prepared Mn-Na-W/
Si0, catalysts were also studied at variation of cal-
cination temperature (Table 4). The diffraction pat-
tern (broadened lines at d/n = 3.9 = 4.1 and 2.9 =
3.1 A) of amorphous SiO, was determined for all
samples calcined at 300-500 °C. In addition some
peaks at d/n = 4.88, 2.98, 2.50 A are observed only
for catalyst prepared by impregnation and slurry
mixed methods. These diffractions may be related
to the presence of MnWQ, phase. The transforma-
tion of amorphous SiO, to a-cristobalite and trid-
ymite phases occurs after sample calcination at
700 °C. The formation of crystalline Na,WO, and
Mn,O; phases is found after calcination at 700 and
850 °C for Mn-Na-W/SiO, (I)/Mn-Na-W/SiO, (M)
and MnNaW/Si0O, (P), respectively. It is noted that
MnWO, phase is not detected by XRD in the Mn-
Na-W/Si0, (I) and Mn-Na-W/SiO, (M) samples
after calcination at 700-850 °C. Thus, the phase
compositions of Mn-Na-W/SiO, samples prepared
by impregnation or mixture slurry method are prac-
tically the same. In case Mn-Na-W/SiO, (P) sample
prepared by the POSS nanotechnology the evolu-
tion of its phase composition has some peculiari-
ties: 1) absence of MnWO, phase after calcination
at 300-500 °C; ii) formation of Na,WO, and Mn,0;
crystalline phases at high-temperatures.

The particular features of formation of Mn-
Na-W/Si0, catalyst prepared by different methods
were studied by thermal analysis (Fig. 4). For the
dried Mn-Na-W/SiO, (I) sample prepared by im-
pregnation several temperature regions of weight
loss can be noted (Fig. 4a): 50-200 °C (with en-
do-effects at Ty ~ 100 and 170 °C with weight
loss ~ 4.0% and ~ 1.3%, respectively); 200-500 °C
(with exo-effect at Tpry ~ 285 °C and weight loss
~ 2.2% (at ~240 °C) and 3.0% (at ~275 °C)) and
500-1000 °C (with exo-effects at Tpry ~ 595 and
815 °C, and total weight loss ~ 3.7%).

According to literature data [46—48], decom-
position of manganese acetate followed a two-
step process. The first step was that of dehydration
(Eq. 3), in which four molecules of water were
eliminated in the temperature range 80-140 °C. In
the second step of decomposition at 270-320 °C
(Eq. 4), the anhydrous manganese acetate decom-
posed to manganese oxides and one molecule each
of acetone and carbon dioxide were evolved as vol-
atile products.

Mn(CH,COO), - 4H,0 — Mn(CH,COO), + 4H,0 (3)

Mn(CH;COO), — MnO + (CH5),CO + CO, (4)
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Fig. 4. TG, DTG and DTA curves for Mn-Na-W/SiO, (I) (a), Mn-Na-W/SiO, (M) (b) and Mn-Na-W/SiO, (P) (c)

catalysts dried at 120 °C.

TPD-MS study shows [46] that the destruction of
acetates passes through two stages with maximum
temperatures at c.a. 257 and 300 °C. The thermal
degradation of manganese acetate in N, atmosphere
leads to the formation of MnQO, while that in air at-
mosphere leads to formation of Mn;O, or Mn,0;
oxides. It is noted that thermal decomposition of
MnO, to Mn,0O; (Eq. 5) proceeds at temperature re-
gion of 490-560 °C with endo-effect at 530 °C.

4MnO, — 2Mn,0; + O, (5)

Our TG-DTA measurement indicates that the
DTA curve of the pure Mn(CH;COO), - 4H,0 in
heating process shows three endothermic peaks at
73 °C, 92 °C and 124 °C corresponding to dehy-
dration (with weight loss), two exothermal peaks at
307 °C and 334 °C corresponding to degradation of
manganese acetate with formation of MnO, (with
weight loss), weak thermal effects at 480 and 700 °C
(with weight gain) related to MnO, oxygenation [49]
and endo-effect at 970 °C with weight loss attribut-
ed to the decomposition of Mn,O; to Mn;0, [50].

