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HanionansHuif aBianiiffHuil yHiBEpCHTET

OKHNCHIOBAJIbBHA JECYJ/JIb®YPU3SALIA HA®TOIIPOAYKTIB

Jlns 3a6e3neveHHs eumoz do akocmi Hagmonpodykmie pospobasiiombesl edpekmusHi cnocobu eudaneHHs
cyAb@PypeMICHUX CNOAYK, OOHUM 3 SIKUX € OKUCI08A/IbHA decyabdypusayisi Haggmonpodykmis. Y pobomi 3pob.sieHa cnpoba
po32asaHymu desiki dawi 3 docaidxiceHHs OKUCHI0O8AAbHOI decyabdypusayii Haggmoeoi cuposuru. Halibiabw nowupeHumu
OKUCHIOBQYAMU Yy npoyecax OKUCHI8a1bHOI decyavgypusayii Hagmosux Ppakyili e nepokcud 2idpozeHy i
a/Kizzioponepokcudu y cnoayveHi 3 20MO2EHHUMU a60 2emepo2eHHUMU KamasaimuyHumu cucmemamu. /JjosedeHa
ehekmugHicmb OKUCHI08a/IbHOI decynvdypusayii y noedHaHHi Kamaaimu4Ho20 OKUCHEHHSI CYAbPYPEMICHUX CnoayK i
adcop6yii npodykmie oKUCHEHHS HA AKMUBOBAHOMY 8Y2i/i.

Karwuosi caoea: cyavgypemicHi cnoayku, okucarsanvHa decyavdypusayis, okucHosaui, nepokcud I'idpozeny,
Kamaaimuy4Hi cucmemu, ekcmpakyis, adcopoyisi.
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OXIDATIVE DESULFURIZATION OF PETROLEUM PRODUCTS

The modern world market makes stringent requirements for the quality of motor fuels, in particular for sulfur content in them.
The main classes of sulfur-containing compounds in petroleum fractions are thiols, dialkyl and cycloalkyl sulfides, alkylaryl sulfides, as well
as heteroaromatic compounds - benzothiophene, dibenzothiophene and their alkyl derivatives. They have a negative impact on the quality of
petroleum products. Growing demands on the quality of oil and petroleum products have led to the search for ways to reduce the sulfur
content in oils and which would not lead to deterioration of physicochemical parameters of oil, such as viscosity, density, acidity, elemental
and fractional composition, etc. Among the existing methods of desulfurization of oils and their fractions, special attention is drawn to
oxidation methods that allow organic sulfur compounds to be converted into sulfoxides and sulfones which are easily removed by
conventional separation methods, in particular by extraction or adsorption. The prospects of the oxidation method are due to the possibility
of practical use of sulfoxides and sulfones in various sectors of the economy. The most common oxidants in the processes of oxidative
desulfurization of petroleum fractions are hydrogen peroxide and alkylhydroperoxides in combination with catalysts that provide high
selectivity and speed of the process. Transition metal compounds (Mo, V, W,) are most often used as catalysts because they are able to form
peroxocomplexes in the presence of peroxides. Heterogeneous catalytic systems consisting of various solid carriers (salts, oxides, activated
carbon, zeolites) and peroxide oxidants (hydrogen peroxide or alkyl hydroperoxides) are actively developing. Molybdenum-containing
catalysts are one of the most efficient heterogeneous systems for oxidative desulfurization of diesel fuel. There is proved the effectiveness of
oxidative desulfurization, which is a combination of catalytic oxidation of sulfur-containing compounds in the presence of a heterogeneous
catalyst and adsorption on activated carbon. Methods of oxidative desulfurization with their advantages and disadvantages can be logical
addition to large-tonnage hydrotreating processes, and also potentially can be used as an independent method of deep purification of oil and
petroleum products from sulfur-containing compounds.

Keywords: sulfur-containing compounds, oxidative desulfurization, oxidants, hydrogen peroxide, catalytic systems, extraction, adsorption.

