AZORBAYCAN RESPUBLIKASININ PREZIDENTI YANINDA
ELMIN INKISAFI FONDU

Azarbaycan Respublikasinin Prezidenti yaninda
Elmin Inkisafi Fondunun 2017-ci ilda elan edilmis
8-ci “Mobillik qrant1” miisabiqasinin
(EIF-Mob-8-2017-4(30))
qalibi olmus layihs iizra

EZAMIYYD HESABATI

Layihanin némrasi: EIF-Mob-8-2017-4(30)-17/04/4-M-03

Layihanin adi: “8th World Congress on Oxidation Catalysis” adl1 elmi tedbirda istirak
va elmi moaruza ilo sifahi ¢ixis”

Miigavilenin imzalanma tarixi: 04 avqust 2017-ci il

Layihe rehberinin soyads, adi ve atasinin adi: Ismayilov Etibar Hiimmat oglu
Layihenin (elmi tadbirin ve ya qiisamiiddstli elmi tacriibske¢manin) kegirilms miiddati:
Layihanin baslama va bitmsa tarixi: 03 sentyabr 2017-ci il- 09 sentyabr 2017-ci il

Qrantin mablagi: 4 000 manat

Layihanin Polsa, Krakov
(elmi tadbirin
vo ya

1 qisamiiddatli
elmi
tacriibakegm
anin) hayata
kegirildiyi
olka va sahar

Layihanin Jerzy Haber institute oif Catalysis and Surface Chemistry,
(elmi tadbirin | Polish Academy of Sciences

vaya
qisamuddatli
2 elmi
tocriibakegm
anin) hayata
kegirildiyi
toskilatin vo
ya onun




struktur

boélmasinin

tam rasmi adi

Layihanin Gedis — 3 Sentyabr 2017,

(elmi tadbirin ' Galis - 9 Sentyabr 2017

vaya

qisamuddatli

elmi

tacribakegm

anin) icra

middati

(deqiq gedis-

golis vaxti

daqiq

gostarilmali)

Elmi tadbirde = Oxidative Dehydrocyclization of Methane over ReOx/Alumina Catalysts

edilmisg

maruzanin

adi vaya

qisamuddatli

elmi

tacriibakegm

anin

movzusunun

adi
Bir neca sahifada yazilmali, konkret ve dolgun olmali, elmi mahiyyats Ustinluk
verilmali ve texniki detallara az yer verilmalidir
Ezamiyyet dovrunda oksidlagdirici kataliz Uzre 8-ci dUnya kongresindae
yuxarida geyd olunan mévzu uzre sifahi maruze edilmisdir. Maruzanin
gisa mazmunu (abstrakti) ve tam matni asagida verilir.
Abstract

ReOx/alumina samples have been studied as catalysts for the

oxidative conversion of methane. It was shown that the reaction of
methane with an oxidized sample at (1 hour) and then evacuated at this
temperature (973 K, 1 hour) leads to the formation of primarily C2H6,
C2H4 and CO2, and then only CO and C6H6. The formation of ethane

Ezamiyyat and ethylene in the initial stage of the reaction of methane with ReOx /

Uzra otrafli alumina samples is the result of the reaction of oxidative condensation

