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Samples of MnOx-Na:WO4/SiO; based on a mesoporous silica matrix were synthesized using manganese acetate,
sodium tungstate, tetraethoxysilane (TEOS) as precursors and cetyltrimethylammonium bromide (CTAB), citric acid
and triethanolamine as pore generating agent and characterized by scanning electron microscopy with energy
dispersive elemental analysis (SEM/EDS), X-ray diffractometry (XRD), electron magnetic resonance (EMR), N,
adsorption-desorption measurements and tested as a catalyst for the reaction of oxidative condensation of methane
(OCM). It is shown that the MnNaW/SiO: catalyst consists of Mn>Os, MnO,, Na,WOy and SiO: phases. The EMR and
SEM/EDS data indicate a noticeable effect of the reaction conditions on the surface structure and the distribution of
catalytically active components in the catalyst structure. Significant changes in the values of the specific surface
area and pore volume of the samples with increasing temperature and duration of the reaction were found (the
values of the specific surface area and pore volume, respectively, 116.8 m*/g and 0.590 cm’/g - up to and 46.1 m*/g
and 0.232 cm’/g after 15 hours of catalyst operation in the OCM reaction at 800 °C). It has been shown that under
the conditions of the OCM reaction, the elemental composition of the surface of the MnO-Na:WO,/SiO: catalyst
changes, and the degree of change depends on the duration of the OCM reaction. Under the influence of the reaction
mixture CH4/O;, the content of Mn and W decreases in the first two hours, and the trend towards a decrease in their
amount on the catalyst surface with an increase in the duration of the OCM reaction is generally preserved. A
detailed X-ray phase analysis also indicates a change in the phase composition of this catalyst under the influence of
the CH4/O; reaction mixture. It is assumed that under the reaction conditions (700-800 °C) the MnO,-Na:WO./SiO;
catalyst is silicon dioxide particles basely with the cristabolite structure, the surface of which is coated with molten
sodium tungstate containing nanosized particles of MnOy structures activated by sodium ions and WOk.
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INTRODUCTION temperature of the sample and reaction duration
on the morphology, distribution of active
elements in the catalyst composition, phase
composition, textural, magnetic, and catalytic
properties of the MnOy-Na,WO4/SiO, oxide
system in the OCM reaction using scanning
electron microscopy combined with elemental
analysis (SEM/EDS), X-ray diffractometry
(XRD), electron magnetic resonance (EMR),
measurement of textural parameters and catalytic
activity.

Over the past 10-15years, a fairly large
number of works have been published on the
preparation of MnNaW/SiO, catalysts, the study
of their structural and catalytic peculiarities in
the oxidative coupling of methane (OCM).
Catalysts of such composition are considered
promising catalysts for this reaction [1-4]. At the
same time, there are very few studies on the
stability of these catalysts and their regeneration.
Moreover, the processes that occur with a
catalyst during its life cycle are not sufficiently EXPERIMENTAL
considered, while the history of catalyst
preparation, its heat treatment, and reaction
conditions can significantly affect the state of the
active components of the catalyst and its
operation at elevated temperatures [5, 6].

This paper presents the results of studying
the effect of the preliminary treatment

Preparation of catalysts and
characterization of its structure. The
mesoporous silica matrix preliminarily were
synthesized, using tetracthoxysilane (TEOS) as
precursor and cetyltrimethylammonium bromide
(CTAB), citric acid and triethanolamine as pore
generating agent. For this purpose the reaction
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mixture containing an aqueous solution of
surfactant, TEOS and ammonia was kept in a
thermostat for several hours at room temperature
until mesoporous silica was formed. Then the
solution was filtered, the resulting precipitate
was washed with distilled water and dried in air
at room temperature. Salts of the manganese
Mn(CH3COO),"4H,0 and tungsten Na, WO42H,O
were introduced into the prepared mesoporous
silica by impregnating with aqueous solutions of
salts. The resulting gel after drying at room
temperature was placed in a drying oven and
kept at 80-90 °C for 3—4 hours until completely
dry. The obtained sample was divided into two
part and both parts were calcined in a muffle
furnace at 850 and 1000 °C for 2, 4 and 10 hours.
The surface morphology and distribution of
active elements on the surface of prepared
catalysts were characterized by a Jeol, JISM-6610
LV microscope combined with elemental
analyzer, a Rigaku MiniFlex 300/600 X-ray
diffractometer and paramagnetic species - by an
EMXmicro, Bruker EPR spectrometer. The
textural characteristics (specific surface area and

adsorption/desorption on a Belsorp Mini II, BEL,
Japan Inc. device.