IHocranoBka npodaemu
3pocTarodi BUMOTH 10 SKOCTI HadTH 1 HAQTONPOAYKTIB 3yMOBMJIM IOIIYK IUIAXIB 3HM)KEHHS BMICTY
Cymebhypy y HadTax, sSKi 3a0e3MeUylOTh JOCSITHEHHS HEOOXigHOTO edekTy Oe3 BeIHKHX MaTepialbHuX i
eHepreTuuHuX BuTpaT. Jlo iX 4YMcna BITHOCATHCS OKHCIIIOBAaJbHI METOAM, sKi, Oe3 3HAYHOro BIUIMBY Ha
BYTJICBOJHEBI KOMIIOHEHTH Ha()TOBOI KOMIO3HWIIi, JO3BOJSIIOTH TEPEBOIAWTH OpraHidHi cronyku Cymedypy y
CyabQOKCUIN 1 CYIb()OHH, SIKi 3r0JA0M JICTKO BHIAISIOTHCS 3BUYAHHIMU METOAaMu po3aijaeHHs [1].

AHaJti3 0CTaHHIX TKepe

[lepcnieKTHBHICTH METOAY OKHCIIOBAJIBHOI jAecynbdypu3anii 00yMOBIEHa MOJKIMBICTIO MPAKTHYHOTO
BUKOPUCTAHHS CyIb(GOKCHIIB i Cynb(OHIB y PI3HMX Taly3sX HapogHOro rocmomapcTtBa. HadToBi KoHIEHTpaTn
MOXYTb OyTH OCHOBOIO JUIsi JOOYBaHHSI COJICH ajiKaH- 1 XJIOPCYJIL(OHOBUX KHCIIOT, 10 MAIOTh BHCOKY MOBEPXHEBY
AKTUBHICTB 1 MHOYTBOPIOIOYY 3/1aTHICTB, JJISI MPUTOTYBaHHS 0araTo(yHKIIOHATBFHUX HPHUCATOK, IO MOJINIIYIOTh
AHTHOKUCHIOBAJIbHI, aHTHKOPO3iiHI Ta iHIII BIACTHBOCTI MacTH [2].

Meto1o podOTH € pO3TJIs JiTepaTypHUX JaHUX 3 JOCHIIPKEHHS OKHCHIOBAIBHOI Iecynbypusaii
Ha(TOBOT CHPOBHHH, SIKi JO3BOJISIOTH MIJIBUIIUTH SKICTh HAQYTOIPOAYKTIB 110 PiBHS Cy4aCHUX BUMOT.

Buxuia1 0CHOBHOT0 MaTepiany

CporozieHHsI OUKTYyE€ Ha(pTONMEpepoOHild rairy3i Bce HOBi 1 30BCIM HENPOCTI YMOBH, sKi HE MOXKHA HE
CKacyBaTH, HE ITHOpYBAaTH. 3a Cy4aCHHX YMOB BiOYBa€ThCSI MOCTiIHHE 3HIDKEHHS SIKOCTI HAQTOBOI CHPOBUHH i
MiBUIIYIOTHCS €KOJIOTIYHI BUMOTH /IO SIKOCTI MajiB, OCKUIBKH IMPOKE 3aCTOCYBAaHHS OCTaHHIX y TPAHCIOPTI i Ha
€HEePreTUYHUX 00'€KTaxX MPU3BOIUTSH J10 3a0pYAHEHHS aTMOC(EpH MPOYKTaMH 3rOPaHHs CYJIb(QYPBMICHHUX CIIOJIYK.