hesabat of methane with the formation of ethane, followed by its

dehydrogenation to ethylene. The reaction proceeds with the
participation of O ion-radical type (V-type defect) centers of the
ReOx/aluminum oxide structure (CH4 + [O”] = CH3" + OH-, 2CH3" =
C2Hg). CO; is formed by the oxidation of methane with surface oxygen
forms (O,* and / and O,”) oxide structure. Direct oxidation of methane
to methanol and further splitting of the latter to CO and H; in our case
are not excluded: CH4 + ReO,/Al,O3 = CO + 2H, + ReO,.1/Al,O3. It was
shown that catalysts preliminarily oxidized at 973 K for 1 h in oxygen
and then evacuated at the same temperature for 1 h are characterized
by EPR spectra belonging to the paramagnetic Re®" ion with 5d*
unpaired electron and strong Re=0 bond. The EPR spectra of this ion
are characterized by an hyperfine structure (A = 48.3 mT) due to the
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interaction of an unpaired electron with ***®’Re magnetic nuclei having
a spin | = 5/2 and are easily observed at room temperature for all the
samples. The EPR signals of these centers disappear after the
interaction of samples evacuated at high temperature (973 K) with
methane. It was shown that high-temperature contact of this sample
with methane leads to the formation of centers that catalyze the
oxidative dehydrocyclization of methane. The degree of oxidation of
rhenium ions in these samples is less than 6+, and these ions are
coordinatively unsaturated. To maintain the activity of the catalyst, its
regeneration is required. Activation of the catalyst is always achieved
by short-term heat treatment in an oxygen flow followed by purging with
an inert gas (nitrogen, argon). Purge with an inert gas is necessary to
avoid the loss of rhenium in the form of a volatile Re,0O.

Keywords: ReOx/Alumina Catalysts, methane, oxidative conversion,
EPR spectra.

Introduction

Methane is the most inert by reactivity among the
hydrocarbons. A huge number of papers are published on
homogeneous and heterogeneous systems, activating methane, over
the last 25-30 years [1-3]. In homogeneous metal-complex,
organometallic and micro-heterogeneous systems methane is quite
easily activated even at room temperature [4,5]. On the solids, methane
is converted to different products at high temperatures, generally above
673 K. Therefore, interest in the problem of catalytic activation of
methane continues unabated to the present day [6,7]. The number of
the scientific papers which describe the catalytic conversion of
methane into oxygen-containing compounds such as methanol and
formaldehyde [7,8], products of oxidative coupling - ethane, ethene
[9,11] increase each year. A lot of systems are described, which
catalyze methane to aromatic hydrocarbons [12-22]. Despite of
significant advances in this area, synthesis, preparation of efficient
catalysts for the above reactions until today remain the main problems
of the catalytic chemistry, petrochemistry, chemical engineering.

In this paper the data of EPR spectroscopy in combination with
chromato-massspectrometry studies of ReOx/Alumina oxide system as
catalyst for the oxidative conversion of methane into benzene are
presented.

Experimental Part

Alumina with impregnated mono-, bi- and hexa- nuclear
rhenium compounds Re(CO)sBr (I), RezBry(CH3C0OO0),+2H,0 (II) and
[DMFH];RegBri4 (lll) are used to obtain the catalysts with nano-
structured active component for oxidative dehydrocyclization of
methane. Elemental and phase composition, optical, magnetic, thermal
properties of prepared samples are characterized by X-ray
fluorescence microscopy, X-ray diffraction, UV/Vis and ESR
spectrometry, thermal analysis (TG/DTG/DTA), respectively. Isotope
exchange reaction CH4/D, over the above mentioned catalysts is used
for studies the nature of methane activation centers. The elemental
and phase composition of obtained catalysts are characterized using
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the atomic absorption spectrometer iCE -3000, Thermo Scientific, USA,
X-ray diffractometer XRD TD-3500, China, X-ray fluorescence
microscope XGT 7000, Horiba, Japan. The ESR-spectrometer JES-
PE-3X, Jeol, Japan and UV/Vis spectrometer, Analytik Jena, Germany,
are used for to identification the electronic state of rhenium in the
catalysts. Chromato-massspectrometer GC-MS, Focus, Thermo
Scientific is used to determine the composition of gas phase products
of the oxidative conversion of methane over these catalysts.
Results and Discussion

Results of the testing of the obtained samples as catalysts for
the oxidative conversion of methane are summarized in the table.
Table 1. Gas-phase products of oxidative conversion of methane over
ReO,/Alumina samples (Conditions of experiment: before testing the
samples were purged with a stream of O, at 973K (1h) and helium (1h);
reaction mixture : pure CH4(100%); T=973K; contact time — 2.5 sec.).

