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WHTEeH3UBHOTO pa3BUTHE HAa UHAYCTPUATA 0OMUYANHO € CBBP3aHO ChC 3aBULICHU HYXAU
oT eHepmﬂ, Ha OOCTBIIHU ICHU M B AO0CTAaThb4YHA HAJIMYHOCT. I/I3raps[HeT0 Ha H3KOoIIacMHu
FOpI/IBa € 6I/IJ'IO U BCC OIII€ € OCHOBHUIT eHeereH N3TOYHUK B CBCTA. HO Ta3n HpI/I'-II/IHa
BIIMAHUECTO Ha BTOpI/I‘IHI/ITe HpOIIYKTI/I Ha ropeHe BT)pxy OKOJIHaTa cpej:[a, KiimiMata u
KaueCTBOTO Ha >KUBOT Ha XOpaTa U €KOCHCTEMHTE € BbB (POKyca Ha ChBpEMEHHATa HayKa.
VYcraHoBeHa € 1 HeOOXOAMMOCTTA OT JIECHO JJOCTBITHU M €KOJIOTOCHhOOpa3HU €HEPTOHOCHUTEIH.
B Ta3u BpB3Ka, MOCIEIHUTE JECETUIIETHSI aKTUBHO C€ pa3padOTBaT pa3HOPOJIHU OMOTOPHBA,
3a HalpaBaTa Ha KOWTO € M3MOJI3BaHa OuoMaca, M ChOTBETHH HUCKOEMHUCHUOHHU TEXHOJIOTHH,
HEOOXOMMHU 3a TAXHOTO OIOJ30TBOpsiBaHE. B TO3W ciywyall OT ChIECTBEHA BaXXHOCT €
M3MOJI3BaHaTa CypoBHHA Ja ObJIe OcTaThYHa OMomMaca.

bruomacata e Haif-rojgeMusaT Bb300HOBSIEM €HEPIUeH M3TOYHHMK IMOpaad OrpOMHATa CHU
HAJIMYHOCT U HHUCKUTe HeTHH emucuu Ha COz. [Ipyro mpeauMcTBO Ha TO3H BB30OHOBSEM
pecypc e, ue Moxe Ja ObJie peBbpHAT B TBbP/AU, TE€UHU H/MIM ra30BH ropuBa (OMOropuaa).
CekTOopu Karo CEJICKOTO CTONAHCTBO, XpaHWUTENHaTa M MeOenHaTa MHpPOMMIIUIEHOCT
MPOU3BEXKIAT TOJIEMH KOJIMYECTBA OCTATBIIM OT OMOMaca BCsKa TOAWHA. Ta3uW OTmagbuHa
Onomaca € CypoBHHA ¢ o0elmaBail eHeprueH MoTeHnuan. ['opuBarta, MPOW3BEICHU OT Hes,
Morar J1a ObJjaT U3TapsiHA KaKTO B OTOIUIMTEIIHU CHCTEMH, Taka U B MPOMHUIIUICHU €HEPTUHHH
cucremu. [lopaan TOBa € BaXHO J1a ce MpOyYaT PasInYHH MPOIECH 3a OIMOJI30TBOPSIBAHE Ha
Onomacata u 0oOpa3yBaHETO Ha BpEIHU 3a OKOJHATA Cpela TEXHH CTPAHWYHH/BTOPUIHU
npoaykTH. Haii-uecTo cpemanuTte mporecu Ha TepMOXUMHUYHO MpeodpazyBaHe Ha Oromacara
ca mupoim3a, ra3uuKays 1 u3rapsae. B xoja Ha mporeca Ha ra3u(uKanyus OpraHnYHaTa
Maca B ChCTaBa Ha W3KOMAEMH HMJIM aJITEpHATHBHU TOPHBA ce peoOpa3yBa B TBBPIHU, TEUHU U
ra3o00pa3Hu npoaykTu. OOMKHOBEHO Ce M3IMOJI3Ba XUMHUYEH PEaKTop, paboTelr Ipu yMEepeH!
no Bucoku temneparypu, 700-1500 °C u cyOCTEXHMOMETPUYHH YCIIOBHUS, NPU HAJIUYME Ha
razuduiupaia cpeaa (ra3uduimpant areHT) — CMeC OT Bb3IyX, KUCIOPO/I, BOJIHA Mapa W/Wiu
BBIJIEpOJieH AuoKcH. [lomydeHusT ra3 ce Hapuya CHHTa3 WJIM CHHTETHYCH ra3, KOWTO ce
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cbcTOM OCHOBHO OT BhIuiepojaeH okcun (CO), Bogopoa (Hz), meran (CHs4) u cpaBHHUTENHO
HUCKa KOHIEHTpauus Ha BbriepoaeH auokcusl (CO2) U BBITIEBOAOPOIH.

