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IIpencraBieHBI pe3yabTaThl 9KCIIEPUMEHTAJIBHBIX MCCIEeTOBAHUN KOHBEPCUU
TIPUPOIHOTO rasa B yriepoaubriit Hamomarepuas (YHM) u Bogopoa ipu coBMe-
IIEHHOM BO3JeMCTBUM Ha NPUPOAHLIH rad miaasmbel CBU-paspanga armochepHO-
IO JaBJE€HUA W MeTAJINUEeCKOro Karanusaropa. IlokasaHo, 4TO Ipy JaHHOM
crmocobe peasaluy Ipoliecca BO3pacTaioT cTenenb Koupepeuu (1o 70% ), BbI-
xox Bogopoza u YHM, B Tom uncie yrieponubrx HaHoTpyook (YHT) mo 70%.
IIpuBegennl onncanre KOHCTPYKIIMHU 1 ITapaMeTpPbl MUKPOBOJHOBOTO IIJIa3MO-
XMUMHAUYECKOT0 peaKkTopa, Pealns3yIOIlero HOBBIHA ciocod moayueHus YHM u
BOJIOPO/Ia U3 YTJIEBOJAOPOTHOTO CHIPHA.

IlpeacraBiieHO pes3yabTaTH €KCIEPUMEHTAIBHUX AOCJIiIKeHb KOHBEpPCii mpu-
poaHoro ragy y ByrienieBuii Hanomarepiaa (BHM) i Bogenb mpu cymilmeHOMY
BILIMBI Ha mpupoAHih rasd mimasmu HBY-pospany armocdepHOro TUCKY Ta Me-
TajgeBoro KaraJaisaropa. [lokasano, 1110 Ipu TaKOMY CIIOCO0i peasisariii mpoiie-
cy 3pocrae cryminb KoHBepcii (o 70% ), Buxin Boguio 1t BHM, B Tomy umceri
ByrJenieBux HaHopypok (BHP) no 70% . HaBeneHo onmc KOHCTPYKIIii Ta mapa-
MeTPU MiKPOXBUJILOBOTO ILIA3MOXEMIiUHOT'O peaKkTopa, IO peajidye HOBUM
cmoci6 omep:xanua BHM Ta BOAHIO 3 ByTJIEBOLHEBOI CUDOBUHU.

The results of experimental investigations of the natural-gas conversion into
carbon-based nanomaterial (CNM) and hydrogen at combined effect of both
the microwave-discharge plasma of atmospheric pressure and the metallic
catalyst on the natural gas are presented. As shown, at this method of the
process realization, the conversion degree grows up to 70%, hydrogen and
CNM vyield including carbonic nanotubes (CNT) grows up to 70% . The con-
struction description and parameters of the microwave plasma-chemical re-
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actor realizing this new method of fabrication of CNT and hydrogen from hy-
drocarbon raw material are presented.

Karouerrie caoBa: mpupoaukulil ra3, CBU-paspasn, nmiaasma, BOJOPOX, YIJIEPO-
HBIA HaHOMAaTepuaJl.

(ITonyueno 19 oxkmaodpa 2010 e2.)