The Na,WO, - 2H,0 was characterized by fol-
lowing processes during thermal treatment: de-

hydration at ~ 100 °C with formation of Na,WO,
[51] and melting at 696 °C. Several polymorphs
of sodium tungstate are known, only three exist-
ing at one atmosphere pressure [52]. They fea-
ture tetrahedral orthotungstate dianions but differ
in the packing motif. Na,WO, III is stable below
587.6 °C and crystallizes in the cubic spinel-type
space group, Na,WO, II exists stably only between
587.6 °C and 588.8 °C, when in turn transforms
to Na,WO, I which has orthorhombic lattice and
melts at 695.5 °C. According to temperature-de-
pendent Raman studies, it was established that
crystal of Na,WO, shows a phase transition oc-
curring at ca. 560 °C [53]. These transitions are
connected with tilting and/or rotations of the WO,
tetrahedra, which leads to a disorder at the WO,.
Our TG-DTA measurement indicates that the DTA
curve of the pure Na,WQO, in heating process shows
three endothermic peaks at 120 °C, 596 °C and
700 °C corresponding to dehydration, solid—solid
phase transition and solid-liquid phase transition
(melting point, m.p.), respectively. Similar data
was obtained for Na,Mo, W, O, solid solution [54].

Silica crystallized at lower temperature in case
of salt present (for example, Na,WO, - 2H,0) than
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unmodified SiO, [16]. In addition, the dehydroxyl-
ation of different OH hydroxyl groups occurs during
thermal treatment of silica [55, 56]. Our TG-DTA
measurement indicates that the DTA curve of the
pure Silica gel Davisil 646 in heating process shows
two endothermic peaks at 100 °C corresponding
to evaporation of physically adsorbed water from
the silica sample (with weight loss 2.4 wt.%) and
344 °C related with dehydroxylation process of
OH- groups from the silica surface. It is noted that
according to TG data sample Silica gel Davisil 646
shows gradual weight loss in all temperature region
200-1000 °C. The weight loss in this temperature
region is 4 wt.%.

Thus with a glance of TG-DTA data for unsup-
ported individual compounds and literature data
[46-56] it is proposed that during calcination of
Mn-Na-W/SiO, (I) catalyst at 50—150 °C adsorbed
and crystallized water was lost with formation of
Mn(CH;COO), and Na,WO,. At temperature re-
gion of 200400 °C Mn(CH;COOQO), decomposed
to Mn oxide(s), which then transformed to Mn,O;
at ca. 450 °C. At 650 °C, probably, the melting of
Na,WO, occurred. At further temperature increase
up to 850 °C, the a-cristobalite SiO, was formed.
In addition at temperature above the 600 °C, dehy-
droxylation occurred, which caused the weight loss
2% in this region. The profiles of TG, DTG and
DTA curves for dried Mn-Na-W/SiO, (M) sample
prepared by mixture slurry method is on the whole
similar to those for Mn-Na-W/SiO, (I) sample pre-
pared by impregnation (Figs. 4a, 4b). So it can be
concluded that genesis of dried Mn-Na-W/SiO, (I)
and Mn-Na-W/SiO, (M) catalysts included decom-
position of initial compounds and crystallization of
new phases — Mn,O; and a-cristobalite SiO.,.

Figure 4c shows TG, DTG and DTA curves for
dried Mn-Na-W/SiO, (P) sample prepared by us-
ing metal containing silsesquioxanes as precursors.
Non-isothermal temperature-programmed treat-
ments of the fresh air-dried samples resulted in the
appearance of exo- and endo-effects on the DTA
curve (Fig. 4c). When the mixture of precursors was
heated from room temperature up to 600 °C, sample
lost 47.6% of its weight. The endo-effect observed
at 120 °C was caused by the solvent removal. The
exoeffects at T, ~ 230, 365 and 570 °C are proba-
bly related to the combustion of the organic groups
from the precursor. According to mass spectra anal-
ysis during calcination of chromium containing
polyhedral oligosilsesquioxane (c-CsHy);S1,04(O-
SiMe)O,CrO, [33, 34] small amounts of CO, CO,
and water were released starting at around 250 °C
and slight consumption of oxygen was observed si-
multaneously; at 420 °C the amount of CO and CO,

strongly increased while oxygen was consumed
completely. The endo-effects at ~470 and ~530 °C
are likely related to the decomposition of manga-
nese-containing compound to MnO, followed by
the transformation of MnQO, to Mn,O; [44, 45]. The
exo-effect at Ty, = 675 °C is accompanied with the
weight gain and may be associated with oxidation of
metal-containing species of catalyst. According to
XRD data (Fig. 3), the Mn-Na-W/SiO, (P) contains
a-cristobalite SiO,, Mn,0; and Na,WO, phases al-
though it is difficult to determine their crystalliza-
tion temperature region from our thermal analysis
data. Thus, the genesis of the Mn-Na-W/SiO, (P)
has the complex behavior pointing to the presence
of the metal precursor decomposition with organic
group burn-out and phase transformation.