I'pukara 3a okoJHATA Cpella U 3/IpaBETO Ha HACEJIEHUETO BOJAT 1O 3aBULIEH KOHTPOJI 32
cria3BaHe Ha HOPMHUTE 3a KayeCTBOTO Ha arMocepHHs] BB3AyX M Ha TO3U B 3aTBOPEHU
nomMenieHus. M3TOuyHMLMTE HAa 3aMBPCSBaHE Ca MHONO M OT PAa3jIM4HO ecTtecTBO. KbM
HACTOAIIMS MOMEHT B bbiirapus cepro3HO BHUMaHUE ce 00pbIlla Ha 3aMbPCABAHETO ¢ (PUHU
npaxoBu yactuny (PITY) va armochepuus Bb3ayx. Ha mocTosIHEH MOHUTOPHHT € MOJII0KEHO
chabpkanneTo Ha @I1U1p u @ITYz 5 B Hero, THi KaTo T UMAT HEOIATONPHUIATHO BH3/ICHCTBUE
BBPXY JUXaTelHaTa U ChPAECYHO-ChAOBAaTAa CUCTEMA. AKTyallHU W3CJEABaHUS IOKa3Bar, 4e
®ITY cbc cyOMUKPOHHU pa3Mepu ca JOPH MOo-OmacHH 3a Xxopara oT HabmogaBanute OI1Y1o u
®ITYz5. To3n B YacTUIM 4YecTo ce Hapuyar yintpadpunu npaxosu 4dactunu (YOIIY) u ca
CBBP3aHU C AaHTPOIIOTCHHUTE M3TOYHUIM Ha eMHucuH. BpenHnoro Be3aelictBue Ha Y OIIY npu
3aMbPCSABAHETO HA BB3yXa € Hall-Beu€ BCJIEACTBHE BIUIIBAHE, Thil KATO TO3M BHJ MPAXOBU
YaCTUMLM IIOCTBIIBAT B OpraHW3Ma OCHOBHO 4Ype3 JuXaTelIHaTa CHCTEMa, U BOIAT 10
3HAYUTEIIHA TOKCUYHH U 31paBHU edektr. HochT M OpOHXMOIIMTE HE MOrar Ja (QuiITpupar
epexruBHO YDIIY, mopaau KOETO T€ MMAT BUCOKO HUBO Ha 0€10pOOHOTO OTIaraHe ¥ MoraT
Jla TIOCTUTHAT JBJI0OKO B OenuTe ApoOoBe.

W3BbpuIeHUTE aHANM3M HAa HUBAaTa W OCHOBHUTE H3TOYHMIIM HA 3aMbpCABaHE Ha
atMochepHus Bb3ayx B P. boirapus ¢ ®IIY couar, ue U3TOYHUKBT, UMAIl] Hali-BUCOK ST B
o0IIOTO 3amMbpCsiBaHE, CHIVIACHO JaHHU OT HaluoHanmHHWTE OOKJIaau 3a ChCTOSHHETO U
ora3BaHETO Ha okojHarta cpena (2013-2018r.) Ha M3mbiaHUTEHA areHIIHs 10 OKOJIHA cpefia, €
OMTOBOTO TOpeHe. 3a pasriexaaHus B HacTosmara MoHorpadus nepuoa (2013-2018r.) To3u
11 e, KakTo caensa: 3a @110 — mexny 46 u 59%, 3a OIIUz5 - mexny 78 u 83%.

B bobarapus Bce moBede ce  M3MOJ3BAT  NEJETH, MOpaad  MO-JEeCHaTa
eKCIUToaTaIusl/00CIy’)kBaHe Ha UHCTAJIAIMUTE 3a OUTOBO OTOIJIEHHWE C TO3W THUI ropuBo. Ho
OunoropuBaTa, MpOU3BE/IEHN B CTpaHaTa HU OT OCTaThbyHA OMOMaca, He ca J100pe U3ydeHH 1o
otHomenue Ha emucuu Ha DITY. [To Ta3u mpuumMHa B HacTosIIaTa pa3paboTka M300PBHT €
BBPXY TBbPAM OMOroprBa, Npou3BeeHU oT buomaca B P. bearapus.

Amnapatypara 3a uzMmepane Ha OIIY moxe ycraoBHO Ja ce pas3jiend Ha JBa THUIMA: a)
anapatypa, Oa3MpaHa Ha ONTHYEH NpuUHLUI; W 0) ¢QunThp-6azupana amaparypa, T.e.
paborema mo rpaBuMerpudHus Metoi. KommuectBeHo DIIY morar ga Obmar omnpeaesieHH
ype3 TAXHOTO AUPEKTHO HM3MEpBaHE WM HHIWPEKTHO/TETJIOBHO - upe3 3aabpikamu OITY
buntpu.

MoHorpapuyHMAT TPYA € MOCBeTEH Ha OXapaKTepU3MpaHe HAa BpeIHH 3a
OKOJIHATA Cpela NMPOAYKTH, eMUTHPAHU 10 BpeMe Ha OIOJI30TBOPSIBAHE Ha Pa3jIMYHH
BU/I0BEe TBBHPAU OMOropuBa, Mpou3BeJAeHU OT OMoMAaca, HAMYHM Ha OBITApCKUS Tazap.
W3non3Banu ca KakToO AMPEKTEH (ONTHYEH) METOJ, Taka M WHAMPEKTEeH (TPaBHUMETPUYCH)
MeToJ1 3a u3mepBane Ha OITY.

N3mepenn ca xoHueHtpauuute Ha @IMYUi0 m @IIY25 BB BB3ayXa B MOMEIIECHHUE IO
BpEME Ha H3rapsiHe Ha MeT BHUJAa TBHPAU OMOropuBa (KOCTHJIKM OT Yepeld M 4eTHPH BUIA
MeleTd - OT CI'bHYOIJICOBHU JIIOCHH, JIIOLEpPHA, CjlaMa OT IMIIEHWIa M panuia) Ipu
temneparypa 550°C. HaOmtomaBaT ce 3HAYWMTETHW PA3JUKH B KOHIGHTpaIUsATa Ha



Pestome Ha MoHOTpadus Ha ri1. ac. 1-p unxk. [{serenuna Ctanumuposa Ilerposa

n3mepBanute OIIY B 3aBUCUMOCT OT U3IMOI3BAHOTO OMOrOpHBO. OTYETEHUTE KOHIICHTPAIIUH
Ha OITUz5 u G110 (ug/M?) Ipu M3rapsHETO Ha PAIHIA, JTIONEPHA U KOCTHIKH OT Yepeliy ca
3HAQUYUTEJIHO MO-BUCOKH OT T€3H 3a CIIbHYOTJIEAOBH JIFOCIH U CJlaMa OT MILEHUIIA.

