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Oobpaszuvt ReQlokcud antomunus ucciedoeansvt 6 Kauecmee Kamaauzamopos OKUC/IU-
menvHou Koneepcuu memana. Ioxkasano, umo peaxuyus memana ¢ okuciennvim (1 4), a 3amem
saxkyymuposannvim npu smoii memnepamype (973K, 1 u) oopazyom npueooum x oopazoeanuio
cHauana znasuvim oopazom C:Hs, CoHs u CO2, a 3amem moavko CO u CsHs. Obpazosanue smana
U YMujlena Ha HaA4aIbLHOU cmaouu peakyuu memana c oopazuamu ReQ lokcuo antomunus a6n-
emcsa pe3yibmamom peaKyuu OKUCTUMENbHOl KOHOCHCAWUN Memana ¢ oopaszoeanuem mana ¢
nocnedyrwoujum oecudpuposanuem e2o0 ¢ ymuneH. Peakyus npomexaem c yuacmuem ueHmpos
muna anuon-paouxana kuciopooa O° (V-muna degpexm) cmpyxkmyper ReQlokcuo antomunusn
(CH4+[O7]= CH3 +OH ; 2CH3" = GHe). CO; obpasyemca oxkucrenuem memana ¢ noeepxnHocm-
notmu Kucnopoonvimu popmamu (O unulu O;°) oxcuonoii cmpyxkmypot. Ipamoe okucnenue me-
mana 00 Mmemanoa u oanvHeiiuiee pacuienienue nocieonezo 0o CO u H> ¢ nawem ciayuae ne
uckarouaromesn. CHs + ReQ /Al,Os = CO + 2H + ReQ./Al;Os. ITokazano, umo kamanuzamopot,
npedsapumenvno ooxuciaennvie npu 973K ¢ meuenue 1 u 6 kuciopooe u 3amem 6aKyymupogan-
Hble npu IMoil yce memnepamype ¢ meuenue 1 u, xapakmepusyromcesa cnekmpamu 1P, npunao-
nexcawgumu napamaznummuomy uony RE* ¢ 5d' necnapennvim rnexmponom u cunvnoii céazvio
Re=0.Cnexmpui IIIP 3moz0 uona xapakmepusyiomcs pa3peuienoil c6epxXmoHKoil CIPYKmypoi
(A = 48,3mTn) 3a cuem 63aumodeiicmeus HeCRAPEHHO20 INEKMPOHA C MAZHUMHBIMU AOPAMU
18518Re, umerowgumu cnun | = 5/2 u nezko nabnodaomea npu Komnamuoii memnepamype 01
ecex uccnedosanuwvix oopazuyoe. Cucnanvt I1IP ymux yenmpoe ucuesarom nocjie 83aumooeii-
cmeus o0pazyoe, 6aKyymuposannwvix npu evicokoiu memnepamype (973 K), ¢ memanom. bvino
HOKA3aHO, YMO 6bICOKOMEMNEPAMYPHBLIL KOHMAKM IM 020 00pa3na ¢ Memanom npueooum K 0o-
PAa306anuio YeHmpos, KOMopsvle KAmaiuupyrom peakyuio OKUCIumenbHoil 0ecudpoyuKiu3a-
yuu memana. Cmenensv OKUCIEHUA UOHOE PEHUA 6 IMUX 00pazyax menvuie 6+, u smu uoHvl
AGNAIOMCA KOOPOUHAUUOHHO-HEHACLIWEeHHbIMU. /A noddepicanus akmuenocmu Kamanusa-
mopa mpedyemca ezo pezenepayus. AKmugayus KAmaiuzamopa 00CmMuzaemcsa nymem Kpam-
KOBDEMEHHOI MePMOo0OpadomKu €20 6 mokKe KUciopooa ¢ nociedyiouieii nPooOyeKoii UHEPHIHbIM
2azom (azom, apzon).
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ReQ/alumina samples have been studied as catalyststlier oxidative conversion of me-
thane. It was shown that the reaction of methandtwan oxidized and then evacuated at this temper-
ature (973 K, 1 h) samples leads to the formatidmpomarily C-Hs, C;H4 and CQ, and then only CO
and GHe. The formation of ethane and ethylene in the imitistage of the reaction of methane with
ReQ / alumina samples is the result of the reaction mfidative condensation of methane with the
formation of ethane, followed by its dehydrogenatito ethylene. The reaction proceeds with the
participation of O" ion-radical type (V-type defect) centers of the@é aluminum-oxide structure
(CH4 + [O7] = CHs + OH, 2CHs" = GHe). CG is formed by the oxidation of methane with surface
oxygen forms (& and / and Q") oxide structure. Direct oxidation of methane toatianol and fur-
ther splitting of the latter to CO and Hn our case are not excluded: CH ReQ/Al;0s = CO + 2H
+ ReQ./Al;0s. It was shown that catalysts preliminarily oxididet 973 K for 1 h in oxygen and then
evacuated at the same temperature for 1 h are chtgdzed by ESR spectra belonging to the para-
magnetic R&" ion with 5d" unpaired electron and strong Re=0 bond. The ESRapa of this ion are
characterized by a hyperfine structure (A 48.3 mT) due to the interaction of an unpairefketron
with '#18Re magnetic nuclei having the spin of | = 5/2 anteaeasily observed at room temperature
for all samples. The ESR signals of these centésadpear after the interaction of samples evacuated
at high temperature (973 K) with methane. It wasostn that high-temperature contact of this sample
with methane leads to the formation of centers tlwatalyze the oxidative dehydrocyclization of me-
thane. The degree of oxidation of rhenium ions ihdgse samples is less than 6+, and these ions are
coordinatively unsaturated. To maintain the actiyiof the catalyst, its regeneration is required.tAc
vation of the catalyst is achieved by short-termah&eatment in oxygen flow followed by purging
with an inert gas (nitrogen, argon).
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INTRODUCTION homogeneous metal-complex, organometallic and mi-
Methane is the most inert by reactivity amonLi}ro-heterogeneous systems methane is quite easily a