The data of thermal analysis agree with the XRD
data and indicate that the genesis of the Mn-Na-W/
Si0O, (P) prepared through the POSS nanotechnol-
ogy considerably differs from genesis of samples
prepared by incipient wet impregnation or slurry
mixture method. The higher decomposition tem-
perature of metal-POSS precursors in compari-
son with those of inorganic metal salts precursors
(600 °C vs. 350 °C), as well as the presence of or-
ganic groups burn-out process influences the for-
mation route of the crystalline phases in Mn-Na-W/
Si0, catalyst. In addition, the presence of Si-O-M
(M = Mn, Na or W) bonds in the metal-POSS pre-
cursors probably restricts the metal-metal interac-
tion at low temperature of catalyst calcination and,
consequently, crystalline phase formation.

Figure 5 shows TEM images of fresh Mn-Na-W/
Si0, catalysts prepared by different methods. The
Mn-Na-W/Si0, (I) catalyst prepared by impregna-
tion consists of big globular SiO, particles of 5-10
pm in size. It is noted that small spherical Si0O,
particles of 10-20 nm in size are observed on the
surface of large SiO, particles (Fig. 5a). There are
MnO, particles (up to 40 nm in size), W-containing
particles (small WO; particles of 2-3 nm in size on
the surface of amorphous Na,WO, particles of 200
nm in size, Fig. 5b), MnWO, particles up to 40 nm
and the oxide particles of high dispersion (Fig. 5c¢).
As concerns the Mn-Na-W/Si0O, (M) catalyst pre-
pared by mixture slurry method, it consists of glob-
ular Si0, particles of 0.5-0.6 um in size. In other
respects this sample resembles the Mn-Na-W/SiO,
(I) sample.

It is demonstrated that the fresh Mn-Na-W/SiO,
(P) catalyst prepared through POSS nanotechnolo-
gy consists of the globular aggregates (ca. 0.5-0.6
um) and thin (ca. 30 nm) plates of SiO,, on the sur-
face of which particles of different composition and
size are found (Figs. 5g-51). In particular, there are
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manganese oxide (Mn,0;, Mn;0,) spherical parti-
cles of 10-15 nm in size which are preferentially
localized on the surface of thin SiO, plates (Figs.
5g, 5 h). There are also small MnWO, particles
of 2-20 nm in size (Fig. 51) and large amorphous
Na,WO, particles up to 200 nm in size. In addition,
the oxide particles of high dispersion are observed.
According to integral EDX data from different re-
gions with oxide particles of high dispersion their
composition are very variable.

It is demonstrated that the fresh Mn-Na-W/Si0,
(P) catalyst prepared through POSS nanotechnolo-
gy consists of the globular aggregates (ca. 0.5-0.6
um) and thin (ca. 30 nm) plates of SiO,, on the sur-
face of which particles of different composition and
size are found (Figs. 5g-51). In particular, there are
manganese oxide (Mn,0O;, Mn;0,) spherical parti-
cles of 10-15 nm in size which are preferentially
localized on the surface of thin SiO, plates (Figs.
5g, 5h). There are also small MnWO, particles
of 2-20 nm in size (Fig. 51) and large amorphous
Na,WO, particles up to 200 nm in size. In addition,
the oxide particles of high dispersion are observed.
According to integral EDX data from different re-
gions with oxide particles of high dispersion their
composition are very variable.

amorphous Na,WO,
3.71A/3.86A/3.34A

WO; on the surface of

¢ .
o et 10 nm

Fig. 5. TEM images of fresh Mn-Na-W/Si0O, (I) (a-c), Mn-Na-W/SiO, (M) (d-f), Mn-Na-W/SiO, (P) (g-i) catalysts after
calcination at 850 °C.

Thus the TEM study shows that preparation
method affects mainly the morphology of SiO,
support. In all samples both individual oxides
(MnO,, WO;) and bimetal oxide phases (Na,WO,,
MnWO,) are found in addition to oxide parti-
cles of high dispersion. The MnO, and MnWO,
particles are smaller in Mn-Na-W/SiO, (P) cata-
lyst in comparison to those in Mn-Na-W/SiO, (I)
and Mn-Na-W/Si0O, (M) catalysts. It is noted that
Na,WO, phase is present as a rule in the form of
amorphous compound on the surface of which the
WO; small crystallites are observed. It is probable
that Na,WO, phase is not stable under irradiation
during TEM study as it was previously shown for
Gdy(WO,); [57]. The crystalline phase of particles
detected on the SiO, support by HRTEM does not
exactly correspond to the phase composition de-
tected by XRD. In particular, Mn;O0, and MnWO,
phases are not observed by XRD (Fig. 3). Never-
theless according to TEM data this phase is present
in all samples after calcination at 850 °C. A plausi-
ble reasons are that i) the particles had dimensions
below the detection limit of XRD (ca. 3 nm); ii)
low phase content; iii) complex XRD pattern of
multicomponent materials in which some individu-
al compounds have identical reflections.

