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FPA(I)ITOHOI[IBHI/I“I‘/JI HITPU]J BYTJVIELIO SIK EJIEMEHT CTPATEITI
POTOKATAJITHYHOI AKTUBAIII KAJIIIO HEPOKCOMOHOCYJIb®ATY
JJIs1 OKUCHIOBAJIBHOI JET'PAJTALIII BAPBHUKA DIRECT YELLOW 4

Poszenanymo necamusnuil éniug axymynayii OapeHUKI6 Y 600HUX cepedosuyax Ha 2iopodioH-
mi6 ma Opeanizm AH0OUHU, OKUCHI 81ACMUBOCHE KA NEPOKCOMOHOCYIbhamy, cmpyKmypy epagimo-
noodibnoeo Himpuody syeneyro (g-C3Na) ma iioco ocnosni homoxamanimuuni 3acmocysanus. Memoodom
mepMiyHOL nonimepusayii Mearaminy enpodoesdic 2 200. 3a memnepamypu 550 °C 6yno cunmesosano g-
C3N4. Ocobrusocmi cmpyxmypu g-CsNa oxapaxmepusosano memodamu X-npomenesoi ougpaxyii ma
149-cnexmpockonii 3 @yp e-nepemsopennsm. Bemanoeneno, wo mopgonozis nosepxni g2-CsNa npeo-
CMaegiena 3MopuwKami, nopamu i mpyouacmumu cmpyKmypamu, sSKi ymeoproomucs 6HACIIOOK 6UOi-
JlenHs amiaky nio uac noaikondencayii menaminy. Cunmesoganuti g-C3Na euxopucmano sax eaxcausuil
enremenm y cmpamezii pomoxamanimuynoi axkmusayii oxcory (2ZKHSOs-KHSO4-KSOy). Buseneno,
Wo Maxkcumanvhoi egpexmusnocmi deepadayii bapenuxa Direct Yellow 4 (cmynine deepadayii cmaro-
eus 99,7 %) odocaenynu énpoooexc 1800 c 6 oxucniosansHiti homoxamanimuyniti cucmemi “Y®/g-
CsNs/oxcon™.

Knrouoei cnosa: epaghimonodionuii Himpuo yeneyro;, omokamanrimuiia akmueayis, Kaaiio
NEPOKCOMOHOCYIbEAM,; OKUCHIOBAIbHA Oecpadayis; bapenuk Direct Yellow 4.

The article discusses the negative impact of the accumulation of dyes in aquatic environments
on aquatic organisms and the human body, the oxidative properties of potassium peroxymonosulfate,
the structure of graphitic carbon nitride (g-CsN.), and its main photocatalytic applications. g-CsNa
was synthesized by the thermal polymerization of melamine for 2 hours at a temperature of 550 °C.
The structural features of g-CsN4 were characterized by X-ray diffraction and Fourier transform IR
spectroscopy. It was found that the surface morphology of g-CsN4 was represented by wrinkles, pores,
and tubular structures, which are formed due to the release of ammonia during the polycondensation
of melamine. The synthesized g-CsN4 was used as an important element in the strategy for the photo-
catalytic activation of oxone (2KHSOs-KHSO4-K;SO.). It was found that the maximum degradation
efficiency of the Direct Yellow 4 dye (the degree of degradation was 99.7%) was achieved within 1800
s in the “UV/g-CsNa/oxone” oxidative photocatalytic system.

Keywords: graphitic carbon nitride; photocatalytic activation; potassium peroxymonosulfate;
oxidative degradation; Direct Yellow 4 dye.
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IMocTanoBka mpobaeMn

Bucoka po3unHHICTS CHHTETHUYHAX OAPBHUKIB Y BOJI Ta iHIINX PO3YMHHHKAX, & TAKOXK 1X BH-
KOPUCTAHHS Y TE€XHOJOTTYHHMX IpOoLecax TEKCTUIBbHOI, LEJI0JI03HO-IAaepoBOi, XapuoBoi, (apmaries-
TUYHO{, KOCMETHYHOI MPOMHCIIOBOCTI TOIIO 3yMOBIIOIOTH HAKONIMYEHHsI OApPBHUKIB y BOJHHUX CEPEIO-
BUIIAX (30KpeMa, y CTIYHMX BOJax) i, K HACIiOK, 3a0pyIHEHHS MPUPOJHHUX BOAOWM. bapBHUKH 3a-
0apBIIOIOTH BOAY, MEPEIIKOKAI0YX MPOHUKHEHHIO COHSYHOTO BUIIPOMIHIOBAHHS y TIMOWHHI IIapH
BojoiM. Lle cyTTeBO MpHUrHidye iIHTEHCHBHICTD (DOTOCHHTE3Y B EPBUHHUX MPOIYIIEHTIB BOJHHUX €KO-
cucteM. biomarHigikamiss 0apBHHKIB Yy BOJHUX CEpeAOBHIIAX MPHU3BOAUTH A0 3MiHH €IEMEHTHOTO
po(hiaro BYTIIEIt0, BOMHIO, 30Ty 1 CipKH, TIOPYIIEHHS JIAHIIOTIB )KUBIIEHHS B €KOCHCTEMAaxX, BUHUK-
HEHHS KaHIIEPOTEeHHUX, MyTareHHUX, TeHOTOKCHYHHX, IEPMATOJIOTIYHIX U aleprivHuX e(eKTiB SK y
rigpoOiOHTIB, TaK i B JIFOJICH.