Catalytic measurements. An integrated
microreactor-mass-spectrometer  system from
Hiden Analytical, UK is used for testing the
MnNaW/SiO, catalysts in the OCM reaction.
This system allowed to carry out the on line
measurements up to 1000 °C, identify the gas-
phase reaction products, collect the data on the
dependences of their concentration in gas-phase
products on the reaction conditions (temperature,
CH.4/O; ratio, contact time, duration) in the range
600-900 °C.

RESULTS AND DISCUSSION

Below the SEM/EDS pictures (Figs. 1,2)
and data on distribution of elements in these
catalysts (Tables 1, 2) before and after the OCM
reaction are given.

SEM images (Fig.1) show significant
changes in the surface structure of the samples
after the reaction. EDS data (Tables 1,2)
indicate the presence of manganese and tungsten
and the effect of the reaction mixture on their

total pore volume) of the samples were distribution in the samples, for each cases-
determined by low-temperature nitrogen before and after the reaction Mn/W ratio
(atomic %) is >1.
Table 1. EDS data for the sample 0.8Na3.2W2Mn/SiO, calcined at 850 °C: a — before and b, ¢, d — after 2, 4,
10 hours of the reaction at 800 °C
Weight % Atomic% Comp.% For-
a b c d a b c d a b c d mula
NaK 067 0.68 0.78 089 062 062 071 08 091 091 1.05 120 NaO
SiK 4244 4253 4308 4330 3166 31.83 3197 3200 90.80 9098 92.16 9264 SiO,
MnK  3.66 2.13 1.98 2.02 140 081 075 076 473 275 256 260 MnO
WM 283 425 335 282 032 049 038 032 357 536 423 356 WO
o 5039 5042  50.80 5097 66.00 6625 6619 66.12
total  100.00 100.00 100.00 100.00
Table 2. EDS data for the sample 0.8Na3.2W2Mn/SiO; calcined at 1000 °C: e — before the reaction and f, g, & —
after 2, 4, 10 hours of the reaction at 800 °C
Weight % Atomic% Comp.% For-
e f g h e f g h e f g h mula
NaK 059 0.80 0.84 070 054 072 077 063 079 107 113 094 NaO
SiK 4243 4325 4238 4352 3179 3206 3173 3210 90.77 9253 90.67 93.11 SiO
MnK 256 1.48 2.35 218 098 056 090 082 331 191 303 281 MnO
WM 407 3.55 4.10 249 047 040 047 028 513 448 517 314 WOs
0] 5035 5091 5033 5111 6622 6625 66.14 66.17
total  100.00 100.00 100.00 100.00
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Fig. 1. SEM microphotographs of the samples 0.8Na3.2W2Mn/SiO; calcined at 850 °C: a — before and b, ¢, d — after 2, 4
and 10 hours of the reaction at 800 °C; e — calcined at 1000 °C before the reaction; f, g, # — calcined at 1000 °C
and after 2, 4, 10 hours of the reaction at 800 °C
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Fig. 2. EDS pictures of the sample 0.8Na3.2W2Mn/SiO, calcined at 850 °C: a — before and b, ¢, d — after 2, 4 and
10 hours of the reaction at 800 °C; calcined at 1000 °C: e — before and f, g, & — after 2, 4, 10 hours of the reaction
at 800 °C
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after the reaction at 800 °C

Table 3. Lattice parameters for the sample 0.8Na3.2W2Mn/SiO, calcined at 850 °C: a — before and b — after 2

hours of the reaction at 800 °C

a, A b, A ¢, A volume, A3
Phase name
before after before after before after before after
Cristobalite 4.98547 497781 4.98547 497781 6.94837 6.93825 171.982 171.673
SiO, 491764  4.91292 491864 491392 5.40881 5.40362 112.824 112.608
Na, WO, 9.14307 9.13983 9.14307 9.13983 9.14307 9.13983 763.409 758.869
Mn,03 9.19879 9.57740 9.44003 9.19922 9.58400 9.52055 824.246 777.779
MnO; 9.80086 9.78202 9.80086 9.78202 2.81391 2.84241 272.977 272.603

The significant changes of the values of
specific surface area and pore volume of samples
after 15 hours working in OCM reaction at
800°C were observed (116.8m%*g and
0.590 cm’/g  before and 46.1 m%g and
0.232 cm’/g after). Two types of EPR spectra
belonging to MnOy nanoparticles with g =2.121,
AH ~ 1020 G and g = 2.040, AH ~ 615 G, before
and after the reaction, respectively, were
detected [7, 8]. XRD data (Fig. 3, Table 3) show,
that the wused MnOx-Na;WO./SiO, catalyst
consists of Mn;Os;, MnO,, Na,WO, and SiO;
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phases. The used Rietveld method allows to
evaluate the amount of each registered phases,
their lattice parameters.