EDX, at.%: 2.7Mn10.9Na86.4W

EDX, at.%: 31.6Mn3.4Na65.0W
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Fig. 6. H,-TPR profiles of the fresh Mn-Na-W/SiO, catalysts (a) and reference samples (b).

Figure 6 shows the TPR profiles of the fresh Mn-
Na-W/SiO, (I), Mn-Na-W/SiO, (M) and Mn-Na-W/
Si0, (P) catalysts and reference samples Mn/SiO,,
W/Si0,, Na-Mn/SiO,, Na-W/SiO,, Mn-W/SiO,.
The H,-TPR profile of Mn/SiO, sample shows the
broad peak at 450 °C (Fig. 6b). Bulk manganese ox-
ides TPR peaks are observed to appear at tempera-
tures in range of 130-500 °C [58]. It was suggested
that manganese oxides are reduce of through the
following steps:

Mn02 — Mn304 — MnO
Mn508 - Mn203 - Mn304 — MnO

The temperature of the onset of reduction is
the lowest for the highest oxide, increasing with
decreasing oxidation state of the manganese [58].
For supported Mn oxides the reduction tempera-
ture varies in the wide range (TPR peaks at 290 and
400 °C [16, 59, 60], 350 [61], 650 °C [23], 575,
670 and 750 °C [62]) which can be related to dif-
ferent Mn oxidation states, dispersion or mode of
Mn-support interaction. So, the broad peak of our
Mn/SiO, sample is consistent with the previously
reported data [16, 59, 60] and can be attributed to
the stepwise reduction of supported Mn oxide spe-
cies. However the H,-TPR profile of Mn species
reduction is changed by the presence of Na or W in
the Mn/SiO, sample (Fig. 6b). In particular, upon
W adding the main peak which was observed for
Mn/Si0, sample at 450 °C shifts to the low-tem-
perature region to 415 °C while at Na adding it
shifts to the high-temperature region to 480 °C. In
addition to the main peak shift, the shoulder appears
at 650 and 565 °C for Mn-Na/Si0, and Mn-W/Si10,
samples, respectively. As it was already mentioned
above, in contrast to the Mn/SiO, sample which
shows the amorphous silica phase, the Mn-Na/SiO,

and Mn-W/Si0, samples contain crystalline a-cris-
tobalite/trydimite and MnWO, phases, respectively.

The TPR profile of W/SiO, sample consists of
two main peaks at 620 and 790 °C (Fig. 6b). The
TPR profile obtained for WO; exhibits five peaks
between 570 °C and 900 °C (572 °C, 635 °C,
707 °C, 871 °C and 900 °C), which were assigned
to the reduction of WO; — WP° in several steps via
WO, sub-oxides (W,Oss, W50, W,,04) and
WO, [63, 64]. As a rule, the H,-TPR patterns of
W/Si0, catalysts present two peaks at 410430 °C
and 850-885 °C [65], 500 °C and 700 °C [16] or
530-590 °C and 630-640 °C [66]. The reduction
at low-temperature region is not typical for W/SiO,
sample. It is known that for supported W oxides the
mode of H, consumption depends on WO; load-
ing, structure and dispersion of the tungsten oxide
species, conditions of calcination [65—67].The de-
crease of temperature of W species reduction was
assigned to (i) weakening of interaction between W
species and support [60], (i1) increase in the disper-
sion of the tungsten oxide species [66], and (iii) the
existence of the octahedrally coordinated species
instead of tetrahedral tungstate species [67, 68]. So
the two high-temperature peaks of our W/Si0O, sam-
ple are consistent with the previously reported data
[16, 66] and can be attributed to the stepwise reduc-
tion of supported WO; species. The addition of Na
or Mn to W up shifts the W high-temperature reduc-
tion peak and leads to the disappearance of peak at
620 °C (Fig. 6b). The similar effect of up shifting
of W reduction peak by Na addition was previously
attributed to the strong interaction between Na and
W components [16] and formation of other W spe-
cies in the presence of Na ion [62]. It is also noted
that Na presence induces the silica phase transition
which is accompanied by Sgg; reduction and affects
the metal species structure and dispersion.
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The TPR profiles of Mn-Na-W/Si0, (I) and Mn-
Na-W/Si0, (M) catalysts are practically similar
to each other and exhibit low H, consumption at
the temperature range 350-500 °C and two main
peaks at 665 and 840 °C (Fig. 6a) that are close
to the results described in literature [69, 70]. On
the whole, the range of 450-550 °C correlates
with Mn species reduction while the range of 650—
850 °C correlates with reduction of W species.
However as follows from Fig. 6b, the hindering of
Mn species reduction is observed in the presence of
Na or W metal in the sample. So the correlation of
TPR peak at 665 °C with reduction of Mn or mixed
Mn-W oxide species cannot be ruled out [19, 62,
71]. Thus the reduction peak at 665 °C represents
the reduction of mixed Mn-W or W species while
the peak at 840 ° C is attributed to the reduction of
W species [16, 19, 58, 69, 71]. The TPR profiles
of Mn-Na-W/Si0, (P) sample differs from those of
Mn-Na-W/SiO, (I) and Mn-Na-W/SiO, (M) cata-
lysts (Fig. 6a). It shows four peaks which may be
assigned to the reduction of Mn oxides species (at
440 and 590 °C), mixed Mn-W oxide species (at
590 and 680 °C) and W oxide species (at 680 and
840 °C) [16, 19, 58, 69, 71]. It is noted that the H,
consumption at T < 600 °C grows in the following
order Mn-Na-W/Si0, (M) < Mn-Na-W/Si0, (I) <
Mn-Na-W/SiO, (P) and reflects the existence of
more easily reducible metal-oxide species in the
Mn-Na-W/Si0, (P) sample.

