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AR (AOPS) A M bR . o k5 4
SRR, B N TR LTS YT, i SRR R
() = R AL B AR A A h, A S T ok
H 3 A B MO . FBRMHR A H3E(S0, )M
AR T A 3O, ) MIEA R E &R Y
Fir . PALES ('O, L L TR RS S FR(ETP)) P KK,
5 AWML, 38 A b IR R EA R AP T
Pk, FER ZoK R K 2R TOHLE 1 RE HUS 40 T
REMRFF R A AL PERE. JE A RN SR S PR B
AREAVTHCRE rom . deeethm . & RVE T4
PR S TR WL A B B, CH T
ORI I Bl SR A P PEIRIL AR 5, X W AR R AR ER
ZAF T AR FR AL SR AL T R A A s AR, X
ARERBE) 2N T A S AE LA il A4 b,
HATIERRR AT JUEIRBRZY 17.25890/kg, K
BY21.1950/kg)™ "0, I T & sk e B 2R i Ak
kXt R ) e P SR A AR L TR L

FUFFE R, R S B R 48 T — R 51
o I 4 JE B R AL (TM SA/PN-g-C5Ny), i85
AR A oL S R ERER Y SE A5 BE, SE IR r
FEAE R R R AL RE ), SR T R A R
R0 R AT AR A 2 (GP) | (92 B (-COOH)4i & Fe
(D EF, TERGA R TR RIRGP-COOFe(111), & iEid fifik
AR R Ak, T8I T RS (ETP)BILHPRE AU A(BPA)
AL MBI AN AN, BeRErE Rtk A AR AR
TR By R IR R4k, WA WP T AR 0 B 14
AJZIRFeOCISZ 4, #4931 =5 A BEFe(1) B e e AH
(K-FeOCl), ffiH,0, &5t HIZEI 5k Mt ik A
HEEFe(IV)=09)Fh. 8 i TR A BT (PCET)H
By I SR A o AR I B PR L5 25 Y U B £ B
PRI Ak, R R DU AR B A T A B2
T AR IBURE (Ru/C) BHAR , #4215 BE 1 A Ak A X AR
(p-BQ). ZKMh & i i e 6 A AR Y B e 15 1 1)
FKAH B, BEESTBRH,0MERILHO") SR 2
TRy, R B AL I A R A A AR lp-
BQWY. A 3 2 1 LR 5 P A CuS O, I CoS O fi
P H B SE AR B A Ap-BQ, ISR AT 1k47%!4,

P AL (SACs) il i 4 8 I 735 50 J il
ST L, B RAUETF R, S590kMEHELL, A
&R IFTF IS N, AR BTG A A5, BERG 8 L o
s, TEIPMSHELA Y, AR T R &8 e ™. s
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F& B MR LG, RN, HoE S mE
PEO s AR, SR AR AR, 53 A A i FL T i
B, et " IR B AA R E AR e E
WS s, B aem S5 b AR (g-CsNy) RE B B PE TS
fead R R = A m kU, A BUCE R IR 4R
7 15 FFPMSHE A7 S ms e s al 4707, IE Ak
R A E . AR SR TR, X T A R R
TEALPMS= AR RN RGP Fh 22 DG B 2L

AR TAER I T —Fh e BTG L PMS = A 0 2k 4
b S FLRR IR AT AL R B 15 G LAk 22 i,
PR AL FUR R R 1 200 E B 22 A S A ALk R
% (Fe-OCN), F=iil4 )& 72k i As s i IR b s
P, 38 5 I A T e R ) AR R R, RS T
H AL IS AL PMS IR I6 P SR B R A R B R iE. )
AP IO B R B . R BE | SO s i) 45 s g 2 4
XA AL Elp-BQIISZ AN . ILAMAKRTY T %k R
TETEpHYW IR . SEBRAK BT 5 B S B & i f AL A K i
IR PERE.  AHIFTE R I 7K s 28 2 Bk K e B L
A2 St DS T i R 1 SR

1 95

L1 SRR S AR A Rk

IR A & R FFe B A B 24 A g-C3N,
AT FRELS gRUR 2 g W R 25 mLZEIRK,
T0CAIE I HAWHERE, F0IMA100, 150, 300
1450 mgfFe(OAc)s, fii#l12 h. Bl FIRIR S Y7E
70~80CARNINIAZET, KT As miaR AR B4 5], BIA
JrIEH I R A A L™ 58, LAS °C/min AN IR
F1600°C, HAEZ TR FERE3 h. BRE1E A =Pt
FERHY, 150 mL 1 mol/LAYERERIA T i £16 hLd 2555
MR FeIURL, PSR B TR, FE60°C L2 T/
JE RIS, T A Ak ) 4 15 2k 1 s AR IR A 44 A Fe-
OCN-01, Fe-OCN-02, Fe-OCN-03F1Fe-OCN-04. 7F
ANEEBRNEOUT, FIRIRE A5 B AR N Fe-
CN-00(ZR N300 g ZB4K), AT LIRERA LA HEAL 7
FRMOCN-00, WIEAERXT LLEE. FRE20 mg A4 1Y
AR T 1 mLZEE(N S 1/50 Nafion, v/v)H, iR
/NS S, A5 BT SRR, KHRAT(CP)#E
BYAGS.1 em x 2.8 emfi/NBR, FH HEAR e S04E O L
R b, RSB fEA) SB K Y ST AR AR T, (AT
REHEFR3.0 em x 2.8 ecm, THR S FEES .