Jlo 1HHOBAIIHUX TEXHOJIOTIYHUX IMPOIECIB OUMIICHHS BOJHHMX CEPEIOBHII BiJl PE3UCTCHTHUX
o0 Aerpanamii Oi0JOTIYHUIMH METOaM{ OpPTaHIYHHUX TONIOTAHTIB (30KpeMa, OapBHHKIB) HalekKaTh
nepeoBi nporiecu okucHeHHs. CyTh ITUX MPOIIECIB 3BOAMTHLCS JI0 aKTHUBAIlil (30BHIIIHIMUA CHEPreTHY-
HUMHU BIUIMBaMU Ta/a00 KaTAJTITHYHOI) OKMCHUKIB 13 MEHIIIUM PEIOKC-ITOTEHIIAJIOM (HaivacTiie, BOI-
HIO TIEPOKCHY, 030HY, IEPOKCOMUCYIh(ATIB, IEPHONATIB TOIIO) 3 TEHEPYBAHHAM aKTUBHUX (OPM KH-
CHIO (SIK pafinKanbHUX (HOPM, TaK i MOJNEKYJSAPHUX) 3 OUTBIINM PEIOKC-TIOTEHIaIOM (HANPUKIIA, Ti1I-
POKCUIIbHHX, CYJb(aTHUX, HOAMIBHUX PaaMKaliB, CHHIJIETHOIO KHUCHIO TOILO), SIK1 iHIIIIOIOTH Aerpa-
JIaIliro OapBHUKIB, sIKa MOXKE OyTH YacTKOBOIO (CYITPOBOIKYETHCS YTBOPEHHIM MEHIIN CTIHKHX A0 0io-
JieTpaarii iHTepMeiaTiB 3 MEHIIIOK MOJIEKYJISPHOI0 Macor0) abo MOBHOIO (CYIIPOBOIKYETHCS MiHEpaA-
T3ali€l0 OpraHiYHUX TOMIOTAHTIB 3 YTBOPEHHSIM BYTJIEKHCIIOTO T'a3y, BOJIM Ta HEOPTaHIYHUX COJIEH).

Ha chorojHi BaKJIMBUM € TMOIIYK HOBHUX CTa0UIbHUX HEMETAJICBUX KaTalli3aTopiB, SKi HE 3y-
MOBITIOIOTh BTOPHHHOTO 3a0pyTHEHHS BOJU HOHAMH BaKKHX METAJB, s €pEeKTUBHOI aKTHUBAIlii OKH-
CHUKIB. MU BHKOPHUCTAJIU €KOJIOTIYHO Oe3meuHuil rpadiTonomaiOHUi HITPUI BYTJCIIO SK CIEMEHT
cTpaterii koMOiHOBaHO1 ((poToKaTamiTHYHOT) aKTHUBALIIT KaJlit0 IEpOKCOMOHOCYb(}AaTy Il OKHUCHIOBA-
TBHOI Nlerpananii qua3zobapeauka Direct Yellow 4. ToMy MOmiTHUM € MOTIEpEAHE OIIHIOBAHHS KaiFO
MEPOKCOMOHOCYIIBb(]ATY, SK JpKepena akKTUBHUX (OpM KHCHIO, Ta PO3TIIs rpadiTonoaiOHOTO HITpHIY
BYIJICLIO SIK MOTEHIIITHOTO KaTaizaTopa.

AHaJi3 OCTaHHIX J0CTiAKeHb Ta mMyOJTiKkanii

Kaumito mepokcomonocyibdar (KHSOs) — e okucHuk i3 pemokc-noteniiiaiom 1,82 B [1],
KW, 3a3BUYai, BAKOPHCTOBYIOTh JJISl 3HE3apaKCHHsI BOAM a00 JECTPYKIIii OPraHiuHUX MOJIFOTAHTIB.
TpaauuiiHuM JHKEpeIoM MepOKCOMOHOCYIb(aT-aHioHa € HOro KaiieBa Cijlb, SKy cTablmi3yoTh y Go-
pmi okcony (2KHSOs- KHSO4-K2SOs) [2]. Okcon — nemeBa i HeTOKCHYHA 0ila KpUCTaIiuyHa MOTPii-
Ha CiJlb, SIKa JIETKO PO3YMHSETHCS y BOAI (po3umMHHICTh 3a Temneparypu 20 °C nepesuutye 250 r/mm®)

[1]. Yepe3s acumerpuuny cTpyKTypy nepokcoMmoHocynbdar-aniona (H-O-O-SO3) [3], a Takox 3Hau-