Thus the TPR data indicate that the reduction
pattern of tri-metallic Mn-Na-W/Si0O, samples dif-
fers from the linear combinations of the TPR of ref-
erence samples. So there is change in redox proper-
ties of Mn and W oxide species in the tri-metallic
system through the strong interaction between all
the metal components in the Mn-Na-W/Si0, cata-
lysts. The mode of H, consumption is affected by
the preparation method of Mn-Na-W/SiO, catalyst.
This can be evidence of the existence of different
metal-containing species or metal-support inter-
action mode in the samples prepared by different
methods. However, according to the XRD and TEM
data all samples have similar phase composition but
are at variance in the particle size. It is also noted
that TEM results do not give quantitative data about
amount of different metal-oxide species. Therefore
the TPR data can point to different ratio between
the individual oxides (MnO,, WO;), bimetal oxide
phases (Na,WO,, MnWO,) and oxide particles of
high dispersion in the studied catalysts.

The electronic state of manganese was studied
using Diffuse Reflectance Spectroscopy in ultra-
violet, visible and near-infrared region (UV-Vis-
NIR DRS). In the oxygen-containing catalysts,

manganese cations commonly have three oxidation
degrees: 2+, 3+ and 4+. For Mn?" cations (the elec-
tronic configuration d°), the ground state term is the
orbital singlet °S. In the octahedral crystal field, the
ground state term of Mn?" cations in a high-spin
state is °A,. Let us consider two examples of com-
plexes with Mn** cations in octahedral coordination
(hereinafter Mn**y;). For the Mn(H,0),** complex,
the following absorption bands are observed in the
UV-Vis spectra: 18 700 (*T,,), 23 120 (*T,,), 24 960
(‘A “Eg(G)), 27 980 (*T,y(D)), 29 750 (‘Eg(D)),
32 960 (“T,«(P)) and 40 820 cm™ (*Ay(F)) [72].
In this work, a precursor of manganese cations was
represented by Mn(CH;COO), - 4H,0 salt, whose
UV-Vis spectra (not displayed here) are character-
ized by the following absorption bands (in arbi-
trary units of the Kubelka-Munk function): 18 300
(*T\p), 22 600 (“T,,), 24 700 (*A,,, *Eg(G)), 27 600
(*T»(D)), 29400 (*Eg(D)) and 32 500 cm ™ (*T ;(P)).
As shown by the analysis of the UV-Vis spectra
of Mn*, cations, the absorption bands caused
by multiplicity-allowed d-d transitions are broad,
while the absorption bands caused by multiplici-
ty-forbidden d-d transitions are relatively narrow.
According to the literature data [73], the absorption
spectrum of Mn?" cations in tetrahedral coordina-
tion (hereinafter Mn?*1,) is similar to the absorption
spectrum of Mn** o, cations shifted to the long-wave-
length region. As was demonstrated in [72], the ab-
sorption spectra of tetrahedral Mn?* complexes are
characterized by three absorption regions: 19 000—
25000 cm™! (transitions to components of *G term),
25000-29 000 cm™! (transitions to *P and *D terms),
and 35 000-38 000 cm™' (transitions to *F term).