OcnoBHa dactmHa Cynbhypy MicTUTBCS y HadTi y BUTIAI CyNb(QYpPBMICHHX OPTaHIYHHUX CIIOMYK —
mepkanratiB (RSH)), cynsdinis (RSR’), aucynsdinis (RSSR’), rerepormkiiyaux croiyk, HOXiZHUX TiodeHy —
6enzotiodeny, nuoensotiopeHy [3]. BoHM HETaTUBHO BILTMBAIOTH HA SKICTh HAQTONPOIYKTIB: 3HIKYETHCS CTAOLIBHICTh
ABTOMOOUIbHUX OCH3UHIB, IX YYTJIHMBICTh 0 MPHUCAIOK, 30UIBIIYIOTECS 31aTHICTh JO HArapOyTBOPEHHIO 1 KOpO3iiiHa
arpecUBHICTD, a TAKOXK 3MEHIYEThCS TEPMIH CIIY>KOW KaTami3aTopiB, TPYyOONPOBOIIB i TEXHOJIOTIYHOTO 00JIaIHAHHS
Ha HarornepepoOHMX 3aBonax [4].
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IcHyt0Th psin crioco0iB BUaICHHS CyIb()ypBMICHUX OpraHiYHUX CIIOJIYK 3 HATOBOI CHPOBHHHU:

— IIOB’s13aHi 3 pYHHYBaHHIM Cy/1b()ypBMICHUX CIIOJYK 1 BHJIQJICHHSAM ITPOIYKTIB PO3ILEIUICHHS! 3 CUPOBHHU
(rimpoounteHHs, 6ionecynbdypuzaris);

— Ccmoco0H, TOB’s3aHI 3 BHIUICHHSIM TPOAYKTIB OKHCHEHHS CYIb(QYPBMICHHX OpPraHiYHHX CIIONYK Ta
OJIHOYACHUM OYHIIICHHSM CHPOBHHU (OKHCIIOBANBHA IECYIb(QYpH3aLlis, eKCTPAKIIiS).

Icaytoui mpomucoBi meronu mepepoOku HapTH i ii pakiiii B OCHOBHOMY NOB’s3aHi 3 pyHHYBaHHIM
Cymb(QYpPBMICHAX OpraHiYHHX CHOJIYK 1 BHIJAJEHHAM TIPOAYKTIB pO3MIEIUieHHs 3 Hadromponykris. Ha
HadTOnEepepoOHNX 3aBOMIaX OUYHIECHHS Ha(TONPOOYKTIB 3AIMCHIOEThCA Ha yCTAaHOBKAX TiIPOOYHUINEHHS, BHACIIIOK
YOro YTBOPIOETHCS CipkoBojeHb. Lle Buxiouae (1) MOMIIMBICTH BHKOPUCTaHHS IPUPOTHHUX CYJIb(GYPBMICHHX
OpraHiyHMX CIOJYK, [0 MICTAThCA y Ha(TI 1 (2) 3a0pyAHIOE HABKOJIMIIIHE CEPEIOBHIIIE.

Oco0uBy yBary MpHBEPTAIOTh OKUCIIIOBaJIbHI METOIH, SIKi TO3BOJISIOTh BUAUSITH MPOIYKTH OKUCHEHHS
JUTS X TTOANTBIIION0 BUKOPHCTAHHS Y PI3HHUX raiy3sx HapOJHOTO rocroaapcTea [2].

MOXJIHMBICTh BHIUIEHHS CYIb(OKCUAIB 1 Cyab(oHIB 3 HAQTOBOI CUPOBHHU I'PYHTYEThCS HA JOCIIIKEHHI
BIZITHOCHOI OKHCHIOBaHOCTI JBoBasieHTHOTO Cynbdypy. JloBeneHo, 1110 OKMCHIOBaIbHI MOTEHIIAIH CyIb]igiB 3HAYHO
HIDKYE OKHCHIOBAIBHUX IOTEHITIANIB apOMaTHYHUX BYTJICBOIHIB 1 MUKIIYHUX CyiIbdiniB. Lle cnpuse mBuamomy ix
OKHCHEHHIO J10 CyNb(MOKCHIIB 1 cynb(oHiB [4].