N3cneaanu ca Mmopdosiorusita ¥ XUMUYHHUAT CbCTAB HA MPAXOBU YACTHUIIHM, CbOPAHU 10
BpeMe Ha TrasuduKanus Ha TpU BUJa OuoropuBa (pamuia, CIbHYOIJIEIOBU JIIOCIU U
UTJIOJIMCTHA JbpBecuHa). [IporechT e mpoBeneH B 1abopaTopeH MmpoTodeH peaktop tur Drop
Tube Furnace (DTF) B aBe paznuunu razudunupariu cpeau/armochepu (O2/N2 u O2/N2/CO2)
npu temreparypa 1000°C. C momomra Ha TPUHAACCETCTEIICHEH KackajeH (UITHp Ha
Dekati® Ltd e m3cnenBaHo kakTo mMacoBoTo pasnpeneicHue Ha OIIY mo pasmep, Taka u
BJIUSHUETO Ha BUJA HA W3MOJI3BAHOTO OMOropuBO W razudunupamus areHt. B pamkure Ha
MoHOrpadusTa ca IpeJCTaBeH! Pe3yiTaTh OT XUMUYHOTO OXapakTepusupane kakto Ha OIIY,
Ionalaliy 1moj eBponeckoro u owyrapckoro 3akoHogarencTso (P10 u @Iz 5), Taka u Ha
TaKuBa M3BBH HETO, HO C JOKAa3aHO BPEIHO BIUSHHE BBPXY 31paBeTo Ha 4yoBeka, Y DIIY
(®PITY1, PIMHoes 1 DITUo26). 3a oxapakTepusupaHe Ha 00Opa3lHTE C MMPAXOBH YACTHUIM Ca
W3I0JI3BaHU CIICIHUTE HEACCTPYKTUBHH MeToau 3a aHanu3: SEM/EDS, XRF, XPS u EPR.

YcTaHoBeH € epeKThT Ha ra3uuuupaiius areHT ¥ Ha TBBPIOTO OMOTOPUBO BBHPXY
o0 100MB Ha MUKIIOHHM dyacTuiy U Ha PITY. Hail-maiko KoIM4ecTBO KOKCOBU YAaCTHUIIU
ca U3MEPEHU B CiIyvail Ha ra3u(uKalys Ha UTTIONUCTHA IbPBECHHA, a TE3U OT CIIBHUYOTJIEIOBU
JIIOCTIM Ca B HAW-TOJIIMO KOJMYECTBO, HE3aBHUCUMO OT razuduiupamus areHt. Haii-manko e
koinuectBoTo DIIY B 13-cremenHata kackaja B cioy4yail Ha ra3udukamnus Ha panwuia,
HE3aBHCUMO OT BHUJAa Ha Ta3uduIMpanius areHT. Hal-roisiMo € KOIW4ecTBOTO ChOpaHo
BEIECTBO TpH rasudukarus Ha capHuorienosu jgrocnu B O2/N2/CO; cpena. Nasudukanusara
Ha TpuTe BUaa ouoropuso B cpeaa ot O2/N2/CO2 Boau 10 MOHMKEHH EMHUCHH HA MUKIOHHU
yacTuy 1 10 noBuimieHu emucuu Ha OIIY c¢ pasmep ot 10 mo 0,03 um, HezaBUCHMMO OT
M3TOJI3BAHUS TUTT OMOTOPUBO.

CyOMMKpOHHUTE 4YacTULIM ca I[peoOiajgaBaiiaTa 4acT B CbOpPaHOTO KOJIMYECTBO
BertectBO B ummakropa: ®ITY ¢ pasmep ot 1 1o 0,3 um npu rasudukamus B O2/N2 cpena u
®ITY ¢ pa3mep ot 1,6 10 0,3 um npu razudukamms B O2/N2/COs..

ITpu npoBexnane Ha excriepuMenTta B cpena oT O2/N2/CO2 ce Habm01aBa OTYECTIMBO
YHUMOJIAJTHO pa3lpeAesieHne MO pa3Mep Ha YacTHUIUTE €JUHCTBEHO 3a panuiara. Becuuku
nukoBe B Macute Ha usciensanute OITY npu razudukamus B O2/N2/CO> ca jgeko u3mMecTeHH
BASICHO, HO OCcTaBaT B o0jacTTa Ha YOITY.

Mopdosorusita 1 XHMUYHHUAT CHCTAB Ha MTPAXOBH YACTHUIINA, CHOpaHU MpH Tazudukaiys
Ha Omomaca, ca m3cinenBanu upe3 SEM/EDS meron. AHamu3upaHu ca CIEIHUTE BUIOBE
OITY: ®ITY: 1 KOKCOBH YACTHIIH, KaKTO U n30panu obpasziu ot OI1Yg 26, ©ITUoes 1 OITUzs.