HO HI)KYY €HEpriro nepokcuaHoro 38°sa3ky (—O—0—) B nepokcomMoHocynbhat-aHioHi (377 kJlx/Mob)
[4], nopiBusiHO 13 H20: (498 kIK/MOIIB), Kajlifo EPOKCOMOHOCYIIb(AT JISTKO MiJIAEThCS aKTUBAIII 3
YTBOPEHHSIM BiJIpa3y ABOX Pi3HUX aKTUBHHUX (POPM KHUCHIO, SIKi € HOTYKHUMHU OKHCHUKaMH, — TiJpOK-
cunbaux (*OH ) i cynbdaranx (SOJ ) pamukaiis i3 penokc-norenuianom 2,8 B i 2,5...3,1 B [5], Bixn-
MOBiTHO. XapaKTEPHOIO OCOONHMBICTIO CyNb(paTHUX PAAMKAIiB, NOPIBHAHO i3 TIAPOKCHIBHHUMH, € iX
Oinbmia “rpuBanicTs xuTTA” (Mepiox HamiBposnamy cranoButh (30...40)-10° ¢ mpotu 20-10° ¢) [6].
SIk HaCIIZIOK, 1Ie cripHsi€ 30UTBIICHHIO TPUBAJIOCTI KOHTAKTYBaHHS 13 MOJIEKYJIaMH TOJIOTAHTY, aJar-
Taii 10 poOOTH y MKPLIOMY Jiana3oHi 3HaYeHb BOJHEBOT'O OKA3HUKA, a TAKOXK BUCOKiH €(EeKTHBHO-
CTI HE3aJIeKHO BiJ SIKICHOIO Ta KUIbKICHOTO CKJIaay BOJAHOI Marpuii. KpiM Toro, mij 4ac akTHBaIii
KaJIiio TEPOKCOMOHOCYNIb(ATy pasoM i3 pajuKalaMu yTBOPIOEThCA I W cuHIIeTHUH KuceHb (10,)
[1], saxuii 3a0e3neuye CHHEPreTHYHE MiABUILECHHS €()eKTUBHOCTI OKHCHIOBAJILHOI Jerpajanii opraniy-
HUX TIOJIOTAHTIB BOJHUX CEPEIOBHIII.

I'paditononi6umii HiTpua Byraemto (g-CsN4) € poTokaTanizaTopom i3 MHUPHHOIO 3200pOHEHOT
30HU OIU3bKO 2,7 €B [7], 4yTinuBuM SIK 0 1ii yIbTpadioleTOBOr0 BUIPOMIHIOBAHHS, TaK 1 JO BUIH-
moro cBitia. [na g-CsNs4 nputamanHa JBOBHMipHA IIapyBaTa CTpyKTypa. BecraHOBIEHO, IO OCHOB-
HUMH CTPYKTYPHHUMH OJMHHUIIMHU TpadiTOnoaiOHOr0 HITPHIY BYIJICIHO € aJOTPONH — TPUA3HUHOBI
(CsNs) i Tpu-s-renrasunosi (CeN7) xinpus [8]. Yuikanbha crpykrypa g-CsNa4 Bu3Hauae iforo BiacTu-
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BocTi [9, 10]: BHCOKy XiMiuHYy Ta TepMi4HY CTaOUIBbHICTh, 610CYMiCHICTh, HU3bKY BapTiCTh 1 MPOCTOTY
MPOLEAYp CHHTE3Y. BIacTHBOCTI, y CBOIO 4epry, 3yMOBIIOIOTH PI3HOMaHITHI (JOTOKATATITUIHI 3aCTO-
cyBanHs g-C3Ng4: uIs reHepyBaHHS BOJHIO MMiJT Yac po3Kiamy BOJM, JUtd Qikcarlii a30Ty, BiTHOBICHHS
CO,, mepeTBOpEHb OPraHiYHUX CIONYK, IS BiAHOBICHHS HABKOJIUIIHHOTO MIPHUPOJHOTO CEPEAOBHUILA.

Sk npexypcopu 1t cunTe3dy g-C3N4 TepmiuHUME MeTOIaMy BUKOPUCTOBYIOTH N-BMicHi crio-
nyku [10—12]: cedyoBHHY, TiOCEUOBHHY, MEJIaMiH, IliaHaMif, auiiiaHamia tomo. Haluactime g-CsNa4
OTPUMYIOTh METO/IOM TepMidHOI momiMepu3anii (3a remnepatypu 500...600 °C) npekypcopis. 3a Tem-
nepatypu nonax 600 °C g-CsNs crae nemo HectabinbHuM, a 3a Temneparypu 700 °C BinOyBaeThcs
Horo po3KIaj i3 yTBOPEHHSM a30To- 1 IliaHOBMicHUX (pparmenTis [13].

dizuko-ximiuni BractuBocTi g-CsN4 i criBBimHOmeHHss C/N y CHHTE30BaHOMY MPOIYKTI BH-
3HAYAIOTHCS TUIIOM TIPEKypcopa Ta mapaMeTpaMH CHHTE3y (30KpeMa, TeMIIepaTyporo MmojiMepH3aiii)
[14]. Byno BcTaHOBIECHO, IO MiBUIICHHS TEMIIEpaTypH moiiMepu3aiii menaminy Big 450 no 650 °C
MPU3BOIWIO 1O 30UThIIeHHS po3Mipy KpuctaiiTy g-CsNi, po3paxoBaHoro 3a piBHAHHSM [lebas-
Ieppepa, Bix 5,97 1o 7,45 HM i 3MEHIIICHHS IUPUHKA 3a00POHEHOI 30HU Bix 2,76 10 2,37 eB [15]. 3i
301IBIIEHHSAM TeMIIepaTypu mojiiMepusaiiii ceuoBunu Bix 400 1o 600 °C nmuToMa rmoBepxHs 3pa3KiB (-
C3N4 3pocTana Ginbmie, Hix y 10 pasis (Bix 8,2 1o 88,7 M%) [16]. 3acrocyBanns g-CsNa, oTpumanoro
BHACIIJIOK ToiMepu3allii cedoBuHHU 3a Temmeparypu 600 °C, sk ¢orokaramizaTopa Uit Aerpajariii
ponaminy b mix ai€ro BUAMMOTO BUIIPOMIHIOBAHHS i3 TOBXKHHOKO XBHI A (420 HM < A < 780 HM) yII-
POIOBX 25 XB. Aa]0 3MOTY JOCSATHYTH CTyNEHs BUiIy4deHHs OapBHuka 100 %. YMoBu doTokaTamiTHd-
HOi Jerpajanii 6apBHuKa OyaHM TaKUMH: 00’€M BOIHOIO po3uMHy popaMiny b — 60 cm®; mouatkosa
KOHIeHTpalis 6apsHuka — 2,5-10° mons/nm%; Bmict karanizatopa (g-CsN4) y peakuiiinoMy cepeio-
sumi — 0,17 r/aqm®. 1ro % doTokaTamiTHuHy cucTeMy OyJI0 BUKOPMCTAHO Il BUIIyYEHHs OapBHHKA
cadpaniny T (moyaTkoBa KOHIEHTpallis 6apBHuKa — 7,510 Mons/am®) ynpomosx 30 xB. (inmi ymo-
BU OyJIM aHAJIOTIYHUMH JI0 YMOB €KCIIEPHMEHTIB 13 BUITyYeHHs poaaMiHy b). Sk HacailoK, MOCATHYIN
ctyneHs aerpanarii cadpaniny T 95 %.