3anexHO BiJl YMOB peakxilii i MpUpoIn OKHCHIOBAYA MPOXOIATE MOCIiJOBHO-TIAPAICNIbHI PeaKilii OKICHEHHS
CyImb(pYPBMICHAX OpTaHidYHHUX cronyk (puc. 1) [5]:
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Puc. 1. [MociinoBHo-napajeibHi peakuii OKUCHEHHS CYyJI1b(YPBMICHHX OPraHiYHHX CHOJYK

B mpomeci okucHIOBaNBEHOI Jecynbdypusamii 3 BHKOPHCTaHHAM IepOKCUAy [imporeHy cymb(pypBMicHI
CIOJYKH OKHCHIOIOTBCS CITOYATKY J0 CYIb(OKCHIIB, a MOTIM A0 cylb(oHiB (pHc. 2).

o
SRRSO E NS
S S S
\ N
\ o O// 0
- ” - ”
S S

Il N
(6] 0 O

Puc. 2. OxucHeHHS cyJb(ypPBMICHHX CHOJIYK B Npolueci OKHCHIOBAJILHOI Jecy ib(ypu3alii 3 BHKOpUCTaHHAM Nepokceuay Iiaporeny

BaxnBoro yMOBOIO 1Sl 3MIMCHEHHS OKMCHIOBAILHOI Jecynb(dypu3alii € MiBUINECHA CEJIEKTHBHICTH IO
BiTHOIIEHHIO 110 CYIb(QYpBMICHUM cIOMykaM (0e3 OKHCHEHHS BYTJIEBOJHEBHMX KOMIIOHEHTIB) B TIO€IHAHHI 3
e(eKTUBHUM CIIOCOOOM BHIIY4YEHHS IPOJYKTIB X OKHCHEHHSI.

HadroBi cymbdinu 3a3HaroTh OKHCHEHHS DPI3HUMM OKHCHIOBauaMHd, TaKMMH, SK CyJb(paTHa KHCIOTa,
HiTpaTHa kuciota, Kamiit nepcynbdar, Hitporen okcuam, rinoxJIopuTH, HaJKUCIOTH, TiPONEPOKCUAN, TIEPOKCH]
Iigporeny, 030H i MOJIEKYJIAPHUH KHCEHB.

BuxoprcranHns 6ararbox 3 Ha3BaHHX OKHCHIOBaYiB MOXKE OyTH HETIPUUHATHUM Yy TIPOMHCIIOBOCTI Yepe3 HU3bKY
CCJIEKTHBHICTh, MaJMX BHXOJIB IIUILOBUX TMPOIYKTIB, MOOIYHUX peakiii abo dyepe3 0oOMeKeHy HEIOCTYIHICTh 1
JIOpO’KHETY OKHCHIOBAYA.
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Haii0inpim TEXHOJOTIYHMM € METOJA, 3acHOBaHWKA Ha OKucHeHHi cyisdimie H,O, [6, 7] i
IKIITAPONEPOKCHIaMH 32 HAsBHICTIO JOCTYNHHMX KaTali3aTopiB, 110 3a0€3Me4yI0Th BHCOKY CEJIEKTHBHICTD 1
MIBUJIKICTH Tporiecy. Tak, OKHCHEHHS Cynb(]iniB MacIHIHUX Qpakiiiii TiIponepoKCHIaMH TPET-aMilly, TPeT-OyTHITY i
KyMUTy 32 HasBHICTIO HIDKYHX KapOOHOBUX KHCIIOT ITOKA3aJo0, 10 BOHU MOXYTh OyTH BUKOPUCTAHI I BUAIICHHS
KOHIICHTPATIB CyIb()OKCHUIIB 3 BUXoaaMu 110 94 % [6].