the hydrocarbons. A huge number of papers are p B’-atﬁd even at roomdtemgfefrature [4'd5]' On th'f_dspl
lished on homogeneous and heterogeneous systefi§thane is converted to different products at tegh-
activating methane, over the last 25-30 years [1¢8] peratures, generally above 673 K. Therefore, istere
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in the problem of catalytic activation of methams-¢ rhenium compounds from the weak hydrochloric aque-
tinues unabated to the present day [6, 7]. The ruwib ous solution followed by high-temperature proceassin
the scientific papers which describe the cataggiever- The elemental and phase composition of obtained cat
sion of methane into oxygen-containing compoundsgsts are characterized using the atomic absorppien-
such as methanol and formaldehyde [7, 8], prodofcts trometer iCE-3000, Thermo Scientific, USA, X-ray-di
oxidative coupling — ethane, ethene [9, 11] incesmsch  fractometer XRD TD-3500, China, X-ray fluorescence
year. A lot of systems are described, which cagalge- microscope XGT 7000, Horiba, Japan.
thane to aromatic hydrocarbons [12-22]. Despitesigsf The ESR-spectrometer JES-PE-3X, Jeol, Japan
nificant advances in this area, synthesis, prejparaf and UV/Vis spectrometer, Analytik Jena, Germany,
efficient catalysts for the above reactions untilaty re- are used for to identification the electronic staftehe-
main the main problems of the catalytic chemigqigt; nium in the catalysts. Chromato-mass-spectrometer
rochemistry, chemical engineering. GC-MS, Focus, Thermo Scientific is used to deteemin

In this paper the data of EPR spectroscopy the composition of gas phase products of the axiglat
combination with chromato-massspectrometry stuafies conversion of methane over these catalysts.
ReQ(/AIl_Jmlna oxide system as catalyst for the oxidative RESULTS AND DISCUSSION
conversion of methane into benzene are presented.

EXPERIMENTAL PART Results of the testing of the obtained samples

as catalysts for the oxidative conversion of metrene

The samples of RefAlumina were prepared summarized in the table.

by impregnation of the amino-acids (glycine, cysti

Table
Gas-phase products of oxidative conversion of metha over ReQ/Alumina samples
Tabnuya. 'azodasublie NPOTYKTHI OKHCIUTEIbHON KOHBepcHN MeTaHa Ha o0pa3uax ReGJ/Al03*
Catalyst Conversion of Selectivity Duratipn of t_he re
methane, % CO CoHy CoHe 2Cs CeHs action, min.