[Tonyuyenute pezynraru ot npoBeaeHus EDS ananu3 nokaspar 3HaUUTETHO KOJIUYECTBO
BBIJICPOJT BBB BCHUUYKHM m3cienBanu obOpazmu ¢ PITYi. B cpema ot O2/N2 ®ITY: mokassat
CIIEIHOTO ChAbpKaHue Ha BbriepoAd: 88,08 wt.% 3a panuma, 88,86 wt.% 3a urmonucrHa
abpBecuHa u 91,88 wt.% 3a ciapHUOrIIEOBU Jtocnu. B ciydail Ha rasuduuupany areHt
02/N2/CO2, chabpxkanueTo Ha BbIAepoa BbB PIIU; ¢ mexay 90,23 wt.% (panwma) u
94,63 wt.% (urnonuctHa pabpBecuHa). [lomydyenure pe3ynaTaTu ca B CBOTBETCTBHUE C
HE3aBUCUMH U3CJIEIBAaHUA Ha IPYyTHU aBTOPH, cbriacHo kouto OIMY mox 1 wm, nonydenu npu
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ra3udukanmuiaTa Ha Ouomaca, ChIbpPXKAT 3HAUYUTEIHO KOIM4YecTBO Bhriepoxa (Ham 80 wt.%),
KOMTO OOMKHOBEHO C€ OIpeness KaTo CaKAW, JBJDKAIIM Ce Ha HEN'BJIIHOTO OKHCIEHHE Ha
BBIJIEBOJIOPOIMTE B ChCTaBa Ha FOPHUBATA.

Pesynrature ot u3Bbpimienus EDS ananu3 Ha KOKCOBM YacTHIM TOKa3Ba, Y€ BBHB
BCUYKH HU3CJIEIBAHU MPOOM MPUCHCTBAT BBIVIEPOJI, KUCIOPOJ, Kalui, KAILUUNA, MarHe3ui u
Mel, He3aBHUCHMO OT BHJa Ha OMomacata W Ha razudunupanus areHT. CbIbp:KaHUETO Ha
BBIJIEPO]] B KOKCA OT parnuiia € Haif-HUCKO, JOKATO B KOKCa OT UIJIOJIMCTHA JbPBECHHA € Hal-
BHCOKO, HE3aBHCHMO OT razu(uIupaiivs areHT. XUMUYHHATE EJIEMEHTH HATpHid, XJIOp H
dochop ca uaeHTudunmpanu B mManku kommdectBa (mox 0,86 wt.%) emuHCTBEHO B TPOOH
KOKC OT panuua. JKens30 € u3MepeHo B He3HauuTeaHu konuuectBa (mof 0,18 wt.%) B HiIxon
OT wm3cieABaHUTe o0Opa3mu. 3a TO3M XMMHYEH €JeMEHT HE € yCTaHOBEHA TEHJICHIUS B
KOJIMYECTBEHOTO My pasnpezaeneHue. IIposenenusar SEM aHanu3 moka3Ba HaJIMYUMETO Ha
pasnpbCHATH YaCTHUIH, XapaKTEPU3HPAILU CE C MOPECTa CTPYKTYpa, C pa3indHa TeOMeTpUIHA
dbopMa u pazmMepu, BKIOYUTEITHO YaCTUIIM KOKC € pa3mep, mo-rojsm ot 100 pm.

Pesynratrure or SEM/EDS mnoka3BaT, 4e u3CIeABaHUTE MPAXOBU YACTHIIM ChC
CyOMUKpPOHHHM pa3Mmepu cbabpkaT Hag 80 wt.% BBIIIEpPOJ, KOETO MO3BOJISIBA TE Jla Ce
pasriiexaaT KaTo Caxk]u, 00pa3yBaHU MOPaId HEMBIHOTO OKUCIICHHUE HA BBHITIEBOJIOPOAUTE B
cbcTaBa Ha Ouomacara. C HapacTBaHE Ha pa3Mepa Ha YaCTHUIIMTE ChAbPKAHUETO HA BHIIIEPO]
MOCTETIEHHO HamallsBa, KOETO € 32 CMETKa Ha MENeNIHUsS MHHEPAJICH ChCTaB. Y CTAaHOBEHO €
HaIM4MeTo Ha ankanHu metanu (karo K), kakto u Ha xanorenHu enemeHTtu (Cl), TunuyHo
cberapnsBan YOIIY, mokaro ankalo3eMHUTE MeETald ca WIACHTHU(QHUIMPAHU TIABHO B
cbcTaBa Ha pUHHUTE U rpyOu yacTuuu (c pasmep > 10 pm, T.e. KOKCOBU YaCTHIIN).