DopMYJTHOBAHHSI METH JOCTIIKEHHS

Merta pobOTH — HOCHIIKEHHS CTPYKTYPHO-MOPQOJIOTidHnX XapakTepucThK J-CsNa, cuHTe-
30BaHOTO TEPMIYHOIO MOJIMEpH3alli€l0 MelaMiHy, i OliHIOBaHHs e()EeKTUBHOCTI OKMCHIOBAJILHOI Jie-
rpagauii nuazobapsuuka Direct Yellow 4 y cuctemi “ynprpadionerose (Y®) BUNpOMiHIOBaHHS/Q-
C3N4/okcon”.

Buxkian ocHoBHOro martepiany

I'paditononiOHMI HITPHU BYIJICIIO CUHTE3yBaJIM METOJIOM TEPMIYHOI MOJIiMepHU3aIlii Meaami-
Hy (C3HsNs) ymponosx 2 rox. 3a temnepatypu 550 °C. dns nporo 10 r MenaMiHy moMiliainy B KOpy-
HOBHUH TUTENb 13 KPHUIIKOIO, SKMI HarpiBaiu B My¢enbHiil nedi go Temnepatypu 550 °C 3i mBHKic-
Ti0 10 °C/xB. YTBOpeHuit nmpoaykT (g-CsN4) oxonmomkyBainu 10 KIMHATHOI TeMIIEpaTypH 1 OJApiOHIO-
BaJI JI0 CTaHy NOpOIIKy B (hapdoposiii cTyrmimi.

X-nipomeHeBuil TupaKIifHIi aHAI3 TOPOIIKY BUKOHYBAIHA Ha X-TIPOMEHEBOMY IAU(PPAKTO-
metpi AERIS Research (Malvern PANalytical) i3 Cu Ka-Bunpomintoauasam (A = 1,541874 A). dyn-
KIIIOHAJBHI TPYITH XIMIYHUX 3B’S3KIB CHHTE30BAHOTO MaTtepiany Oyld BHSBIEHI METOJOM iH(pauep-
BoHOi (IY) criektpockomii 3 @yp’e-nieperBopeHHsM (3a gornomororo [Y-ciekrpomerpa Spectrum Two,
Perkin Elmer). [U-cniekTp MaTepiary 3amicyBalid B Jiana3oHi 3HaueHb XBUiIboBoro uucna 400...4000
cmt. Mopdonoriro nosepxui g-C3Ns IOCHKYBaIM METOIOM CKaHIBHOI €JIEKTPOHHOI MiKPOCKOIIi
(CEM), i3 Bukopucranasm CEM-mikpockomna Thermo Fisher Scientific Apreo 2 C LoVac.

Jnst porokaraniTuanoi nerpanamii quazooapsauka Direct Yellow 4 (CzsH1sNsNa2OgS;) Brko-
puctany po3poOyieHy iHHOBamiHy cuctemy okucHeHHs “Y®/g-CsNs/okcon”. Ax mxepena YO-
BUIIPOMIiHIOBaHHS 3acTocyBaiu 4 Y®-namnu i3 TOBKUHOIO XBHJIi BUIPOMiHIOBaHHA 253,7 HM Ta MOT-
yxHIicTIO 8 BT KoxHa, sk ¢orokaramizatop — ¢-CsNs, SK OKHMCHIOBAIBHUI areHT — OKCOH
(2KHSOs'KHSO4-K2SO4). YMOBH noCHipKeHb OyIM TaKUMH: 00’ €M BOJHOTO PO3YMHY OapBHHKA —
150 cm® nouarkoBa koHueHTpauis OapsHuka Direct Yellow 4 B peakuilinomy cepemoBuini —
10 mr/mm® (16,0310 moss/nm®); MonbHe criiBBitHOMIER S “GapBHUK:0KcOH” = 1:100; BMicT g-CsNa B
peakuilinomy cepenosuini — 200 mr/mv®; pH = 3,00; Temneparypa peakLilfiHOTO cepeJoBHINA —
2241 °C). Ilicns Bimainenns karaiizatopa (g-CsNa) Bin piakoi ¢asu neHrpudyryBanasM (4acTora —
10 000 06. /xB.; TpuBagicTe — 5 XB.) MeTogoM UV/Vis-ceKTpockomii BU3HAYAIN BMICT MOJIIOTAHTY
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(6apBHuKa) y peakmiiiHomMy cepenosuiii. 3a pH = 3,00 makcumym aOcopOIlii BiNOBiIaB JOBXKHUHI
xBuii 401 aM. EdekTHBHICTS Ta IHTCHCHBHICTH (POTOKATATITHIHOI OKHCHIOBAIBHOI JAerpanarii 6aps-
HUKa OIIIHIOBAJIM 34 3HAYEHHSIMH CTYIEHS JeTpaaallii i KOHCTaHTH MIBUAKOCTI JAerpajarii, BiIOBIIHO.