Karamizarop y mpomecax OKHCHIOBaJIBHOI Aecynb(ypu3allii Bigirpae BaXJIHBY pOJb, OCKUIBKHA BiH
BIINIOBiZla€ 3a aKTHWBAIlil0 OKWCHIOBaya. HalOUTBIIOro TOIMpEHHS $AK KaTaji3aTOph OKHCHIOBAIBHOI
necynb(ypu3arii 3HAHIIIN CITOTYKH TIePEeXiTHNX METalliB, TAKUX K BaHAIIH, BOJIb(paM, MOJIOICH TOIIO, OCKUTEKH
BOHHU 3JIaTHI YTBOPIOBAaTH IIEPOKCOKOMIUIEKCH 32 HAasSBHICTIO TNEpOKcHuiB [8].

3a KaTaJITHYHOIO aKTUBHICTIO METAIM MOXKHA po3TauryBaTd y psag Mo> V> Ti>Cr. OkucHeHHst Hah TOBUX
cynb(QifiB 3a HasBHICTIO KOMIUIEKCHOTO MOJIIOJJCHOBOTO Kartaiizatopa 3abe3rnedye BHCOKI IIBUAKOCTI 1
CENIeKTUBHICTh TIpolecy YTBOpeHHs HadToBHX Cyiab(oKcHIiB, Cyab(QOHIB 1 OUMINEHHS JAW3NAIUBA Bif
cynbdypBMicHHUX crioiyk 1o 50 % wmac. [9].

Bimowmi Ha crorOHI €EKTHBHI KaTATITHYHI CHCTEMH OKHCHIOBAIBHOI Nlecynb(ypr3arnii € roMOTeHHUMUA. Y
3B'SI3KYy 3 TPYAHOIIAMH, a HaifuacTimle HEMOXXJIHBICTIO pereHepariii TakKWxX KaTali3aTopiB, aKTHBHOTO PO3BHUTKY
HaOyBarOTh TETEPOTCHHI CHCTEMH, IO CKIANAIOTHCS 3 PI3HOMAHITHUX TBEPOUX HOCIiB (COJ, OKCHIM, aKTHBOBAaHE
BYTUIIS, IICONIITH) 1 TIEPOKCHAHMX OKHCHIOBadiB (mepokcun [ligporeny abo ankinrigpomepokcuam) [10].
MonibneHBMicHI  KaTalli3aTOPH € OJHUMH 3 HAHOLIhII €(EKTHBHHUX T€TEPOTeHHUX CHCTEM ISl OKHCHIOBAJIBHOI
necynbdypuzanii ruzenapHOro manmsa [11].

IIporiec OKUCHIOBANBHOI Jecyib(ypu3alii BYIJIEBOJAHEBOTO MalMBa IHTCHCU(DIKYEThCSA, KOIU IiCIsA
MPOIIECY OKUCHEHHS 3IHCHIOETHCSI a7CcOPOIIisl MPOAYKTIB OKHCICHHS Ha OYy/b-sIKOMY TBEpPAOMY aacopOeHTi. Jlocuthb
e(eKTUBHUM METOJIOM BHJAJICHHS CyJIb(OHIB 3 HAaQTOBUX (Ppakiuiil € aacopOList Ha TBEPIUX HOCISX, IO HE BUMArae
BUKOPHCTAHHSI JOAATKOBUX XiMidHMX peuoBuH [12]. [Tpouec agcopOuii kpaiuii 3a eKCTpaKLilo pO3YMHHUKOM Yepe3
O1IIbIIY €KOJOTIHHICTD Ta MOMKIIMBICT TIOBHILIOTO BUIAJICHHS CYIb(QYPBMICHHUX CHOIYK 3 PEaKIIHHOTO CepeJOBHIIa
[13, 14]. Tak, 3a manumu [14], micis OKHCHIOBAJIBHOI JAeCYab(pypu3aiii IW3EIBHOTO NajlUuBa 3 BHXIIHOIO
koHneHTpariero Cynpdypy 1430 ppm i HacTymHOI eKCTpaKIii po3UNHHUKOM 3amummiocsk 216 ppm Cynedypy, Tomi
SK y TIPOIIeCi afcopOIIil criocTepiranocs NOBHE BUIAICHHS CYIb(OHIB.