BB Bcuuku uscnensanu upe3 XRF anamu3 npaxoBu wactunm (DITYo26, PI1Yoes,
OIMY;, OIIMYz5, @ITY10 1 KOKCOBH YacTHIM) ca uaeHTuuiupanun okcuad Ha Fe, Mn u S.
Kamuusar e mpeoOnamaBamusT XMMHUYEH €JIEMEHT B KOKCOBHUTE YAaCTHUIIM, HE3aBUCHUMO OT
W3MOI3BaHus TUIT OroMaca U razuduiupaiy areHT. BB Bcuuku npobu, moanoxxenu Ha XRF
aHaJIM3, € YCTAHOBEHA TEHJEHILMS KbM NOHM)KEHHE Ha JieJla Ha ChEAMHEHUsITAa Ha csipaTa U
XJIOpa ¢ yBelInueHueTo Ha pazmepa Ha OITY, He3aBUCHMO OT BHJIa Ha W3MOI3BaHaTa bromMaca
U razuduumpamus areut. Haii-pa3snpocTpaHeHusT MaKpOKOMIIOHEHT (ChC ChABPKAHUE HAll
3%) BBB BcHukH u3cienaBanu mpobu Ha DIMUio u OIMYUz5 e xens3oto. B YOITY (DITY;y,
OIMYoes 1 DIMYp26) OT CEICKOCTOMAHCKU OCTATHIM (pamuilia U CIBHYOTIEAOBU IFOCIIN)
MakpokommoHeHTuTe ca okcuaute Ha Fe, K u Cl, moxato B Y®IIY or wurionucrHaTta
JTbpBECHHA OCHOBHHST KOMIOHEHT € FexOsz. YcTaHOBeHUTE pe3ynTaTd ChOTBETCTBAT J00pe
Ha WU3CJIEJBAaHUS, ONUCAHU OT JPYrM AaBTOPHU, CHIJIACHO KOUTO MAPUTE Ha JIETIUBUTE
ChEMHEHUsI MOraT Jia ydacTBaT B NpPOLIECHM Ha KOHAEH3alMs WM Ja B3aUMOJEUCTBAT C
MOBBPXHOCTTA Ha JIETSIIM TENeNHH YacTUIY, B T.4. U CaXJH, KOUTO WUIrpasT pojisiTa Ha
3apoaumiooOpasyBarenu. [lo  TO3W HAYMH  KOHIIGHTpAIMsATa HAa  KOHIACH3HUpAIH
nenenooOpa3zysamu enemeHntu kato K, S, Cl, Zn, Pb u npyru ce yBenuuaBa ¢ HamalIIBaHETO
Ha pa3Mepa Ha YaCTUIIMTE.

XumnuunuaT cberaB Ha PIIYi, onpenenen mocpenctBom XPS merona, choTBETCTBa
nobpe nHa EDS ananu3a, MOTBBp)KIaBaiiki, Y€ OCHOBHHUAT KOMIIOHEHT B HW3CJIEIBAHHUTE
YaCTUIM € BBIJIEPOJ, KOETO CE IBJDKM Ha HETrOBOTO HEMBJIHO OKucieHue. EdekrsT Ha
ra3uuuUpanis areHT € ACHO u3pas3eH - npucbcTBueTo Ha CO2 B razuduimpamiara cpeaa
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BOJIM TI0 TIOBUIICHO KOJMYECTBO BBINIEpo B cTpykTypara Ha PITY:. Enementure O u Si ca
UACHTU(UIMPAHU BBHB BCHUYKH H3CieqBaHM oOpasuu. B wuscieaBanurte mpodbu PIIY:r ot
UTJIONMCTHA THPBECHHA HE € yYCTAaHOBEHO HAJIMYME Ha XJIOp, JIOKaTO TOW MPUCHCTBA BBHB
BCHUYKHU JIpyru npodu B konuuecTBo 10 0,7 at%. Hanuuue na xanumii (0,4 at%) e yctaHOBEeHO
camo B rpo0ara oT CI'bHUOTIIeI0BH JirocH, rasuduimpanu B O2/N2/COo.

Enextponen mapamarnureH pe3oHaHc (EPR) e wm3nmomsBan 3a uaeHtuduuupasne Ha
IapaMarHUTHU ChEJAMHEHMs] B KOKCOBUTE YAacCTHLIM, CbOpPAaHU B JiBaTa LIMKJIOHA IO BpeMe Ha
razudukanus Ha TBbpAU Ouoropusa. 3anucanute EPR crmekTtpu moka3Bar Hanuuue Ha aBa
OCHOBHHM CHTHAaJa: IIMPOK CUTHaI ¢ g = 2,1 - 2,6 u TeceH ocThp curHai ¢ g =~ 2,002 - 2,003.
IlIupoxust EPR curnan ce ot/iaBa Ha mapaMarHuTHuTe MeTaiuu ionu Fe3* u Mn?*, nokaro
TECHUSAT OCTHP CUTHAI - Ha BBIVIEPOJA-LICHTPUPAHUTE PAIUKAIHU (YACTULUTE CaXIH), SBSIBAILU
CE KaTO OCHOBEH MapaMarHUTeH MPOJYKT Ha npoueca. Hail-BUCOKO chabpKaHNUE HA BBITIEPO]
ce HaOJIOZaBa B KOKCa, MOJYYeH NpU Tasudukanus Ha CibHYOrIeaoBu Jrocnu B N2/O»
aTMocdepa, a Hali-HUCKOTO € YCTAaHOBEHO B panuliara, ra3uuiypasa npy CbIUTe YCIOBHUS.

W3cnenBanu ca U ca cpaBHEHU pe3ylITaTUTE HA MPOOM KOKCOBHU YACTHUIU, CHOPAHU IO
BpEME Ha CJIEIHUTE IPOLIECU: U3rapsiHe Ha UTJIOJIUCTHA AbpBecruHa npu temneparypa 1000°C
u 1100°C; razudukanms Ha panuia, CIbHYOTIICIOBH JHOCIIHA U UTJIOJIMCTHA IbPBECHHA B JIBE
pasmuunu atmochepu (O2/N2 u O2/N2/CO2) mpu temneparypa 1000°C. B ciaydaute, mnpu
KOUTO €  TpUIOKMMO, Cca  M3MOJ3BaHM  TOBeYe OT  €AMH  MeTod  3a
u3cneaBaHe/oxapakrepusupane Ha npaxoBu uactui. M3pepmenute SEM/EDS u XRF
aHaIIM3M TMOKa3BaT, Y€ HE3aBUCHMMO OT BUa Ha OMOoMacara W W3MOJI3BaHATa TEXHOIOTHUS 3a
npeoOpa3yBaHe, roJIEMUTE YAaCTHIIM KOKC ChIBPKAT MPEAUMHO BBIJIEPOJ U KHCIOPOA, KaKTO
W MaJIKU KOJIMYECTBA KaJIui, MarHe3wd, kammii u xkenszo. Upes SEM/EDS ananu3 ca
U3CleBaHU MPAaxOBM YacTULM OT o0l KBapuoB (uiaTbp, npoOoHaOpaHM B Ipolieca Ha
u3rapsitHe Ha UrJonucTHa AabpBecuHa npu temneparypa 1000°C u 1100°C. M3cnensanute
®IMY ot kBapuoBus ¢uarep npu Temneparypa 1100°C ca ¢ mo-BHCOKO ChIbpXaHHE Ha
Boriepon (35,82 wt.%) u kuciaopos (40,88 wt.%) u ¢ Mo-HHUCKO ChAbpIKAHWUE HA KaJI[Hi
(14,83 wt.%) B cpaBHenue B DITY, cropanu npu 1000°C. Crnex usBbpineHus SEM ananus e
ycranoBeHO Hanmyue Ha Y DIIY u nipu 1BeTe TeMneparypH.