Hudpaxrorpamy g-C3N4, cMHTE30BaHOTO METOZOM TEPMIUHOI MoyIiMepU3allii MeaMiny 3a Te-
Mmneparypu 550 °C, HaBeaeHo Ha puc. 1.

(002)
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2004 (1 00)

[ | | ' ' | | ' ' |
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Puc. 1. Tudpaxrorpama g-C3N4, oTprEMaHOTO B pe3ysbTaTi TEPMiYHOI OTIMEpU3aIii MelaMiHy
BIIPOJIOBK 2 TOJ1. 3a Temmepatypu 550 °C

Ha nudpakrorpami HassBHI JBa 4iTKO BUpaXkeHi mikH, nputamanHi g-CsN4: nmepmmii (3a 27,6°),
skuit Bignosinae rtormHi (002), MOB’A3aHUH 13 MIXKIIAPOBUM YKJIaJaHHAM TPU-S-TPHA3UHOBOT Mepe-
Ki; apyru#t (3a 12,8°), sxuit Bianosigae rromuHi (100), moB’s13aHUi 13 TPU-S-TPHA3HHOBOIO MEPEKEIO,
sKa TIOBTOPIOEThCS, B TuomuHi [15]. Ilikm 3 HHM3BKOIO IHTEHCHBHICTIO y niamazoHax 17°..23° i
40°...60° 3yMOBJICHI HasIBHICTIO HE3HAYHUX KiJIbKOCTeW MeneMy (200 1HIIOro MPOMIKHOTO MPOIYKTY
TEPMIYHO] MMONIKOHCH ALl MeJIaMiHy — JTUMEIIEMY ).

SIcKpaBO BUpaXEHMI ITiK MOTIMHAHHS 3a XBUIb0BOro urcna 804 cm* Ha IU-crextpi 3 Oyp’e-
nepeTBopeHHsM Juis 3pa3ka §-C3Ng4 (puc. 2) BinoBigae Mol KOJIMBaHb TPUA3WHOBUX J1aHOK [17, 18].

100 ~
80 A
60 o

40 1

IponyckanHs, %

20 A

0 T T T T T T T T 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400
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Puc. 2. IY-cnektp 3 @yp’e-nepersopennsam s g-C3Na, oTpuMaHOro B pe3y/ibTaTi TEpMIdHOT
noJjimMepu3anii MeramMiHy BIPOAOBXK 2 rof. 3a TeMmneparypu 550 °C
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XapaktepHi miku y gianasoni 1203...1630 cm™ nanexaTh BaleHTHUM MOJIaM reTeponukiiB C—
N [17, 19] sk tpuronanpaux C—N(-C)-C, tak i mictkoBux C-NH-C crpykrypHux oaunuis [20].
[upoki cMyru y mianasoni 3048...3736 cm™ Bianosinarots konuBanuaM 38°s3kiB N-H Big sanumiko-
BUX amiHorpyn 1a 3B’s3kiB O—H agcopOoBanux mosekyn Boau [21, 22].

I3 CEM-300paxens rpadiTonoaibHoro HIiTpuay Byriemo (puc. 3) BumHO, mo g-CsNs Mae He-
PEeryIsIpHyY IMIapyBaTy ME30IOPHUCTY CTPYKTYpPy. MopdoIorisi CHHT€30BaHOTO MPOAYKTY MpPEICTaBIeHA
3MOpLIKaMH, IOPaMH 1 TpyO4acTUMHU CTPYKTypamu [15], sKi yTBOPIOIOTHCS BHACIIOK BUAIICHHS ami-
aKy TiJ 9ac TMOJIIKOH/ICH CAIli] MeTaMiHy.

det | WY wr meg @ HRW WD 5
ETD  10.00kV_ 13pA_ 10000 x  20.7pm _ 10.0 mm KEE3

Puc. 3. CEM-300paxenns g-CsNa, 0OTpuMaHOTo B pe3yJbTaTi TEPMIYHOI MoJIiMepu3allii Mea-
MiHY BIIPOJIOBXK 2 T0f1. 3a Temnepatypu 550 °C