1. BBEJEHUE

OpuuM M3 HaOpaBJeHUN I'TyO0OKOM ImepepaboTKM YIIeBOLOPOIHOTO ChI-
pbsa sABJIsieTCA KoHBepcus npuponuoro rasa (CH, =95-97%) B yriepon
u Bomopoa. Cpeln MHOTHX CYIIECTBYIOIIUX B HACTOSAINIEe BPeMs CIIOCO-
00B peanms3alnui JaHHOTO IIPoIlecca ocoboe BHIMAHME o0paliiaeT Ha ceds
ucnoab3oBanue miaasmbel CBUY-paspana. Kak ormeuaercsa B pabore [1]
TaHHBIA TUII Paspafa IO3BOJISIET OCYIIECTBIATD PAL SHIOTEPMUUECKUX
IJIa3MOXMMHUUYECKUX IIPOIECCOB C BLICOKOM dHEepTreTuYecKoi s (HeKTUB-
HOCTBHIO. B uactHocTH, B [2] paccMOTpeH IpoIlecc TEPMUUECKOTO PasJiio-
JKeHUs MeTaHa Ha YIJIepo ] U BOJOPO IIPU BO3AEHCTBUN MUKPOBOJIHOBO-
r0 UMITYJILCHO-TIEPUOINYECKOTO TICEBIOKOPOHHOTO paspdAma aTMochep-
HOTO JaBJeHUSA Ha IpedBapUTEJbHO HATPeThI MeTaH. OTMeUueHO, UTO
reHepanueii maasmoit CBY-paspsaga XMMHUUYEeCKHM aAKTHUBHBIX YACTHIIL,
CIIOCOOCTBYIOIUX pPAas3jOKeHUI0 MeTaHa, o0ecmeuuBaeTcA YCKOpPeHUe
peaxIiuy mpu Bo3AeiCTBUM pas3psaaa.

B macrosamieit pabore paccMaTpuBaeTCs HOBBIM CIOCO0 KOHBEPCUU
IPHUPOIHOrO rasda B BOAOPOJ U yIJIEPOJ, OCHOBAHHBIN HA COBMEIIEHHOM
BO3[IeCTBUU Ha HPUPOAHLIN rad Katanusaropa u CBY-moxasa [3]. Ilpu-
BOJUTCS ONHCAHUE ILIA3MOXMMUUYECKON YCTAaHOBKM, B KOTOPOI peaju-
30BaH TaHHBIA crmocod KoHBepcuu. lIpemcraBiieHbl pe3yabTaThl SKCIe-
PUMEHTaJbHBIX MCCJIEIOBAHNN KOHBEPCUN IIPUPOSHOTO ra3a B YIJIEPO-
Hbll HanoMmartepuaya (YHM) u Bomopox B miasme CBY-paspsama aTmo-
cepHOro AaBJIeHUA B MUKPOBOJHOBOM IIJIa3MOXUMUYECKOM peaKTope.

2. OKCIIEPUMEHTAJIBHASI YCTAHOBRA

JKcmepuMeHTaJIbHAA YCTAHOBKA AJA KOHBEPCUHU ITPUPOAHOTO I'a3a B yrI-
JIepoJ ¥ BOJOPOJ peain3oBaHa B COOTBETCTBUU CO cxeMoi (puc. 1).
YcraHoBKa BKJIOUaeT B cebsa: peakTop, ucrounmkum CBY-sHepruwm,
COOPHUKHU YIJepona, cucTeMy (PUILTPOB. PeakTop, OCHOBHOII 3JIeMEHT
YCTAaHOBKU, BBITIOJIHEH ABYXKaMepHBIM. OmHa m3 KaMep IIpeaCcTaBJIAET
co00ll IMJIMHAP, BBLIIOJHEHHBIA M3 Hep:;KaBelIlell cTaau, B KOTOPOM
pasMellleHa paguonpospauHas Tpybda auamMmerpoM 54 MM, aamnuoi 360 MM
¢ KaTtammsaTopoM. Bropas xamepa (paspsmHasi) IpeAcTaBIAeT OTPE3OK
KOaKCHaJIbHOU JUHUU, TEPEXOAAITUNA B KPYIJBIH BOJHOBOJ. B 1mepBoit
KaMepe OCYIIeCTBJIAETCSA HarpeB KaTaJIu3aTopa, a B paspsamHOi KaMmepe
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Puc. 1. Cxema ycranoBku. M — maraerpon; P — peakrop; K — karamuzarop; I'
— Bxopa rasa; PK — paspagnas kamepa; A — arsmomeparop; YHY — yioBurens
HaHouacTtui yriaepoga; O'B — BbIX0[ 0CTATOYHOTO rasa H BOAOPOIA.