EKCHepI/IMeHTaHHaTa pa60Ta u HCO6XOI[I/IMI/IT6 aHaJInu3M1 Ca q)HHaHCI/IpaHI/I " U3BBPHICHU
B PaMKHUTC Ha CICAHUTC HAYYHOU3CIICAOBATCIICKA IPOCKTH:

- Mexnynaponen npoekt KOCT Axuus CM 1404 ,,Xumus Ha WHTEIUTECHTHHU
erepronocutenn u texnomorun (COST Action CM1404 - Chemistry of Smart Energy
Carriers and Technologies (SMARTCATY)),
https://www.cost.eu/actions/CM1404/#tabs|Name:overview , 03/2014-05/2019, pproBoauTEN
Dr. Mara De Joannon.

- Jorosop Ne 18211P0014-10 “H3rpaxaHe Ha eKCIIEPUMEHTAJIEH MOYJI 32 KOHTPOJ Ha
emucun oT ¢uHM npaxoBu wactuuu, 03/2018-10/2018, naydyen npoekt ,IlepcriekTHBHU
pbroBoautTenu’, Hayunouscnenosatencku cexkrop (HUMC), TexHunuecku VYHuBEpCUTET —
Codus (TY-Codus), pproBoguTen 1. ac. A-p unxk. [{Berennna Cranumuposa [lerposa.

- JloroBop Ne20111P0017-10 ,,CbcTaB W XapaKTepUCTUKH HA BTOPUYHU TPOIYKTH,
MOJIyYeHH TIPH OIOJI30TBOPsBaHE Ha ChbBpeMeHHH Omoropusa“, 03/2020-10/2020, nayucH
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npoekT ,,IlepcnextuBau prroBogurenu’, HUC, TY-Codus, ppKoBogUTEN TI. ac. I-p HHXK.
[IBerenuna Ctanumupona I[lerposa.

- Harmonanna nayuna nporpama ,,Ona3BaHe Ha OKOJIHATa cpella M HaMallsiBaHE Ha
pHCKa OT HEOJarompHsATHH SIBJICHUS M HpUpoaHU OexctBus™, https://nnpos.wordpress.com/,
onoo6pena ¢ Pemenue na MC Ne 577/17.08.2018 r. u ¢unancupana or MOH (Cnopazymenue
Ne J101-230/06-12-2018 r. u Jdombaaurenano croopasymenue Ne JIO1-322/18-12-2019 r.),
[IEPUOJT 3a U3ITBJIHEHHE Ha mporpamara: 12/2018-12/2023, prkoBoauTen wi.-kop. mpod. adH
Kocranun "ages.
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The intensive industry development is usually associated with increased energy needs,
at affordable prices and sufficient availability. Combustion of fossil fuels has been and still is
the main energy source in the world. For this reason, the impact of by-products of combustion
on the environment, climate and life quality of people and ecosystems is in the focus of
modern science. The need for easily accessible and environmentally friendly energy sources
has also been identified. Therefore, in recent decades, different types of biofuels obtained
from biomass has been investigated, as well as relevant low-emission technologies necessary
for their utilization. In this case, it is important that the feedstock used is residual biomass.

Biomass is the largest renewable energy source because of its huge availability and
low net CO2 emissions. Another advantage of this renewable source is that it can be converted
into solid, liquid and/or gaseous fuels (biofuels). Agriculture, food and furniture industry
produce/generate large amounts of residues every year. This residue biomass is a feedstock
that has promising energy potential. The fuels, obtained from this biomass, can be burnt in
both heating systems and industrial energy systems. Therefore, it is important to be
investigated the different processes for biomass utilization and its secondary/by-products
having a harmful impact on the environment. Pyrolysis, gasification and combustion are the
most often used processes of thermochemical conversion. During gasification, the organic
components in the fossil and alternative fuels are transformed into solid, liquid and gaseous
products. Usually, the chemical reactors used, operate at moderate to high temperatures, 700—
1500 °C, with the presence of a gasifying atmosphere (agent) — a mixture of air, oxygen,
steam and/or carbon dioxide under sub-stoichiometric conditions. The resulting gas is called
producer gas or synthetic gas (syngas) and it is mainly composed of carbon monoxide (CO),
hydrogen (Hz), methane (CH4), and a small amount of CO, and hydrocarbons.