3aJIe)KHOCTI, HaBeJeHI Ha puc. 4, CBIYaTh PO Te, 10 KOHIICHTpallisl [ua3o0apBHUKa Direct
Yellow 4 3a BUKOpHCTaHHS Pi3HUX 1HHOBAI[IMHMX CHUCTEM OKHUCHIOBAJIBHOI nerpaaamii (¢poTomisy mia
niero Y ®-BUNPOMiHIOBAaHHS, NMPSIMOTO OKHUCHEHHS OKCOHOM, Y®/okcon, Y®/g-CsNs/okcon) ympo-
nosx 1800 ¢ 3menmyBanack Big 16,0310 mons/nv® 1o 14,56-10° mons/nm3; 8,16-10° momns/am?,;
0,12-10® momns/am® 1 0,05-10° mons/nmm®, BigmoBinHO.
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Puc. 4. 3anexHocTi koHIeHTpauii auazobapsauka Direct Yellow 4 (C-105, mons/nm®) Bin
TpUBaNOCTI 0OpOONEHHS peakUiiiHOTO cepenoBuia (T, ) i3 BUKOPHUCTAHHSIM DPI3HHX 1HHOBaiWHHX
CHCTEM OKHCHIOBANBHOI Jerpanauii: 1 — dotomnis mig aiero Y O-BUNPOMiHIOBaHHS;, 2 — IMPsIME OKHC-
uerHs okcoHoM (2KHSOs' KHSO,-K2S0.); 3 — Y®/okcon; 4 — YD/g-CsN4/oxcon
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MaxkcuManbHOT e(heKTUBHOCTI Jerpanaiii OapBHUKA (CTYIiHb Aerpaanii fopiBHOBaB 99,7 %)
JnocsarHyIn Brpoaoxk 1800 ¢ B okuCHIOBaNBHIN (oTokaTamituuHiil cucremi “Y®d/g-CsNs/okcon”. 3a-
CTOCYyBaHHS TphoX iHIMHUX cucteM (Y®D/OKCOH, MpsIME OKHCHEHHS OKCOHOM, (hoTomi3 mig miero Y-
BUITPOMIHIOBAaHHS) 32 TOH K€ Yac Jajo 3MOTY JIOCSATHYTH CTYIICHS Jerpanallii, sKui, BiJIOBiIHO, CTa-
HoBHB 99,2 %, 49,0 % 19,1 %.

BusiBneno, mo 3HaYeHHS KOHCTAHTH MIBHAKOCTI AeTpanailii (JUis MCEeBIONEPIIOTO MOPSIKY)
OapeHuKka Direct Yellow 4 i3 BUKoprcTaHHSIM IHHOBaIiiHOT cucTtemu okucHeHHS “Y ®/g-CsNi/okcon”
(k=6,0591-102 c?) y 3 pasu nepesuiyBano (puc. 5) 3Ha4eHHS KOHCTAHTH MIBUAKOCTI Jerpagamii aus
cucremu “Y®/okcon” (k=2,0100-103 ¢1).
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Puc. 5. JliniliHi aHamop(03u KIHETHYHMX KPHUBHX OKHCHIOBAIBHOI Jerpajarii OapBHHKA
Direct Yellow 4 y xoopanHax peakiiii TICEBIONEPIIOTro MOPsAKY. [HHOBaIIiiTHI TIpoIlecH OKHCHIOBAITb-
HOT ferpanaiii OappHuka: 1 — doromi3 mij aiero Y O-BUNPOMIHIOBaHHS; 2 — TIPSIME OKMCHEHHS OK-
conoM (2KHSOsKHSO4:K2S04); 3 — Y®/okcon; 4 — YD/g-CsNa/okcon

3a3HaueHe 0yJio 3yMoBiieHO posutto g-C3Na sk BaXKIIMBOrO ejleMeHTa CTpaTerii OoToKaTaiTH-
YHOT aKTHBAIIi] KaJlil0 TEPOKCOMOHOCYIb(]aTy. SIk HacHi 10K, IIBUIKICTh TeHEPYBaHHS aKTHBHUX (HopM
KHCHIO (T1APOKCUIBbHUX, CYIb(aTHUX paguKalliB, CHHIJIETHOTO KMCHIO Tolo) Oyna 6iib1Ioro 1, BigHO-
BiJJTHO, IHTEHCUBHICTb ()OTOKATANITUYHOI OKHCHIOBAJILHOI Aerpajanii OapBHUKA 3pocTaia.

BucHoBku

1. I3 menamiHy MeTomoM TepMiuHOI mojiMepu3aiii (3a Temmneparypu 550 °C ymnpoaosxk
2 roj.) cuHTe3yBau rpadirononionuit HiTpua Byriemto (g-C3Ny).

2. Oco0auBocti ctpyktypu g-C3Na xapakrepusyBain MeTogaMu X-IPOMEHEBOI Audpakiii
ta [Y-criekrpockorii 3 Dyp’e-niepeTBOPEHHSM.

3. MeronoM CKaHIBHOI €JIEKTPOHHOT MIKPOCKOI1 BCTaHOBIEHO, 10 cuHTe30BaHUN (-C3N4
Ma€ HEperyJsipHy LIapyBaTy ME3OINOPUCTY CTPYKTYpY, a Mopdoiioris Horo moBepxHi NmpeacTaBieHa
3MOpIIKaMH, TIOPaMH 1 TPyOUaCTHUMU CTPYKTYpaMH, sIKi YTBOPIOIOTHCS BHACIIIOK BUJIJICHHSI aMiaKky
MiJ] 9ac MOJIKOHJICHCAIlIT MeJIaMiHYy.