MOAKUTaeTCA HEOOXOAUMBIH IJIA OCYIIIeCTBJIEHUA KOHBEPCUY ITPUPOIHO-
ro raza CBY-paspsaz. B oTyinyie oT TpagUuIIIOHHOTO BEICOKOTEMIIEPaTyP-
HOT'O IIMPOJIM3a MeTaHa B MaHHOU yCTAaHOBKE HATPEB KaTaJn3aTopa ocy-
miectBasgeTcsa CBU-smeprueit oT MarieTpoHHOTO TeHepaTopa ¢ BEIXOAHOM
morHoCThI0 1,5 KB Ha wactore 2450 MI'n. 151 KOHTPOJIA TeMIIEPATYPBI
KaTaJms3aTopa II0 BBICOTE KaMephl PeaKTopa BBIOJTHEHBI 3 KBapIIEBBLIX
okHa. KoHTpOJb TeMIIepaTyphl OCYIIIECTBIAJCS C IIOMOIIBI0 ITMPOMETPa
tuna «KeabBuH» ¢ npegenamu usmepernus 200—2000°C.

ITogaua mpupomHOro rasa OCyIIeCTBIIANACH B HUKHIOIO YaCTh KaMepbl
peakTopa, a mogBog CBY-smepruu, Bo3elCTBYIOIIEN HA KaTaJanus3aTop,
OpPraHM30BaH CBEPXY PeaKTOpa IIOCPEACTBOM MOACTPANBAEMOI'0 BOJIHO-
BogHO-KoakcuabHOoro nepexoga (BKII). ITocpeacTeom Taxoro ke BKII
ocytectsyeH BBog CBY-sHeprum B paspsagHyo KaMepy OT BTOPOTO Mar-
HeTPOHA C BHIXOAHOW perynampyemoii mMomHOocTh0 70 8 KBT (f,=2450
MTI'm) B pe:kuMe HempepbIBHOM reHeparuu. IIpu sTrom o0a MarmeTpoHa
YCTaHOBKU C I€JIbIO PA3BA3KM KaKIOT0 CO CBOEH HATPY3KOI U MBMEPEHUA
YPOBHSA OTPAKEHHOUM MOIITHOCTY ITOJKJIIOUEHBI K HArpy3KaM 4yepes IIUp-
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KYyJIATOPHI (Ha PUCYHKe He moKasamo). [[i1a coopa IpoayKTOB ILJIa3MOXH-
MHUYECKOI PeaKIIny IPeIyCMOTPEHEI arJioMepaTop U CUCTEMA (PUIBTPOB C
IUKJIOHHBIMMY YJIOBUTEJIAMU HAHOYACTUIL yIJiiepoaa.

duporepMmuueckas peakiud (75 kJlK/M0JIb) pa3JoKeHUA MeTaHA HA
Bogopon u yraepon CH,=C,+ 2H, ocyiecTBiIsgachk B OIMCHIBAEMOM
yCTaHOBKE CJIEIYIOIIM 00pa3oM.

Ha mepBom srame mertannumueckuii xaramusatop (Fe, Ni, Mo, Ti,
TiNi, AINi) marpeBaercsa B peaxkTope ¢ momoinbio CBU-sHepruu B ToKe
asoTa g0 Temiepatyp nopanska 520—560°C 3a cueT AMCCUIIATUBHBIX IIO-
Teph Ha KaTaJau3aTope. 3aTeM B PeaKTOP II0JaBaJICA XOJOIHbBIN IPUPOI-
HBII ras ¢ pacxozom 0,05—-1,0 m®/gac, oTKIrOUanach mojada asoTa,
BKJIIOUAJIAaCh cuCTeMa (DOPMUPOBAHUS JOMOJHUTEIBHOTO Paspsiia, THIa
TJeoIero, 1A naunuuposanus CBY-paspsana, ocHOBaHHAas HA IPUH-
IuIe pasmeabHOI momauu ra3oB (asora um MeraHa) B 3oy CBY-daxera
[4, 5], u 3asxkurancsa CBY-paspan B paspanuoi kamepe. Ilpu aTom mpo-
WCXOIWJIO CHUKEHUEe TeMIlepaTyphl KaTajamsaTopa mo 3HaueHuil 450—
480°C B 3aBMCHMOCTH OT pacxoja mpupoguoro raza. O Hauaje peakiiuu
CBUETEJILCTBOBAJIO CHIKEHNE TEMIIEPATYPhI B PEAKTOPE U IIOSBJICHUE
BOZOPOJA B BBIXOAHBIX rasax. OZHOBPEMEHHO BeJOCh BHU3yaJIbHOE
HabJII0JeHre 3a XOJ0M IIPOIlecca uepes KBaplieBoe OKHO PaspAgHOI Ka-
MeP5I IO CBEUEHUIO Pa3pALa U HAJINYHUIO IIOTOKA yriIepoa.