Cata Conver Selectivity, % Duration

lyst sion of of the
methane, co C,H, | C,Hs | =C4 CeHs reac

% tion, min.
0.9 41.4 7.2 13.9 0.8 36.7 15
I 0.5 51.1 4.4 24.8 15 18.2 45
04 47.9 51 30.8 1.7 145 70
" 0.8 33.2 18.9 14.7 0.5 32.7 15
0.6 36.2 120 | 30.7 0.2 20.9 45
0.7 17.6 12.7 8.8 trace 60.9 15
0.6 26.9 9.9 21.0 1.0 41.2 45
1 0.6 40.0 7.5 24.0 1.1 27.4 70
1.0* 43.1 8.7 7.4 trace 40.8 15
0.7* 41.5 7.2 17.4 1.0 32.9 45

*After re-calcination (1h) and treatment (1h) in a stream of O, at 973K.

As can be seen from the table, the main products of the reactio
are CyHg, CoH4, CO,, CO and CgHg and both catalysts show almost th
same activity before and after re-calcination in air or oxygen. Th
samples were treated as indicated below to determine the active state ¢
catalysts:

a) treated at 973K for 1h in oxygen and then reduced i

hydrogen stream at 773 K for 5h.;

b) treated at 973K for 1h in oxygen and then evacuated at

973 K for 1h;

c) treated at 973K for 1h in oxygen and then reduced wit

methane at the same temperature for 10 min.;

d) treated at 973K for 1h and then reduced with methane at th

same temperature for 1h.

It was established that the samples don’t show the activity in th
case (@) and (b), show the sufficient activity in the case (c) an
decreased (d) activity in comparison with the case (c).

What happens with the catalysts subjected to the indicated
above treatments?

The EPR spectra of the catalysts previously calcined at 973K
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for 1h in oxygen and then evacuated at the same temperature for 1h
show two types of para- magnetic centers (Fig.1,a). The first center
belongs to paramagnetic ion of rhenium Re®", having the strong Re = O
bond ("ylI" —type). The ESR spectrum of this ion characterized with
resolved hyperfine structure (A| = 48.3 mT) due to the interaction of the
unpaired electron with the magnetlc nuclei '*°'%"Re, having spin | =
5/2). The ESR spectrum of this center is easily observed at room
temperature for the all investigated samples.

Fig. 1, a) EPR spectra of ReOx/Alumina sample calcinated in air at
973K for 2 h, then evacuated at the same temperature for 1 hour
and  abruptly cooled to liquid nitrogen temperature; b) X-ray
fluorescence microscopy of dehydrated ReOx/Alumina (at the 1°
point of the surface)

Diffuse reflectance electron spectra of samples are
characterized by the intensive bands at 220-330 nm range.

Five points with a spot beam of 10 micron randomly chosen for
scanning the surface show almost homogeneous distribution of
rhenium on the surface of alumina (Fig.1,b). The y-phase alumina is
detected for both catalysts by XRD.

The content of rhenium in the catalysts determined by AAS was
~0,5wt.%. It was established that with a sharp cooling of the samples
evacuated from 973K to 77K, in the EPR spectra measured at 77K,
along with the signal from the first center the second intense narrow
signal with g = 2.001 and AH = 2,5 mT is observed. This center belongs
to anionic vacancies with captured electron, ie. F-centers. The
concentration of these centers is not less than 10*° spin/g. The
formation of these centers in high-temperature evacuation of
Re/Alumina oxidized samples due to dehydroxylation of the surface
and due to appearance of structures ReO,/Alumina with defects, having
unpaired electron (Re’*=0%* — Re®’=O" (center 1); Y +e — F —
center, where “ —anion vacancy (center 2).

At slow cooling of evacuated at 973 K ReOx/Alumina samples
to room temperature the ESR spectra for this center is not detected.
This case can be explained by redistribution of the electrons in reduced
by high temperature evacuation or interaction with methane samples as
a function of cooling procedure of samples for EPR measurements.