4. g-C3N4 BUKOpHCTANIN SIK BXKIIMBHUI €JIEMEHT y CTpaTerii OoToKaTaTiTHYHOI aKTHUBALlii OK-
cony (2KHSOs-KHSO4 K>SO4). Busiieno, 1mo MakcuManbHOT e()eKTHBHOCTI Jierpaiaii 0apBHUKA
Direct Yellow 4 (cryminb gerpananii cranoBus 99,7 %) mpocsiraynu BripogoBxk 1800 ¢ B OKHCHIOBaIb-
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Hill ¢orokaramitnuHiii cuctemi “Y®/g-CsNs/okcon”. [Ipn npoMy KOHCTaHTa IIBHUAKOCTI JAerpanarii
OapBHUKA 13 BUKOPUCTAHHAM IIi€i iHHOBALIHHOT CHCTEMM OKMCHEHHS JopiBHIOBana 6,0591-103 ¢,

Hocnioscennsn euxkonano 3a niompumku Minicmepcmea oceimu i nayku YKpainu y mescax
RPOEKMY HAYK060i podomu monooux euenux “Innosauinini npouyecu cOHOKAMANIMUUHO20 OKUC-
Henna oapenuxie 3 zemepoamomamu (N/P/S), ak opzanonontomanmie axeacepedosuny, na 0CcHogi

HAHOKOMNO3UmMIié eKo102iuno 0e3neunozo Himpuoy eyzieuio” (Homep Oepicasnoi peecmpayii
0125U000495).

Crnucoxk BUKOPHCTAHOI JiTepaTypu

1. Ghanbari F., Moradi M. Application of peroxymonosulfate and its activation methods for degrada-
tion of environmental organic pollutants: review. Chemical Engineering Journal. 2017. Vol. 310.
P. 41—62. doi.org/10.1016/j.cej.2016.10.064

2. Li C., Shen M., Li X., FuY., Dong Y., Lyu B., Yuan J. Chemical—mechanical polishing of 4H-
SiC using multi-catalyst synergistic activation of potassium peroxymonosulfate. Processes. 2025.
Vol. 13. No. 4. 1094. doi.org/10.3390/pr13041094

3. Guo J., Lei M., Yan L., Huang J., Liu C., Ye L., Li B., Xu X., Li Y. Sustainable water decontami-
nation: advanced high-valent iron active species-driven peroxymonosulfate activation for global
challenges. CleanMat. 2025. Vol. 2. No. 2. P. 88—103. doi.org/10.1002/clem.70001

4. Laftani Y., Chatib B., Hachkar M., Boussaoud A. Exploring the reactivity of hydroxyl and sulfate
radicals in enhancing water decontamination processes. International Journal of Environmental
Science and Technology. 2025. Vol. 22. P. 14719—14728. doi.org/10.1007/s13762-025-06647-3

5. Honarmandrad Z., Sun X., Wang Z., Naushad M., Boczkaj G. Activated persulfate and peroxymo-
nosulfate based advanced oxidation processes (AOPS) for antibiotics degradation — a review. Wa-
ter Resources and Industry. 2023. Vol. 29. 100194. doi.org/10.1016/j.wri.2022.100194

6. TanJ., Li Z., LiJ., Wu J., Yao X., Zhang T. Graphitic carbon nitride-based materials in activating
persulfate for aqueous organic pollutants degradation: a review on materials design and mecha-
nisms. Chemosphere. 2021. Vol. 262. 127675. doi.org/10.1016/j.chemosphere.2020.127675

7. Alaghmandfard A., Ghandi K. A comprehensive review of graphitic carbon nitride (g-CsNs)—
metal oxide-based nanocomposites: potential for photocatalysis and sensing. Nanomaterials. 2022.
Vol. 12. No. 2. 294. doi.org/10.3390/nan012020294

8. Yan Y., Meng Q., Tian L., Cai Y., Zhang Y., Chen Y. Engineering of g-CsN4 for photocatalytic
hydrogen production: a review. International Journal of Molecular Sciences. 2024. Vol. 25. No.
16. 8842. doi.org/10.3390/ijms25168842

9. Chandrappa S., Galbao S.J., Furube A., Murthy D.H.K. Extending the optical absorption limit of
graphitic carbon nitride photocatalysts: a review. ACS Applied Nano Materials. 2023. Vol. 6. No.
21. P. 19551—19572. doi.org/10.1021/acsanm.3c04740

10.Pattanayak D.S., Pal D., Mishra J., Thakur C. Noble metal—free doped graphitic carbon nitride
(g-CsNy) for efficient photodegradation of antibiotics: progress, limitations, and future directions.
Environmental Science and Pollution Research. 2023. Vol. 30. P. 25546—25558.
doi.org/10.1007/s11356-022-20170-9

11.Pei J., Li H., Zhuang S., Zhang D., Yu D. Recent advances in g-CsN4 photocatalysts: a review of
reaction parameters, structure design and exfoliation methods. Catalysts. 2023. Vol. 13. No. 11.
1402. doi.org/10.3390/catal13111402

12.Salunkhe T.T., Gurugubelli T.R., Viswanadham B., Babu B., Sreekanth T.VV.M., Yoo K. Exploring
photocatalytic and photoelectrochemical applications of g-CsNas/metal sulfide quantum dots nano-
composites: a review of recent trends and innovations. Journal of Chemistry. 2025. Vol. 2025.
8849437. doi.org/10.1155/joch/8849437

13.Sudhaik A., Raizada P., Shandilya P., Jeong D.-Y., Lim J.-H., Singh P. Review on fabrication of
graphitic carbon nitride based efficient nanocomposites for photodegradation of aqueous phase or-
ganic pollutants. Journal of Industrial and Engineering Chemistry. 2018. Vol. 67. P. 28—51.
doi.org/10.1016/j.jiec.2018.07.007