Concern about the environment and human health leads to increased control about
compliance with the norms for the quality of both the atmospheric and indoor air. The
pollution sources are more and with different nature. Recently in Bulgaria, the attention is on
the particulate matter (PM) pollution of the ambient air. The content of PM1o and PM_ in the



Pestome Ha MoHOTpadus Ha ri1. ac. 1-p unxk. [{serenuna Ctanumuposa Ilerposa

ambient air is constantly monitored, as they have an adverse effect on the respiratory and
cardiovascular systems. Current researches show that submicron-sized PM is even more
dangerous to humans than the monitored PM1o and PMzs. This type of particle is often called
ultrafine particulate matter (UFPM) and is associated with anthropogenic emission sources.
The harmful effects of UFPM in air pollution are mainly due to inhalation, as this type of
particulates enter the body mainly through the respiratory system, and lead to significant toxic
and health effects. The nose and bronchioles cannot effectively filter UFPM, therefore they
have a high level of pulmonary deposition and can reach deep into the lungs.

The performed analyzes of the levels and the main sources of air pollution in the
Republic of Bulgaria with PM show that the source with the highest share in the total
pollution, according to data from the National Reports on the State and Protection of the
Environment (2013-2018) of the Executive Environment Agency, is household combustion.
For the period considered in this monograph (2013-2018) this share is as follows: for PMyo -
between 46 and 59%, for PM2s - between 78 and 83%.

Pellets are increasingly used in Bulgaria due to the easier operation/maintenance of
residential heating installations with this type of fuel. However, biofuels produced in our
country from residual biomass are not well studied in terms of PM emissions. For this reason,
in the current study, the choice is on solid biofuels produced from biomass in the Republic of
Bulgaria.

The equipment for measuring PM can be conditionally divided into two types: a)
equipment based on optical principle; and b) filter-based apparatus, i.e. working by the
gravimetric method. Quantitative PM can be determined by their direct measurement or
indirectly / by weight - through PM retaining filters.

This monographic work is devoted to the characterization of environmentally
harmful products emitted during the utilization of various types of solid biofuels
produced from biomass available on the Bulgarian market. Both direct (optical) method and
indirect (gravimetric) method are used for the PM measurement.

The concentrations of PMio and PMzs in the indoor air were measured during the
combustion of five types of solid biofuels (cherry stones and four types of pellets - from
sunflower husks, colza, lucerne straw and wheat straw) at temperature of 550°C. There are
significant differences in the concentration of measured PM depending on the biofuel used.
The measured concentrations of PM2s and PM1o (ug/m®) during the burning of colza, lucerne
and cherry stones are significantly higher than those for sunflower husks and wheat straw.

The morphology and chemical composition of particulates collected during
gasification of three types of biofuels (pellets from colza, sunflower husks and softwood)
were studied. The process was conducted in a laboratory Drop Tube Furnace (DTF) at
temperature of 1000°C and two different gasifying agents/atmospheres (O2/N. and
02/N2/CO2). The size distribution of PM and the influence of the biofuel type and the
gasifying agent were studied with the help of a 13-stage cascade impactor (filter) of Dekati®
Ltd. The monograph presents the results of the chemical characterization of the PM under
European and Bulgarian legislation (i.e. PMio and PM2s), as well as those having a proven
harmful effect on human health, i.e. UFPM (PM31, PMoss and PMo2es). The samples were
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characterized through the following non-destructive analyzing methods: SEM/EDS, XRF,
XPS and EPR.

The effect of the gasifying agent and the solid biofuel on the total yield of both
cyclone particles and PM was established. The smallest amount of char particles was
measured in the case of gasification of softwood, while those from sunflower husks were the
largest, regardless of the gasifying agent. The amount of PM in the 13-stage cascade is the
lowest during colza gasification, regardless of the type of gasifying agent. The largest amount
of matter collected in the impactor was during gasification of sunflower husks in O2/N./CO>
environment. The gasification of the three types of biofuel in O2/N2/CO. environment leads to
reduced emissions of cyclone particles and increased emissions of PM with a size of 10 to
0.03 pm, regardless of the type of biofuel used.

Submicron particles are the predominant portion in the collected substance from the
impactor: PM with a size of 1 to 0.3 pm during gasification in O2/N2 and PM with a size of
1.6 to 0.3 um during gasification in O2/N2/COs.

A unimodal particle size distribution was observed only for colza when the experiment
was conducted in O2/N2/COz. All peaks in the masses of the studied PM during gasification in
02/N2/CO2 were slightly shifted to the right, but they remained in the area of UFPM.

The morphology and chemical composition of particulates collected during biomass
gasification were studied by SEM/EDS method. The following types of PM were analyzed:
PM1 and char particles, as well as selected samples of PMo.2s, PMo.ss and PM2ss.

The results of the EDS analysis show a significant amount of carbon in all tested
samples with PMi. In O2/N2 atmosphere, PM: showed the following carbon content:
88.08 wt.% for colza, 88.86 wt.% for softwood and 91.88 wt.% for sunflower husks, while the
carbon content of PM; is between 90.23 wt.% (colza) and 94.63 wt.% (softwood) during
gasification in O2/N2/COz. The results are in line with independent studies of other authors,
according to which PM below 1 pum obtained from biomass gasification contains a significant
amount of carbon (above 80 wt.%), which is usually defined as soot due to incomplete
oxidation of hydrocarbons in the composition of fuels.

The results of the EDS analysis show that all investigated samples of char particles
had a presence of carbon, oxygen, potassium, calcium, magnesium and copper, regardless of
the type of biomass and the gasifying agent. The carbon content of colza char was the lowest
one, while softwood char was the highest, regardless of the gasifying agent. The chemical
elements sodium, chlorine and phosphorus were identified in small quantities (less than 0.86
wt.%) only in colza char samples. Iron was measured in insignificant amounts (less than 0.18
wt.%) in some of the samples. No trend in its quantitative distribution was established for this
chemical element. The SEM analysis showed the presence of dispersed particles,
characterized by a porous structure, with different geometric shapes and sizes, including char
particles larger than 100 um.