0.9 39.2 7.6 14.7 1.1 38.4 15

I 0.5 50.1 4.8 24.1 1.7 19.2 45
0.4 46.9 5.2 31.8 1.6 15.5 70

0.8 34.2 19.7 13.8 0.6 31.7 15

0.6 35.9 12.8 29.7 0.4 21.2 45

Il 0.6 39.2 8.2 23.1 1.3 28.2 70
1.0** 42.8 9.6 7.4 trace 41.1 15

0.7** 42.7 7.7 17.9 1.2 32.9 45

Note: * Conditions of experiment: before testing Hzenples were purged with a flow of @& 973 K (1h) and then helium (1h);
reaction mixture: pur€Hs (100%);T=923 K; residence time — 2.5 sec. ** After recadtion (1h) and treatment (1h) in a flow of He
at 973K

Ipumevanune: * Y caoBus IKCIIEpUMEHTA: Tiepe]] uerbiTaHneM o0pasipl npoayBanu Oz ipu 973K (1 1) u 3atem He (1u); peakunonHas
cmech: unctbiii CHa (100%),T = 923K, Bpemst koHTakTa - 2,5¢. ** Tlocne peokucieHus B arMocdepe KHCIOpoa U IPOLYBKH I'elHeM
mpu 973K

As can be seen from the table, the main prodctivity in the case (c¢) and decreased (d) actiiity
ucts of the reaction arelds, C;Ha, CO,, CO and GHs  comparison with the case (c).
and both catalysts show almost the same activityree What happens with the catalysts subjected to
and after re-calcination in air or oxygen. The si®ip the indicated above treatments?
were treated as indicated below to determine ttigeac The EPR spectra of the catalysts previously
state of catalysts: calcined at 973 K for 1 h in oxygen and then evtadia
treated at 973 K for 1 h in oxygen and then reduced the same temperature for 1 h show two typearai-p
in hydrogen stream at 773 K for 5 h; magnetic centers (Figure). The first center belaogs
treated at 973 K for 1 h in oxygen and then evacparamagnetic ion of rhenium Rehaving the strong
ated at 973 K for 1 h; Re = O bond ("yl" — type). The ESR spectrum of this
treated at 973 K for 1 h in oxygen and then reduceon characterized with resolved hyperfine structure
with methane at the same temperature for 10 min; (A = 48.3 mT) due to the interaction of the unpaired
treated at 973 K for 1 h and then reduced with meiectron with the magnetic nucléf-*®Re, having spin
thane at the same temperature for 1h. | = 5/2). The ESR spectrum of this center is eadily
It was established that the samples don’t shoserved at room temperature for the all investigated
the activity in the case (a) and (b), show theicigfit samples.
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methane at a temperature of evacuation. As a result
this procedure we have get the samples, whichcsixea
in the oxidative conversion reaction of methane.dafe
conclude that the active centers are interactiodymts
of methane at high-temperature with R&umina ox-
ide samples evacuated at the same temperature. The
Fig. ESR spectra of Re@lumina sample calcinated in air at oxidaton degree of rher_uum lons n thesg samples is
973K for 2 h, then evacuated at the same temperégut h and €SS than 6+ and these ions are coordinativelytunsa
abruptly cooled to liquid nitrogen temperature rated. The rhenium catalyst activity depends essen-
Puc. Crexrpst STIP o6pasua ReQ/AI20s, npokanensoro na o3-  tially on the duration of the preliminary high teenp-
Ayxe npy 973K B Teuenue 24, satem BAKYYMHPOBAHHOTO IIPH  tre @vacuation, during which the accumulationasf ¢
TOH e TeMIeparype B TeueHHe 1 4 U pe3Ko OXJIaKIEHHOTO J10 . . . .
TeMIICPATY Bl AKHJIKOTO a30Ta ordinatively unsaturated, lower valence rhemumsmn
takes place. High temperature contact of this sampl
Diffuse reflectance electron spectra of samplekith methane leads to formation of the centers kvhic
are characterized by the intensive bands at 220880 catalyze the reaction of methane oxidative dehydroc
range. clization.
Five points with a spot beam of 10 micronran- ~_ The studies show that at the first stage of the
domly chosen for scanning the surface show almmst Héaction of methane with evacuated at 973 K samples
mogeneous distribution of rhenium on the surface 8tainly, GHs, CzHs, and CQ, and then almost only CO
alumina. They-phase alumina is detected for both ca@nd GHs are observed. The formation of benzene is
alysts by XRD. characterized by induction period with duration aqu
The content of rhenium in the catalysts detef0 formation and and disapppearace of,@0the ini-
mined by AAS was ~0,5wt.%. It was established th&@! Stage of reaction. The induction period desesst
with a sharp cooling of the samples evacuated frofntially on the duration of the preliminary higacy
973 K to 77 K, in the EPR spectra measured at 77 KUm treatment. With the increase in the duration of
along with the signal from the first center theet high-temperature vacuum treatment the duratiohef t
intense narrow signal with g = 2.001 akid = 2.5 mT induction period is reduced, and the interactiorhet
is observed. This center belongs to anionic vaeancinium catalyst with methane is accompanied with the
with captured electron, ie. F-centers. The conegiot  formation of CO, which is the main product of tiee r
of these centers is not less tha®ipin/g. The for- action of methane with rhenium catalyst:
mation of these centers in high-temperature evamuat CHs + ReQ/AI:03 — CO + 2hH + ReQ.4/Al 03
of Re/Alumina oxidized samples due to dehydroxyla- The formation of ethane and ethylene at the in-
tion of the surface and appearance of structurBi@l stage of reaction of methane with R&&-oxide
ReQ/Alumina with defects, having unpaired electroamples is the result of oxidative coupling of raet