For Mn*" cations (the electronic configuration
d*), the ground state term is °D. In the octahedral
crystal field, the ground state term of Mn’" cations
in a high-spin state is ’Eg. Mn** cations in octahe-
dral coordination are commonly characterized by
a single absorption band at 21 000 cm™, and crys-
tals — by the band in the region of 19 000-20 000
cm', which is caused by the °E—T,, d-d transition
of Mn’*'y,, cations [73]. However, in the majority
of crystals, particularly in MgO, Mn*" cations are
in distorted octahedral coordination; in this case,
both the static and the dynamic Jahn—Teller effects
should be taken into account [73]. The energy levels
related to splitting of higher terms of Mn** free cat-
ion (*H, °P,*G and °*D) weakly depend on the crystal
field strength and can be observed in the spectrum
as narrow and low-intense absorption bands in the
region of 18 000-25 000 cm™ [73]. Analysis of the
literature data [72, 73] reveals that Mn**,, cations
typically have a broad absorption band in the region
of 19 000 to 21 000 cm™'.
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reference samples (c) calcined at 850 °C.

For Mn*" cations (the electronic configuration
d%), the ground state term is “F. In the octahedral
crystal field, the ground state term of Mn** cations is
*A,,. According to [72], two broad and two narrow
absorption bands will be observed in the absorption
spectra of Mn*" cations in octahedral coordination
(hereinafter Mn*',), since their absorption spectra
are similar to those of Cr** cations in octahedral co-
ordination, which are stabilized, for example, in the
structure of a-Al,O5 corundum.

Thus, the analysis of the electronic state of man-
ganese (its oxidation degree and coordination pref-
erences) showed that Mn?*" cations in octahedral
oxygen environment usually manifest themselves
as a relatively large set of broad and narrow low-in-
tense absorption bands, since they are caused by
spin- and Laporte-forbidden d-d transitions [72],
whereas in the case of tetrahedral coordination of
Mn?* cations, the absorption spectra will be similar
to the spectra of the octahedral cations shifted to
the long-wave region. Mn** cations usually have a
broad absorption band in the visible spectral region

of 19 000 to 21 000 cm™'. Mn*" cations in octahe-
dral oxygen coordination are characterized by two
broad and two narrow absorption bands of different
intensity in the visible spectral region.

Figure 7a displays the UV-Vis-NIR DRS spectra
of Mn-Na-W/SiO, catalysts synthesized by differ-
ent techniques and calcined at 300 °C. For all the
samples, a broad absorption band with a maximum
at 20 000 cm™! is observed in the visible spectral re-
gion. It is known from the literature [72, 73] that the
absorption band caused by d-d transition of Mn**
cations in octahedral oxygen coordination is ob-
served in the region of 20 000 cm™'. Therewith, the
absorption bands caused by charge transfer of the
ligand-metal cations of d-elements are commonly
seen in the region of 25 000—40 000 cm™' [72]. A
small red shift of the ligand-metal charge transfer
band and an increase of absorption intensity in the
region of 29 000 cm™' in a series of samples P <M
< I may indicate a coarsening of the Mn-containing
particles comprising Mn** cations in octahedral co-
ordination in this series of the synthesized samples.
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An increase in the calcination temperature of
Mn-Na-W/Si0, samples to 850 °C produced sub-
stantial changes in the UV-Vis-NIR DRS spectra
(Fig. 7b), which reflect changes in the electronic
state of manganese cations in the Mn-Na-W/SiO,
catalysts. Weak absorption bands at 17 600 and
20 000 cm™ can be observed in the UV-Vis-NIR
DRS spectrum of Mn-Na-W/SiO, (P) (Fig.7b). These
bands indicate a typical d-d transition of Mn**y, cat-
ions (20 000 cm™) and the d-d transition of electron
to a higher *H term of the ground state of d* ions
in crystal structures [73]. It should be noted that in
the absorption spectrum of Mn-Na-W/Si0, catalyst
samples calcined at 850 °C there is no separation
in the absorption caused by d-d transitions and li-
gand-metal charge transfer bands of Mn**y, cations.
These samples are characterized by strong absorp-
tion over the entire spectral region with the absorp-
tion maximum at 25 000-30 000 cm™', which indi-
cates most likely the formation of a crystal structure
containing Mn**y, cations, for example, MnOOH.

Now let us consider in more detail the forma-
tion of crystal structures containing Mn** cations
in octahedral coordination. Figure 7c displays the
absorption spectra of the reference samples of dif-
ferent composition with modifying components de-
posited on the SiO, support. As seen from the ab-
sorption spectra of the initial cristobalite (Fig. 7c,
curve 1), absorption of the entire system occurs in
the region above 30 000 cm™'; this allows a reliable
interpretation of the absorption bands in the visible
spectral region caused by the presence of the intro-
duced elements. When a sample containing only
the supported manganese (Fig. 7c, curve 2) was
calcined at 300 °C, strong absorption was observed
in the region above 15 000 cm™!, which allowed us
to isolate a maximum at 20 000 cm™' caused by sta-
bilization of Mn**, cations. Therewith, absorption
in the region of 25 000-35 000 cm™' may indicate
stabilization of the more coarse particles contain-
ing Mn**;,;, cations in comparison to the Mn-Na-W/
Si0O, catalyst samples (Fig. 7a). When the calci-
nation temperature of Mn/SiO, was increased to
850 °C (Fig. 7c, curve 3), a more sharp drop in in-
tensity of the absorption band at 20 000 cm™' was
observed in the UV-Vis spectrum as compared to
absorption in the region of 30 000 cm™ caused by
the ligand-metal charge transfer of Mn*", cations.
Such drop in intensity may be related to a better
ordering of Mn*', cations upon temperature eleva-
tion in comparison with the low-temperature sample
(Fig. 7c, curve 2). For the W/SiO, sample calcined
at 850 °C (Fig. 7c, curve 4), total absorption of the
entire system was observed in the region above
25 000 cm™', which was caused by appearance