Thus, we have two types of isolated from each-other magnetic
centers in the samples oxidized at high temperature and then
evacuated at the same temperature samples. The lack of a noticeable
magnetic interaction between the centers 1 and 2 suggests that they
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are separated by a distance at which the magnetic interactions
between these centers do not lead to a broadening of the signals from
the centers 1 and 2. ESR signals from these centers disappear after
interaction of the sample evacuated at high temperature (973K) with
methane at a temperature of evacuation. As a result of this procedure
we have get the samples, which are active in the oxidative conversion
reaction of methane. We can conclude that the active centers are
interaction  products of methane at high-temperature with
ReOx/Alumina oxide samples evacuated at the same temperature. The
oxidaton degree of rhenium ions in these samples is less than 6+ and
these ions are coordinatively-unsaturated. The rhenium catalyst activity
depends essentially on the duration of the preliminary high temperature
evacuation, during which the accumulation of coordinatively
unsaturated, lower valence rhenium ions takes place. High
temperature contact of this sample with methane leads to formation of
the centers which catalyze the reaction of methane oxidative
dehydrocyclization.

The studies show that at the first stage of the reaction of
methane with evacuated at 973K samples, mainly, C,Hs, CoH,4, and
CO,, and then almost only CO and Cg¢Hg are observed. The formation
of benzene is characterized by induction period with duration equal to
formation and and disapppearace of CO; at the initial stage of reaction.
The induction period depends essentially on the duration of the
preliminary high vacuum treatment. With the increase in the duration of
high-temperature vacuum treatment the duration of the induction period
iIs reduced, and the interaction of rhenium catalyst with methane is
accompanied with the formation of CO, which is the main product of the
reaction of methane with rhenium catalyst:

CHs + ReOX/AI203 — CO+2H, + Reox-l/A|203

The formation of ethane and ethylene at the initial stage of
reaction of methane with ReOx/Al-oxide samples is the result of
oxidative coupling of methane to ethane and dehydrogenation of the
latter to ethylene, respectively. Oxidative coupling of methane to ethane
takes place in this case with a participation of surface oxygen of
ReOx/Alumina structure, wherein the presence of V type defects in this
structure. CO; is formed by oxidation of methane with weekly bonded
surface oxygen of the oxide. The direct oxidation of methane to
methanol and further splitting of the latter to CO and H, is not excluded
in our case.

Benzene formation on these contacts is catalyzed by ReOx
reduced with methane at high temperature. This conclusion is based on
the fact that in the reaction of methane with a contact the formation of
water is not found and thus the introduction of water vapor into the
system leads to an increase of benzene content in the gas phase
products. Disappearance of water and an increase of benzene in
products of the reaction may be the result of regeneration of the
structures by water molecules on the solid contact.

Conclusion
EPR  spectroscopy in combination with  chromato-
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massspectrometry is used for identification the active centers of

oxidative conversion reaction of methane into benzene over

ReO,/Alumina catalyst. The testing of the obtained ReOx/Alumina

samples as catalysts for the oxidative conversion of methane shows

that the main gas-phase products of the CH4 conversion over these

catalysts are CgHg, CO, C,Hy4, CoHe. It was found that the rhenium

catalysts show the activity after high temperature oxidizing (973K) with

subsequent vacuum treatment and interaction with methane at the

same temperature, but show no activity after reduction at 773 K under

hydrogen current. To maintain the catalyst activity the regeneration of

the catalyst is required. Activation of the catalysts is always achieved

by short term heat-treatment in oxygen atmosphere and the

subsequent procedure has to be carried out in inert gas (nitrogen,

argon) atmosphere to avoid the loss of rhenium in the form of volatile

Re,O;. To regenerate the activity of the samples the treatment of

catalyst by water at higher temperature is suitable also.
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Konqgresda muasir oksidlesdirici katalizin fundamental ve praktiki baximdan
aktual istiqametleri Uzre apariimis elmi tadgigatlarin naticelari mizakira
olunmus, qarsida duran masaler arasdiriimis, yeni istigamatlor miayyan
edilmisdir; fundamental baximdan shamiyyat kesb edan bir sira masalalerin
hallinde birge tadgiqatlarin apariilmasi xususi olaraq geyd olunmusdur.
Kongresin  programi  oksidlesdirici  katalizin  asagida  gosterilan
istigamatlerini:

A. - 1. Katalizatorlarin qurulusu ve xassaleri arasinda alage: eksperimental
ve nazari yaxinlagsmalar; 2.0ksidlesma sistemlarinin dinamikasi: kinetikasi
ve mexanizmleri;3. Oksidlagsma reaksiyalarinda aktiv merkazler: molekulyar
oksigen va alternativ oksidantlar; B. Oksidlesma proseslerinin yeni
konsepsiyalari - 1. Yeni katalizatorlarin dizayni ve yoxlanilmasi; 2.ince ve
yasil kimyanin oksidlasma reaksiyalari, 3. Reaktorlar - nano élgllarden
sonaye miqgyasina; C. dtraf muhitin gorunmasinda katalitik oksidlagsma - 1.
Cirklanmalarin aradan qaldiriimasi; 2.Alternativ yanacaqlar; 3. Foto- va
elektrokataliz. sahalarini shate edirdi.

Fundamental (A) va praktiki katalizin (B, C) geyd olunan istiqamsatlori Uzra
yerine yetiriimis elmi-tadgiqat islerinin naticaleri dinlanilmis ve onlarin
mizakiresi apariimisdir: Bu kongresda istirak oksidlasdirici katalizin aparici
maktablarinin nimayandalari iloe gorismaysa, onlarla oksidlagdirici katalizin
ham fundamental, ham da praktiki cehatdan shamiyyatli olan masalalerini
arasdirmaga, onlarin halli istigameatinde tadqigatlarin hansi elmi
maorkazlerlo alagalendiriimasini muzakire etmays imkan verdi. Nezera
alsaq ki, Azerbaycan neft-kimyasi o6lkasidir va neft kimya proseslarinin
90%-den ¢oxu katalizatorlarin igtiraki ile aparilir, bu konqgresda igtirakin na
daracedae vacib oldugu 6zunu agig-aydin gosterir.

Nikonova, O.A., Capron, M., Fang, G. et al. // Catal. 2011.V.279.

Sobalik Z., Tvaruzkova Z.,Wichterlova B. // Applied Catalysis
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Layihanin
yerina
yetirilmasi
zamani
istifada
olunmus usul
vo

Kongresda yuxarida gostarilon movzu Uzre apariimis elmi iglarin
naticaleri sifahi c¢ixis kimi teqdim olunmus, teqdimat slaydlarin
istifadesi ve numayisi ile apariimigdir. Kongresda yuxarida
goOsterilon moévzu Uzra sifahi c¢ixigla barabar Kongrese teqdim
olunmus va hamginin Kongresin Toeskilat Komitesi tersfindan sifahi
cixig kimi gabul olunmus 2-ci mévzu “Liquid Phase Hydroxylation
of Benzene to Phenol in the Presence of MoO,/TiO, Catalysts”
uzro de maruza edilmisdir.

yanasmalar

Layihenin Umumiyyatla, katalizin ©6nde olan, fundamental ve praktiki
yerina istigamatlarde an ¢ox tedqig olunan bir sahssi Uzra dunya kongresinda
yetirilmasi maoruzs ile ¢ixig etmayi nailiyyst kimi gabul etmak olar ve bu gixigin
zamani alde | g9bul edilmasi Azerbaycanda kataliz sahasinda aparilan tadqgigatlarin
olunmus saviyyasinin kifayet gader ylksak olmasini ve bu sahade aparilan
naticalarin tedgiqatlarin dunya elmi igtimaiysti terafinden musbat qabul
gozlenilan olundugunun gostaricisi kimi hesab etmak olar. Kongresda igtirak bu
tatbiq ] sahada aparici maktablerin ixtisasgilari il oksidlagdirici katalizin muasir
sahalori problemlarinin muzakire edilmasi ile yanasi, bu istigamstde birgs
(konkret tadgiqatlarin aparilmasina va layihalerin isleonmasina zemin yaratdi.
olaraq qeyd

etmali)
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