XiMiuHI TEXHOJIOTIi Ta iHXKEeHepis 175

14.Ajiboye T.0O., Kuvarega A.T., Onwudiwe D.C. Graphitic carbon nitride-based catalysts and their
applications: a review. Nano-Structures & Nano-Objects. 2020. Vol. 24. 100577.
doi.org/10.1016/j.nan0s0.2020.100577

15.Papailias 1., Giannakopoulou T., Todorova N., Demotikali D., Vaimakis T., Trapalis C. Effect of
processing temperature on structure and photocatalytic properties of g-CsNa4. Applied Surface Sci-
ence. 2015. Vol. 358. P. 278—286. doi.org/10.1016/j.apsusc.2015.08.097

16.Fang H.-B., Luo Y., Zheng Y.-Z., Ma W., Tao X. Facile large-scale synthesis of urea-derived po-
rous graphitic carbon nitride with extraordinary visible-light spectrum photodegradation. Industrial
& Engineering Chemistry Research. 2016. Vol. 55. No. 16. P. 4506—4514.
doi.org/10.1021/acs.iecr.6b00041

17.Dong F., Wu L., Sun Y., Fu M., Wu Z., Lee S.C. Efficient synthesis of polymeric g-CsN. layered
materials as novel efficient visible light driven photocatalyst. Journal of Materials Chemistry.
2011. Vol. 21. No. 39. P. 15171—15174. doi.org/10.1039/C1JM12844B

18.Thomas A., Fischer A., Goettmann F., Antonietti M., Mueller J.O., Schloegl R., Carlsson J.M.
Graphitic carbon nitride materials: variation of structure and morphology and their use as metal-
free catalysts. Journal of Materials Chemistry. 2008. Vol. 18. No. 41. P. 4893—4908.
doi.org/10.1039/B800274F

19.Li Y.B., Zhang H.M,, Liu P., Wang D., Li Y., Zhao H.J. Cross-linked g-CsN4/rGO nanocomposites
with tunable band structure and enhanced visible light photocatalytic activity. Small. 2013. Vol. 9.
No. 19. P. 3336—3344. doi.org/10.1002/smll.201203135

20.Dong F., Wang Z., Sun Y., Ho W.-K., Zhang H. Engineering the nanoarchitecture and texture of
polymeric carbon nitride semiconductor for enhanced visible light photocatalytic activity. Journal
of Colloid and Interface Science. 2013. Vol. 401. P. 70—79. doi.org/10.1016/j.jcis.2013.03.034

21.Bojdys M.J., Muller J.O., Antonietti M., Thomas A. lonothermal synthesis of crystalline, con-
densed, graphitic carbon nitride. Chemistry—A European Journal. 2008. Vol. 14. No. 27. P.
8177—8182. doi.org/10.1002/chem.200800190

22.Xu M., Han L., Dong S.J. Facile fabrication of highly efficient g-CsN4/Ag20 heterostructured pho-
tocatalysts with enhanced visible-light photocatalytic activity. ACS Applied Materials & Interfaces.
2013. Vol. 5. No. 23. P. 12533—12540. doi.org/10.1021/am4038307

GRAPHITIC CARBON NITRIDE AS AN ELEMENT OF A STRATEGY FOR
PHOTOCATALYTIC ACTIVATION OF POTASSIUM EROXYMONOSULFATE
FOR OXIDATIVE DEGRADATION OF DIRECT YELLOW 4 DYE

Abstract

The high solubility of synthetic dyes in water and other solvents, as well as their use in tech-
nological processes of the textile, pulp and paper, food, pharmaceutical, cosmetic industries, etc., leads
to the accumulation of dyes in aquatic environments (in particular, in wastewater) and, as a result, to
the pollution of natural water bodies. Dyes color the water, preventing the penetration of solar irradia-
tion into the deeper layers of water bodies. This significantly inhibits the intensity of photosynthesis in
primary producers of aquatic ecosystems. Biomagnification of dyes in aquatic environments leads to
changes in the elemental profile of carbon, hydrogen, nitrogen, and sulfur, disruption of food chains in
ecosystems, and the occurrence of carcinogenic, mutagenic, genotoxic, dermatological, and allergic
effects in both aquatic organisms and humans.

The article discusses the essence of advanced oxidation processes and their significance for
the development of modern water purification and water treatment technologies, the possibility of us-
ing activated potassium peroxymonosulfate as a source of reactive oxygen species, the structural fea-
tures of graphitic carbon nitride (g-C3sNa), and a list of precursors for the synthesis of g-CsNa.

0-CsN4 was synthesized by thermal polymerization of melamine for 2 h at a temperature of
550 °C. The structural features of g-C3N4 were characterized by X-ray diffraction and Fourier trans-
form IR spectroscopy. It was found that the surface morphology of g-CsN4 was represented by wrin-
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Kles, pores, and tubular structures, which are formed due to the release of ammonia during the poly-
condensation of melamine.

The synthesized g-C3sN4 was used as an important element in the strategy for the photocatalyt-
ic activation of oxone (2KHSOs-KHSO4-K2SO.). It was found that the maximum degradation
efficiency of the Direct Yellow 4 dye (the degree of degradation was 99.7%) was achieved within
1800 s in the “UV/g-CsNs/oxone” oxidative photocatalytic system. At the same time, the dye
degradation rate constant using this system was 6.0591x1073 s,
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