of the ligand-metal charge transfer bands of W
cations. For the Mn-Na/SiO, sample calcined at
850 °C (Fig. 7c, curve 5), the absorption band at
20 000 cm™ and the absorption shoulder with a
maximum at 15 000 cm™ are observed. Similar
to the absorption spectra of Mn-Na-W/SiO, sam-
ples calcined at 850 °C (Fig. 7b), two absorption
bands caused by d-d transitions of Mn*'o, cations
are observed in the visible region of the absorption
spectrum of Mn-Na/Si0O, sample calcined at 850 °C
(Fig. 7c, curve 5). This suggests that this sample
contains well ordered and uniformly distribut-
ed Mn*, cations, most likely isolated from each
other, which may be represented by dimers (but
no more) that do not enter the composition of any
crystal structure. A strong drop in the absorption in-
tensity in the region above 30 000 cm™! is observed
in the absorption spectrum of Na-W/SiO, sample
(Fig. 7c, curve 6). The reason of this drop may be
caused by low-temperature (850 vs. 1200 °C) tran-
sition of amorphous silica into crystalline phases
(a-cristobalite and tridymite) during the calcination
of Si0, modified by Na ions. It is noted that in case
of samples without Na (W/SiO,, Mn/SiO,, Mn-W/
Si0,) the SiO, support retains the amorphous state.

In the visible region of the spectrum of Mn-W/
Si0, sample calcined at 850 °C (Fig. 7c, curve 7),
a sharp drop in intensity of the absorption bands at
15000 and 20 000 cm™! caused by d-d transitions of
Mn*, cations is observed. Such a special absorp-
tion of Mn-W/Si0, sample calcined at 850 °C (Fig.
7c, curve 7) may indicate only that a major part of
Mn3*, cations does not interact with W¢* cations.
There is a good probability that Mn**, and W
cations in this sample are isolated from each oth-
er, since the growth in intensity of the absorption
bands caused by d-d transitions of cations of d-ele-
ments is strongly affected by both the anions in the
first coordination sphere and the cations in the sec-
ond coordination sphere. Most likely, a small part
of Mn*', cations facilitates the disordering of W¢*
cations in the supported system, which leads to a
dramatic, nearly threefold increase of absorption in
the UV region of the spectrum.

Thus, when only manganese is deposited on the
support, an increase in the calcination temperature
to 850 °C leads to ordering of isolated Mn*', cat-
ions with the formation of probable crystal struc-
tures. The introduction of Na* cations facilitates
stabilization of Mn*", cations in the isolated state
at the same calcination temperature. The introduc-
tion of W cations is favorable for retention of
Mn**,, cations in the isolated state at the same cal-
cination temperature; this is accompanied by strong
disordering of W*" cations in the supported system.
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Fig. 8. Effect of preparation method on the catalytic activity of the Mn-Na-W/SiO, catalysts in the OCM reaction.

Reaction conditions: CH, : O, : He=4:1:2, 175 mLN/min.

3.2. OCM test

Figure 8 (a-d) shows catalytic performance of
Mn-Na-W/SiO, samples at variation of preparation
method. One can see that a temperature increase
from 600 to 900 °C leads to an increase of methane
conversion up to 30-35% (Fig. 8a). The change of
oxygen conversion value with temperature growth
has analogous character. The oxygen conversion
is about 95% at temperature above 800 °C. The
main reaction products are C,Hg, C,H,, CO, and CO
(Fig. 8d). The ethane yield increases with an in-
crease of reaction temperature up to a maximum at
800-850 °C and then at T > 850 °C it decreases.
The ethylene formation stats at reaction temperature
above 800 °C and has a maximum at 900 °C. The C,
yield and selectivity of C, hydrocarbons formation
increases with an increase of the reaction tempera-
ture and has a maximum at ~800 °C (Figs. 8b, 8c).
The CO and CO, yields increase with temperature
growth in all studied temperature region.