(R&* + e— R (center 1), + e> F—center, where to ethane and dehydrogenation of the latter toetiey
O — anion vacancy (center 2). respectively. Oxidative coupling of methane to atha

At slow cooling of evacuated at 973 Ktakes place in this case with a participation ofeme

ReQ/Alumina samples to room temperature the ESRXygen of ReGAlumina structure, wherein the pres-
spectra for this center is not detected. This casebe €nce of V type defects in this structure. GOformed
explained by redistribution of the electrons inueedd Py oxidation of methane with weekly bonded surface
by high temperature evacuation or interaction wih  0Xygen of the oxide. The direct oxidation of methan
thane samples as a function of cooling procedure §fmethanol and further splitting of the latteG© and
samples for EPR measurements. Hz is not excluded in our case.

Thus, we have two types of isolated from each- Benzene formation on these contacts is cata-
other magnetic centers in the samples oxidizedgat h lyzed by ReQreduced with methane at high tempera-
temperature and then evacuated at the same tempé&#ke- This conclusion is based on the fact thahe
ture samples. The lack of a noticeable magneter-nt reaction of methane with a contact the formatiowaf
action between the centers 1 and 2 suggests tat ter is not found and thus the introduction of waitsr
are separated by a distance at which the magmetic Por into the system leads to an increase of berzeme
teractions between these centers do not leadrmealb tent in the gas phase products. Disappearancetef wa
ening of the signals from the centers 1 and 2. E§R and an increase of benzene in products of theiogact
nals from these centers disappear after interactionmay be the result of regeneration of the structbses
the sample evacuated at high temperature (973 tk) wivater molecules on the solid contact.
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CONCLUSION

EPR spectroscopy in combination with chrog.
mato-massspectrometry is used for identificatiom th
active centers of oxidative conversion reactiomef
thane into benzene over Rg8lumina catalyst. The
testing of the obtained Re@lumina samples as cata-
lysts for the oxidative conversion of methane shows
that the main gas-phase products of the €iversion
over these catalysts argHg, CO, GH4, GHe. It was
found that the rhenium catalysts show the actiitgr

high temperature oxidizing (973 K) with subsequent.

vacuum treatment and interaction with methaneeat th
same temperature, but show no activity after rednct
at 773 K under hydrogen current. To maintain the c
alyst activity, the regeneration of the catalystrds
quired. Activation of the catalysts is always aubik

by short term heat-treatment in oxygen atmosphade al4.

the subsequent procedure has to be carried onéit i
gas (nitrogen, argon) atmosphere to avoid the dbss
rhenium in the form of volatile R&;. To regenerate
the activity of the samples the treatment of cataby
water at higher temperature is suitable also.
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