HapaGorauable IPOAYKTHI PEAKIUK 34 CUET HE3HAUWTEJIBHOTO pas-
PAMKEHHUSA B CHCTEMEe TPAHCIOPTHUPOBAJINCEH Uepes pal (DUILTPOB B cOOP-
HUKH yriiepona.

IlnasmoxuMuuecKasi KOHBePCUsS MeTaHa, PeaJn30BaHHAA B YCTAHOB-
Ke, IPOUCXOJUT, II0 HAIlleMy MHEHUIO, caenyiomum oopasom. Ha paso-
rpeToM KaTajausaTope MPOMCXOIUT IIPeIBAPUTEIbHOE BO30Y K IeHe MO-
JIEKYJI MeTaHa ¥ HAYajo peakIuy 00pasoBaHUs HellpelebHbIX YIrIeBO-
IOPOIOB (9THJIEHA, alleTHJIeHa), KOTOPEIe Ta30BbIM IMOTOKOM TPAHCIIOP-
TUPYIOTCSA B PaspsagHyI0 KaMepy, I'le U OCYIIeCTBJsIeTCd, COOCTBEHHO,
ILIa3MOXHMHUUYEeCKad peakmusi. PaxeoM IIJasMbl HIPOIYKTHI PEaKIINU
BBEIHOCSATCS B IIOCTPEAKTOPHOE IIPOCTPAHCTBO.

3. OKCIIEPUMEHTAJIBHBIE PE3YJIBTATDBI

B xome peanuszanum paspaboTaHHON TEXHOJIOTUM KOHBEPCUM MeTaHa Ha
OCHOBE COBMEIIIEHHOT'O BO3JeHCTBUA KaTrajaumsaTropa u maasmbl CBY-
paspsaAna 6bLI0 TOKa3aHo, UTO IIPU JaHHBIX YCJIOBUAX BO3PACTAIOT CTEIIEHD
KouBepcuu (70 70% ), BBIXOJ BOJOPOJA U YIVIEPOJHOI'O HAHOMATEPHAJIA
[6]. ITapameTphl mpollecca KOHBEPCUU IIPUPOAHOro rasa u cocras ¥ HM
npenacTtaBiaeHbl B Taba. 1. CoctaB YHM u momepeuHbIi pasMep HAHOTPY-
0ok ompenenanca Ha sudpaxTomerpe Tuna Shimadzu XRD6000.

Kax Bummo us Tabda. 1, B coctaB YHM BxXomaT yriaepogHble HAHOTPYO-
KU ¢ y/JeJIbHOMH moBepxHocThIo oT 30 1o 100 M?/T, amopdHEIH yTiepos ¢
yIenbHOH moBepxHOCTHIO 200—400 M?/T, a TaKk:Ke B HEGOILIIIOM KOJIHIUe-
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TABJIAIIA 1. ITapamerpsl mpoilecca KOHBEPCUHU MPUPOILHOrO rasa.
Copep:xanue
HaHOTPYOOK Copep:xanue
oo Somerers e raepora n | aopior
’ 22 : pasmep 10 0.K.p. | yruepoza, %
% | HM
TiNi 42,4 52,3 46,13 9,12 45,00
AINi 15,8 28,3 33,14 10,57 55,00
Ni 79,5 84,9 56,51 7,12-14,92 21,24
Fe 54,5 69,4 78,24 3,70-12,40 4,04
Mo 77,6 84,6 24,91 26,26-37,22 64,89
Ti 27,9 43,4 23,05 5,8-11,6 67,00

TABJIAIIA 2. Tunbel 00pasyoIinxcs HaHOTPYOOK M UX pas3Mephl.