B mimomy psimi poOIiT BHKOPHCTOBYBAIHCS Pi3HI ancopOeHTH, Taki sSK MomudikoBaHumit xito3aH [15],
rpaHyJIhOBaHEe akTHBOBaHe BYrimimst [16], MoamdikoBaHe axTmBoBaHe BTt [17]. IIpoTe, BHKOpHCTaHHA HUX
a7IcOpOCHTIB € TOPOTHM i BUMAarae CKJIaJHIX IMPOLEAYp MiATOTOBKH acOpPOSHTY 1 JOJATKOBUX BUTPAT.

MinepanbHi TIHHA € COpOCHTaMH, SIKi ITUPOKO BUKOPUCTOBYIOTHCS Y HA(PTOBII MPOMHUCIOBOCTI TS PI3HUX
MpOIIeCiB po3aiieH s 1 agcopouii [18]. Llei Tum axcopOEHTIB HEAOPOTHiA, MEXAHIYHO 1 XIMIYHO CTIHKHUIL.

OkHCHIOBaNIbHA Jiecy b(ypu3allis i3 BUKOPUCTAHHSIM €KCTPaKIii IPUBEPTAE BCce OLIbIIE yBar 3 OISy Ha
JIOCHTh MPOCTI YMOBH BUKOHaHHS 11bOro MeTtoay. st exctpakuii cyiabdypBMicHUX cnonyk 3 HadroBux (paxiiii
BUKOPHCTOBYETBCSI BEJHMKA KIIBKICTh OpPraHIYHUX PO3YMHHUKIB, Takux sK anetoH, N, N-aumerwidopmamisi,
METaHOJI, alleTOHITpUI Ta iH. [Ipouecu ekcrpakTHOI Aecyb(ypu3anii 3 BUKOPHUCTAHHSIM MOJSIPHUX PO3YHMHHUKIB B
KOMOIHAII1 3 OKUCHEHHSIM IOCUTH IOKJIAIHO OIMCaHi B OTMSAOBiH poOoti [19]. Excrpakmis He 3MiHIOE XiMIYHY
CTPYKTYPY CIIOIYK B HAQTOMPOAYKTAX 1, TAKUM YMHOM, MAJIO BIUIMBAE HA iX SKICTb [20]. SIk eKcTpareHTH NpoIyKTiB
OKHCHEHHS CYIb(YPBMICHHUX CIOJYK Y JU3EIbHOMY MaJIHBi BHKOPUCTOBYBAIMCS OJIrOMEpPH MOieTHIICHTIIKOITO [21].

BucHoBknu
3anpornoHoBaHI Pi3HI METOMU OKHUCHIOBAIBEHOI Jecynb(ypu3allii, KOXKEeH 3 sSKHX Ma€ CBOi IepeBard i
HEJIOJIKH, aJie TOKU JKOJICH 3 HUX HEe 3HAWIIOB TaKOTO IMOIIUPEHHS Y IIPOMHCIOBOCTI, SIK TiApoounieHHs. Ha upomy
eTari JOCIHI/PKeHHS OKHCHIOBAJIbHA JAecyilb(ypu3allis pi3HMX BHAIB MOTOPDHUX MalMB MOXe OYyTH JIOTIYHUM
JIOTIOBHEHHSIM /10 BEJIMKOTOHHAYKHUX ITPOIIECIB TiAPOOUYHIICHHS, & TAKOX MOTEHIIITHO MOKe BUKOPUCTOBYBATHUCS SIK
caMocTiitHuil MeTol rIMO0KOoi 04MCTKH HAdTH 1 HAQTOMPOLYKTIB BijL CyNb(YPBMICHUX CIIOJYK.
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