One can see that the catalyst performance is
strongly affected by the preparation method (Fig.
8). The samples prepared by incipient impregnation

method and mixture slurry method provide practi-
cally similar catalytic performance while the sam-
ple prepared through POSS nanotechnology shows
lower activity and selectivity. In particular, the C,
yield at 800-850 °C is 4% and 15% for Mn-Na-W/
Si0, (P) and Mn-Na-W/Si0, (M), respectively. The
molar ratio C,H,/C,H is also considerably lower
for Mn-Na-W/SiO, (P) (~0.2 at 800 °C) than that
for Mn-Na-W/SiO, (M) sample (~1.0 at 800 °C).
The obtained values of methane conversion (~40%)
and C, yield (~15%) are comparable with those re-
cently reported [10, 24].

All these results clearly confirm that the Mn-
Na-W/Si0, catalyst performance in the OCM pro-
cess can be regulated by the catalyst nanostructure
design through the variation of the catalyst prepara-
tion mode. The Mn-Na-W/SiO, (I) and Mn-Na-W/
Si0, (M) catalysts providing similar C, yield are
characterized by similar phase composition, dis-
persion of particles of individual oxides (MnO,,
WO,) and bimetal oxides (Na,WO,, MnWQO,) and
reducibility, but they differ in SiO, morphology and
textural properties. The Mn-Na-W/SiO, (P) cata-
lyst providing the lowest C, yield among studied
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samples marks out presence of unglobular SiO,
particles, higher dispersion of MnO, and MnWO,
particles and more easily reducible metal oxide spe-
cies. At present it is difficult to unambiguously es-
tablish exactly which of the listed properties has a
crucial influence on the catalyst performance. As a
rule, for the OCM reaction, as an example of homo-
geneous—heterogeneous reaction, the large surface
areas and small particle sizes of the catalyst are not
beneficial [64—76]. It is also noted that the reduction
of manganese ions occurs during the OCM reaction
[20, 76-79] along with the phase transformation
from Mn,O; to ManWO, [79]. However, there are
controversial data concerning the role of Mn?* spe-
cies as well as that of MnWO, phase in the OCM
reaction. It is demonstrated that the initial activity
can be retained for periods up to 450 h along with
the growth Mn?*/Mn** ratio [20]. At the same time
the Mn*" is found as a proper oxidation state in the
OCM reaction responsible for the methane activa-
tion [18, 26], and oxidized state of catalyst is nec-
essary to maintain high C, selectivity [80]. So the
existence of easily reducible metal oxide species
seems to be not desirable for Mn-Na-W/SiO, cat-
alyst. Further investigations of the effects of SiO,
morphology, red-ox properties and Mn,O;/MnWO,
ratio on the performance of Mn-Na-W/SiO, catalyst
in the OCM reaction are required and these topics
are the subject of our current study.

4. Conclusions

The series of Mn-Na-W/SiO, catalysts were
prepared at variation of preparation mode (incipi-
ent wetness impregnation method, mixture slurry
method, POSS nanotechnology) and their physi-
cal-chemical properties and catalytic performance
in oxidative coupling of methane were compara-
tively studied. The data of XPS, BET, XRD, TG-
DTA, HRTEM-EDX, TPR and UV-Vis Diffuse
Reflectance indicate that the synthesis method has
significant effect on the texture characteristics,
Si0, morphology, dispersion and reducibility of
metal oxide species in Mn-Na-W/SiO, catalysts. In
all studied Mn-Na-W/SiO, samples both individu-
al oxides (MnO,, WO;) and bimetal oxide phases
(Na,WO,, MnWO,) are found in addition to oxide
particles of high dispersion. However the MnO, and
MnWO, particles are smaller in the catalyst pre-
pared through the POSS nanotechnology (2—20 nm)
in comparison to those in the catalysts prepared by
impregnation or mixture slurry method (up to 40
nm). By DTA-TG and XRD analysis it is shown
that particularities of catalyst precursors transfor-
mation during calcination determine the genesis of

Mn-Na-W/Si0, catalyst prepared by different meth-
ods. The UV-Vis Diffuse Reflectance indicates that
Na* cations facilitate stabilization of octahedral-
ly coordinated Mn**y, cations in the isolated state
while Mn**o, promote the disordering of W cat-
ions in the supported system. The TPR data reflects
the existence of more easily reducible metal-oxide
species in the catalyst prepared through the POSS
nanotechnology. It was shown that methane conver-
sion, products yield and selectivity of Mn-Na-W/
Si0, in OCM were strongly affected by preparation
method. The C, hydrocarbons yield at 800-850 °C
increases from 4 to 15% when impregnation or mix-
ture slurry method instead of POSS nanotechnology
method of catalyst preparation is used.
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