Cocras M=uorocaoitaeie, % | OmHocsoiinbie, % JIykoBuuHbIe, %
KaTammsaTopa (pasMeg Nl;IO) 0.K.Dp. (pa3me§ Mn(; 0.K.p. (pasMeg Nl;IO) 0.K.Dp.
Ni 19,4 (14,9) 45,0 (7,8) 35,6 (7,1)
Fe 28,2 (12,40 38,8 (7,3) 33,0 (3,7)
Mo 47,0 (26,3) 32,9 (37,2) 20,1 (37,2)

ctBe dyaepersl Cgy, Cry (5—7%). XumMuuecKuii cocTaB KaTajamusaTopa
3HAUUTEJbHO BJAMSAET Ha KOJWUYECTBO 0OPas3yIOMIMXCA HAHOTPYOOK, MX
cooTHomieHue u pasmep. Tumbl obpasymomuxcsas YHT (MHorocioiinsnie,
OHOCJIOMHBIE, TYKOBUUHBIE) ¥ UX PasMephbl IPeACTABJIeHLI B Ta0I. 2.

ITocne BLIAcHeHUA POJiM U cTeneHU BauAHUA miaasmel CBY-paspana
Ha 9(p(peKTUBHOCTD IPOIlecca KOHBEPCUM MeTaHa B Pe3yJabTaTe UCCJIEI0-
BaHWI, BBITIOJHEHHBIX HA TOpPSYeM U XOJIOAHOM KaTaJyusdartope [6], 6611
TIOCTaBJIeH P 9KCIIEPUMEHTOB II0 OIleHKEe CTEeIIeHN KOHBEPCUU, dHepre-
TUYeCKOU 3(h(PeKTUBHOCTU, SHEPTETUUECKOM IeHBI ITPOIlecca B 3aBUCH-
MOCTH OT pacxoja IIasmMoobOpasymoinero rasa u Beaumuuabl CBY-
MOIITHOCTH, BBOAWMOM B Pa3pAmHYyI0 KaMepy (yIeJbHOTO SHEProBKJIA-
Ia).

B sxcmepumenTax Bmixommas moliHocTh CBY-remepaTopa Bapbupo-
BaJiach B mpegesaax 0,9-2,5 kBr.

Pacxop rasa B mpegenax or 0,05 m®/4ac mo 1 m®/gac. Ilpu gagHBIX 1IO-
KasaTeJsIX MOIIHOCTEN M PACXO0B PeaJn30BajICA SHEPTOBKJIAL OT 5 IO
40 5B/mou.

IJKCIIepUMEHTHI BLINOJHAJU IIPU aTMochepHOM aaBiaeHuu. CremeHb
KOHBEPCUU MeTaHa OIpenesaach XpoMaTorpaGuiecKuM METOLOM.

Ha pucymke 2 mpexacraBieHBbI KCIEPUMEHTAJIbHBIE 3aBUCUMOCTH
YAEeJIbHOTO DHEPTrOBKJIAAA B pacueTe Ha 1 MOJIEKYJIy OT pacxoza rasa.
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Orciofa BUAHO, UTO IpU pacxome mnopaznka 0,4 M?/uac yaenbHBIH
SHEPrOBKJIAJ COCTABJISAET BEJIMUYNHY OKO0JIO 5 5B/MOJ 1151 pasHbIX yPOB-
Hell MOII[HOCTY, BBOJMMOI B paspAm. ITa BeJIUYUHA OLHOI'O IOPALKA C