The carried out SEM/EDS analysis showed that the investigated particulates with
submicron sizes contained over 80 wt.% carbon. Therefore, it allowed this matter to be
considered as soot formed due to incomplete oxidation of hydrocarbons in the biomass
composition. As the particle size increases, the carbon content gradually decreases, which is
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at the expense of the ash mineral composition. The presence of alkali metals (such as K) as
well as halogen elements (CI), typically constituting UFPM, was found, while alkaline earth
metals were identified mainly in the composition of fine and coarse particles (size > 10 pm,
i.e. char particles).

The oxides of Fe, Mn and S were identified in all particulates, investigated through
XRF analysis (PMo.2s, PMoss, PMi, PM2s, PM1o and char particles). Calcium was the
dominant chemical element in char particles, regardless of the used biomass type and
gasifying agent. The results from XRF analysis disclose that for all studied samples there was
a tendency for decreasing the portion of sulfur and chlorine compounds with increasing the
PM size, regardless of the type of biomass and the gasifying agent. The iron was identified as
the most common macro component (with content above 3%) in all tested PM1o and PMas
samples. The oxides of Fe, K and CI were measured the macro components in UFPM (PMg,
PMo.es and PMo.26) of agricultural residues (colza and sunflower husks), while in UFPM from
softwood the main component is FeOz. The established results correspond well to
independent investigations of other authors, stating that vapours of volatile compounds can
condense or react on the surface of flying ash particles. Thus, the concentration of condensing
ash forming elements such as K, S, Cl, Zn, Pb and others increases with decreasing the
particle size.

The chemical composition of PM3, determined through XPS method, correspond well
to EDS analysis, confirming that the main component in the investigated particles was carbon,
which is due to its incomplete oxidation. The effect of the gasifying agent is clearly expressed
- the presence of CO: in the gasifying agent leads to an increased amount of carbon in the
structure of PM1. The elements O and Si were identified in all studied samples. No chlorine
was detected in softwood PM; samples, while it was present in all other samples up to 0.7
at%. The presence of calcium (0.4 at%) was detected only in the sample of sunflower husks
gasified in O2/N2/COa.

Electron Paramagnetic Resonance (EPR) analysis was applied to the char particles
collected during gasification of the mentioned above three types of biofuels. The determined
EPR spectra showed two main signals: a broad signal with g = 2.1 — 2.6, and a narrow sharp
signal with g ~ 2.002 - 2.003. The broad EPR signal was attributed to the paramagnetic metal
ions Fe3* and Mn?*, whereas the narrow sharp signal - to the carbon-centered radicals (the
soot particles), appearing as a paramagnetic product. The highest carbon content was
observed in the char derived during SFH gasification in N2/O2 atmosphere, and the lowest one
was found in colza char, using the same gasifying agent.

Char particles from two processes, combustion and gasification, were studied and
compared. The experiments were conducted in a drop tube furnace at the following
conditions: combustion of softwood at temperature of 1000°C and 1100°C; gasification of
colza, sunflower husks and softwood at temperature of 1000°C in two different atmospheres
(O2/N2 and 02/N2/CO2). More than one method for the examination/characterization of
particulate matter was used where it was applicable. The carried out SEM/EDS and XRF
analyzes show that regardless of the type of biomass and the conversion technology used,
large char particles contain mainly carbon and oxygen, as well as small amounts of calcium,
magnesium, potassium and iron. The particulate matter from a total quartz filter was



Pestome Ha MoHOTpadus Ha ri1. ac. 1-p unxk. [{serenuna Ctanumuposa Ilerposa

examined through SEM/EDS analysis. The particulates were sampled during softwood
combustion at two temperatures, 1000°C and 1100°C. The investigated PM at temperature of
1100 °C had higher content of carbon (35.82 wt.%) and oxygen (40.88 wt.%), as well as
lower content of calcium (14.83 wt. %) compared to PM collected at 1000 °C. The performed
SEM analysis identifies the presence of UFPM at both temperatures.

The experimental work and needed analyses were performed with financial support
and in the frame of the following projects:

- COST Action CM1404 - Chemistry of Smart Energy Carriers and Technologies
(SMARTCATS)), https://www.cost.eu/actions/CM1404/#tabs|Name:overview , 03/2014-
05/2019, Action char: Dr. Mara De Joannon.

- Contract Nel82ITP0014-10/05.04.2018 “Constructing of experimental module for
particulate matter emission control”, Research and Development Sector, Internal Competition
of Technical University of Sofia - 2018 for the scientific project “Perspective leaders”, Project
coordinator: Senior Assist. Prof. PhD Tsvetelina Petrova.

- Contract Ne 201ITP0017-10/26.05.2020 “Composition and characteristics of by-
products, formed during biofuels® utilization”, Research and Development Sector, Internal
Competition of Technical University of Sofia - 2020 for the scientific project “Perspective
leaders”, Project coordinator: Senior Assist. Prof. PhD Tsvetelina Petrova.

- National Science Program “Environmental Protection and Reduction of Risks of
Adverse Events and Natural Disasters”, approved by the Resolution of the Council of
Ministers No 577/17.08.2018 and supported by the Ministry of Education and Science of
Bulgaria (Agreement No DO01-230/06.12.2018 and Agreement No [101-322/18.12.2019),
Head of the Program: corr.-mem. Kostadin Ganev.
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