Catalytic measurements show [3] a decrease
in the catalytic activity of the samples by ~ 15 %
for 10 hours of catalyst operation at CH4/O, = 4
The used micro-reactor-mass-spectrometer
allowed to identify CH4, O,, CoHg, CoHa, CsH,
CsHs, C;H,, H,O, CO, CO; in the gas-phase
products. For this samples methane conversion
of up to 47.7 % and a selectivity of C, and C;
hydrocarbons in the amount of up to 86.7 % and

ISSN 2079-1704. CPTS 2024. V. 15. N 1



Structure and stability of MnOx-Na2WQ4/SiO: catalyst for oxidative condensation of methane

a yield of up to 27.4 % were observed. The
selectivity ~ ratio (C+C3)/(CO+CO3) is
approximately 1 with a fairly high yield (25.2 %)
(C2+C3) for sample 1 and slightly more than 1
for sample 2 (for yield) 24.3 %. The ratio of
C:Hs / (CO+COy) is approximately 1 for both
samples with the same yield of Cy+C;
hydrocarbons. An increase in temperature from
778 to 874 °C leads to an increase in ethylene
selectivity and the yield of C>+Cs hydrocarbons.
It is generally accepted that the activity of
the catalyst in the OCM reaction is due to lattice
oxygen ions associated with sodium, manganese
and/or tungsten ions. The responsibility of which
of these lattice oxygen ions of the
MnOy-Na, WO4/S10; catalyst for its activity and
selectivity in the OCM reaction is still a matter
of debate. It is natural to assume that under the
reaction conditions at a ratio of CH4/O; equal to
4, i.e. in a reducing medium, manganese ions
Mn*" and Mn*" in the phases Mn,O; and MnO,
respectively, should be reduced to Mn?" ions.
However, in the diffraction patterns of the
MnOy-Na,WO4/Si0, catalyst exposed to the
reaction mixture at a temperature of 800 °C, only
a decrease in the content of these phases present
in the samples before the reaction is observed. In
this case, the observed EPR spectra for samples
MnOx-Na,WO4/SiO; subjected to this reaction
mixture should be attributed to Mn*" ions in
highly dispersed, amorphous oxide structures
formed during the reduction of Mn,O3 and MnO,
oxide phases present in samples oxidized at
850 °C in air flow before the reaction. A similar
assumption - the reduction of tungsten W°" ions
present in the catalyst before the reaction to the
states W*" and W*' according to the scheme:
WO — W* WE+W* « 2W°"). But tungsten
ions W** (5d" — electronic configuration) are not
detected in the EPR spectra in our case, although
these ions are easily detected in the EPR spectra,
especially those that have a strong W=0O bond.
Regarding the behavior of sodium ions during
the formation of the catalyst, it can be noted that
sodium ions most likely activate the MnOx, WO
structures, forming alkali-tungsten bronzes
NaiyWO; and alkali-manganese structures
Nai;yMnO», where y << 1. However, we did not
detect phases of this type in X-ray patterns. We

ISSN 2079-1704. CPTS 2024. V. 15. N 1
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also assume that the decrease in catalyst activity
with an increase in the duration of the OCM
reaction may be associated with the formation of
volatile tungsten compounds and their removal
from the catalyst during its operation. Studies
show that at a CH4/O; ratio >4, the resulting
ethane and ethylene are dehydrogenated to
acetylene C;H,, followed by condensation to
benzene, toluene and, ultimately, carbon
deposits, which may also be one of the reasons
for the deactivation of the catalyst in the OCM
reaction. Note, as indicated above, the activity of
the MnOx-Na,WO./SiO, catalyst in the OCM
reaction after 10 hours of operation decreases by
approximately 15 %.

CONCLUSION

The above results show that under the
conditions of the OCM reaction, the elemental
composition of the surface of the
MnOy-Na;WO4/Si0, catalyst changes, and the
degree of change depends on the duration of the
OCM reaction. Under the influence of the
reaction mixture CH4/O;, the content of Mn and
W decreases in the first two hours, and the trend
towards a decrease in their amount on the
catalyst surface with an increase in the duration
of the OCM reaction is generally preserved. A
detailed X-ray phase analysis also indicates a
change in the phase composition of this catalyst
under the influence of the CH4/O, reaction
mixture. There is no clear understanding of the
role of the catalytically active structures of the
MnOy-Na; W04/Si0; oxide system in the OCM
reaction. It can be assumed that under the
reaction conditions (700-800 °C) the
MnOy-Na; WO4/Si0; catalyst is silicon dioxide
particles, the surface of which is coated with
molten sodium tungstate containing nanosized
particles of MnOy and WOy structures activated
by sodium ions.
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CtpykTypa Ta cradiiibHicTh MnOx-Na; WQ4/SiO; kaTajizaTopa 0KHCHIOBAJIbHOI
KOH/IeHcallii MeTaHy