E, aB/mon
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Puc. 2. 3aBUCHMOCTE yIEJIBHOTO SHEPTrOBKJIALa OT Pacxoja IPUPOLHOTO rasa.
1 — 900 Br; 2 — 1200 Bt; 3 — 1680 Bt; 4 — 2100 Br.
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Puc. 3. 3aBucuMoCTh 00bEMHOUN KOHIIEHTPAIMUA MPOAYKTOB PEaKI[MU OT pac-
X0[a MIPUPOAHOro rasa.
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TeOpPeTUYEeCKN MUHUMAJbHOU «dHEPTEeTUUECKOH ITeHOM» KOHBEPCUU Me-
Tama, COOTBeTCTByIomIeii 1 5B/Mo0J, UTO HOATBEPIKIAET IIEPCIEKTUB-
HOCTBH pa3zpaboTaHHOM TeXHOJIOTUY 1 YCTAHOBKHY IJIs KOHBEPCUU MeTaHa
¢ ucnoab3osannem CBY-paspaga. CHu)xeHMe sHepTreTUUYeCKON s dek-
TUBHOCTH IIPOIlecca IIPU BBICOKUX YIEJNLHBIX dHEProBKJIamax (Ipu Ma-
JIBIX pacxofiax) IPeaIoJoKUTeILHO MOXKHO 00 bACHUTD PACXOI0OM YaCTH
SHepPrum paspsdama Ha BO30YKIeHNe NPOAYKTOB KOHBEDPCHUM MeTaHa.
JlaHubIii Bompoc TpeOyeT BBLINOJHEHUS AOMOJHUTEJIbHBLIX HCCJIeIoBa-
HUH.

Ha pucyuke 3 mpeacraBieHbl 3aBUCHIMOCTY 00beMHOIM KOHIIEHTPAIIK
MIPOAYKTOB IIJIa3MOXUMUUYECKOH peaKiiuu (MeTaHa, BOAOPOIa, alleTuae-
HA) Ipu IIepeMeHHbIX pacxonax. Kak cieqyer us sTux pe3yJabTaToOB, IPHU
pacxozax ot 0,6 M®/4ac u BBIIIe, IPEJCTABIAIONINX IPAKTUUECKUH WH-
Tepec, BBIXOJ II0 BOgopoxay cocrasiser > 40% o06. IIpu sTom 3adpurcu-
POBAHO HPUCYTCTBHE B IPOAYKTAX PeaKIuu 0KoJio 5% 06. C,H,.

4. SARJIIOYEHUE

ITonryuenHble B gaHHOI paboTe sKCIepUMEHTaJIbHBIE PE3yJIbTATHI II0/I-
TBEPAUJIN MIPAKTHUUYECKYIO I[eJlecooO0pasHoCTh ucHoJb3oBanua CBY-
paspana arMochepHOTo JaBJIeHNA B KOMOMHAIINY ¢ KaTaJInu3aTOPOM IS
peajunsany KOHBEPCUU MeTaHa B BOJOPOJ U YIJIEPOS.

3HaunTe IbHAS KOHIIEHTPAIMsA BOJOPOJA B BRIXOAHBIX rasax AeJaeT
IepPCHeKTUBHBIM JaHHBIHA CIIOCO0 KOHBEPCUU IJIS IOJYUEHUA KaK HaHO-
YTJIEPOAHOTO MaTepraja, TAK ¥ BOJAOPOLA B IPOMBIIILIEHHBIX MACIITA0aX.

Cosman mocTaTOYHO 3(P(PeKTUBHBIA MUKPOBOJHOBBIN IJIA3MOXUMUUE-
CKHUIl peaKTOp HeIPEepPLIBHOT'O JAEHCTBUA IJIs KOHBEPCHUU IIPUPOILHOTO
rasa B HAHOYTJIEPOAHBINA MaTepuaJ 11 BOJOPO/I.

PeanuzoBanHas B JaHHOHM paboTe ILIasMOXMMHUECKAd TEXHOJOTHUS
KOHBEPCHUHU IIPUPOSHOTO ras3a Co3JaeT HPEeAIOChLIKY SKOHOMUYHOTO II0-
ayuenus Bogopoza u Y HT pjis meseit BOZOPOSHOM DHEPreTUKH.

Pab6ora BeimostHeHa mpu puHaHCcoBoi moamep:xkke PIII «Hayunsie u
Hay4YHO-Tlefarornyeckue Kaapbl MHHOBAINMoOHHON Poccum» Ha 2009-
2013 rr.
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