Cesinmk Ocmanosa, I'onens AzimoBa, Cima 3yabgpyraposa, ETioap Iemainos, [linram Taries, ZKopic Tioo

Inemumym xamanizy ma neopeaniunoi ximii
H. Javid Ave., 113, baxy, AZ1143, Azepbaiioscan, sevinj.nasib.osmanli.26(@gmail.com
VYuisepcumem I'enma, Jlabopamopis ximiunoi mexnonozii
Technologiepark, 125, I'enm, 9052, benveis

3pasku  MnOy-Na;WO/SiO> Hna ocHo8i Mme30nopucmoi KpemuesemMHoi mampuyi Oyau CUHME306aHI 3
BUKOPUCMAHHAM ayemamy Maueany, eonv@pamamy uampiio, mempaemoxcucunany (TEOS) sk nonepeonuxie i
opomioy yemunmpumemunamonito (CTAB), numonnol Kuciomu ma mMpUEMAaHoiamiiy K Nopoymeopiosayd,
0XApaKmepu308ani 3a O0ONOMO20I0 CKAHYIOYOI eleKMPOHHOT MIKPOCKONII 3 eHepeoOUCNepCIliHUM  eNleMEeHMHUM
ananizom (SEM/EDS), penmeeniécokoi ouppaxmomempii (XRD), erexmponnozo maenimuoeo pesonancy (EMR),
BUMIPIOBAHHAM adcopOyii-Oecopbyii N> i 6unpoOysani ax Kamanizamop peakyii OKUCHIO8AIbHOI KOHOEHCayil Memany
(OCM). Hokazano, wo kamanizamop MnNaW/SiO; ckradaemocs 3 paz Mn,O3, MnO,, Na;WO, ma SiO;. Hani EMR
ma SEM/EDS cgiouame npo nomimuuil 6niue ymoe peaxyii Ha CImpyKmypy HO8EpXHi ma po3nooil KAmauimuyHo
AKMUBHUX KOMNOHEHMI8 y CmpyKkmypi kamanizamopa. Bcmanogieno 3nauni 3MiHU 3HAYeHb RUMoMol noeepxHi ma
00’emy nop 3paskie 3i 30iIbUEHHAM MeMNepamypu ma Mmpueaiocmi peakyii (3HayeHHs NUMOMOI NO8epXHi ma
06’cmy nop eionoeiono 116.8 m*/2 ma 0.590 cm’/z — 0o 46.1 m%*/z i 0.232 cm’/e nicna 15 200un pobomu
kamanizamopa & peaxyii OKM npu 800 °C). Ilokazano, wo 6 ymoeax peaxyii OKM enemenmmuuti cknad nogepxwi
MnOy- kamanizamop Na;WO,/SiO> 3minioemucs, i cmynins 3minu 3aaedxcums 6i0 mpusanocmi peaxyii OCM. I1i0
enaueom peakyiiunoi cymiui CH/O, emicm Mn i W smenwiyemocs 6 neputi 06i 200uHu, npuiomy meHOeHyis 00
BMEHUWeHHs1 IXHbOI KIIbKOCMI Ha NnoGepxHi Kamanizamopa 3i 30inbwennsm mpusanocmi peaxyii OKM e yinomy
30epicacmocs.  [emanvnuil penmeeHopasosull auaniz maxodc ceiouums npo 3miny azoeo2o ckiady yvbozo
kamanizamopa nio enausom peaxyitinoi cymiwi CHy/O,. I[lepedbauaemscs, wo 3a ymos peaxyii (700—800 °C)
kamanizamop MnOyx-Na:WO4/SiO; € uwacmunkamu OioKcudy KpemHilo 6 OCHOGL 3i CMpYKmypow Kpucmabonimy,
NOBEPXHSL SAIKUX NOKPUMA PO3NIAGLEHUM BONbHPAMAMOM HAMPIIO, WO MICMUmMb HAHOPO3MIPHI YACMUHKY CIMPYKIYD
MnO,, akmugoganux ionamu nampio ma WOkx.

Knrouosi cnosa: MnO,-Na; WO /SiO;, cmpykmypa nosepxi, ¢pazosuii cknao, SEM/EDS, XRD, EPR
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