1.2 AP A e e

DU TR A AR Bk R ARTE N A, S0 Pk
PR, FHE A sl e [ 2, I IR 4 42 3 B i As e
U5 1y T A SRl RIS 0 mL T 9 10 mg/L
K. IA0.3074 ¢ PMS, i HEREHEE AR B RS
AJ(10 mmol/L). [HEF, FH0.06 AFLIETESO mmol/LiY
Na, SO s ALK, %K. 295 minf&, PMS
VAR AR TG AL ST, TR IR 2 T KD, K sl
B B J5 T A 0 R it P F R T F R AR R A TR
3.0 cm x 2.8 cm, BFHA[EIME}2 cm, HLJEM0.003 A
B, SFRIHL 12 V.
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2.1 IR B e PR v

AHIGE R AR 2 3 e PR 1 (a) BT 1 — 2 AR
AN DB B SEM)E(E1(b) T A
Fe-OCN-03#F ity Tt HH I 11 4 Jm g K Jotkr sl A1 7% R Bsf
Fe-OCN-03 5 OCN-00/JE S 450 JC 1 25 25 5, Uk
FARABEIN A B A IR TR S5 H(EIST).  MAFeOCN-03
(325 5 FEL T AR (TEM) B (T 1 (c),  EIS2)HmT i i
WAL FN 2 R3S, Flf S ARG, dE—25uF ek
ﬁ%ﬂﬂ SIRZAREER. IEAl, Fe-OCN-03fE = (A HOG
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112 5 2 1 HEE 7= A2 1927, 7°40 B (002 FRAF 1 fr) s 2 A0
(7 B 4R N Fe 5 OR824 A 2k 35 oAy, 6 — %
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FeOCN-03 1Y) XRDijif £k H % A W 42 31 S8 Ak Ak ol P o 2k
FBRVREAEDE, 1 — 20 R R R S X FeOCN-03 HL
FLEM AT RAE. FeOCN-03 . FeCN-00F1Z: AL &
MIH— R Fe  Kili XSGR 71561 (XANES) (1412
(b)) . /RFeOCN-03HIFeCN-00 i Fe I M 25 5 A —%%, H.
PARRMUS, b2 A B R 2 FTAR BRI Fe KilIX
SRR MORS A4S F (EX AFS )i & 1942 1] 40 A R 55 (1
2(c)). ZE BR, B FeOCN-03FFeCN-00 - N 77E 4
K 2.4 AffyFe-Feft!"), BEBBIFI 4R XA TEAE Felil
K FerTBE SORMNIEFRINL. 254 XRD5 R4
FAERENS UL B R T4 T 4R B 4 BB AH A Akt
B R £ ek, a8 R I AR(BET), 45A& 8k
Tk SRR I A =] WAB MBIt T
PR LR TH AL (S ).

2.2 FeOCN-03/PMSHLiLAALPMSIA R IETEY)
Fhorbr
5,5- F BE- 1-MEn% bk -N- 4846 21 (DM PO 3k i L
TR AIR(EPR) (S 5 E (K3(a)) 78, FeOCN-03774E
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Gnndlng l.l Grinding
Stir for6 h

’ @

Bl 1 (MZRRR @) A& AR 5] () L B Fe-OCN-03HYSEM(b) . TEM(c)HIEDSIEI(d)
Figure 1 (Color online) Schematic illustration of the preparation procedures of the samples (a), and SEM (b), TEM (c), and EDS mapping (d) images

of FeOCN-03
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FeOCN-03., FeCN-0011Z FAE M JFe KINFT-EXAFSGi

Figure 2 (Color online) Structural characterization of different catalysts. (a) XRD patterns of the different catalysts; (b) normalized Fe K-edge
XANES spectra of FEOCN-03, FeCN-00, and reference samples; (c) Fe K-edge FT-EXAFS spectra for FEOCN-03, FeCN-00, and reference samples

F DMPO# 58 S AL i 8 Ak AE 9 5,5- — H - 1 -k
B li-2- 48 E(DMPOX) U (-L HE ), H AR EIHO
SO, T IFHIEIE. 2,2,6,6-PU H JE-4-WR BE FE(TEMP)4i 3k
HFEPRE 5 & (K3(b)) i /R OCN-00 fIFe OCN-03 15 7=
A0, W LA A AR AT fLPMSEY. PMSO
AT LA 2k b AL i PMS Oy, [RIIHE, 2e A6
FERFL A (PMSO) FiT HE EE 2R FL I (PM S O,) 1 ¥k i A
b, AT LA A Mk ) A B 1L 22200 RT3 () g
FIFeOCN-03 /B 4L L AH L Pt B B Z [ PMSO%%
b HPMSO,, #2157 PMSOMfHEHPMSO, MK, X
T RN R A T R M PO PMSO A ML
PMSO,. M4k, it S i 5t R, R4
FeOCN-03 Hi  7£ PMSOF# it R FIPM SO, /F i i 1 AH
X PP 4T IA 3, (2R E R LR A
FPPETE IR th PMSYR i 22 Sl B iR 255 | e, Xtk —
SAESE T B M R TEFeOCN-03 Ak i 78 i iff 52 47 7E I
RIEVER.

FEVER LK, e H B (MeOH) . SFINEE(IPA) .
1 E AL EBH(SOD) . MERS(FFA) L) Kz — F L F B (DMSO)
SHIAEKHO . SO, O, 'O MlE M kyFpi>l 513
(d)27%, JMAFFAMIDMSOJG, MR A 14 fE
. 7SR50 min A R A8 1.78% (RIS
Kk 22 48.18%(1I AFFA) F169.40%(HI ADMSO), H:xif
7 FI) VB8 i 3 85 8003 0 S ko=0.03359 min~" . kpwmso
=0.02285 min~', kppa=0.01307 min~'. b RSH
FeOCN-03/PMSHA Z 38 128 ¥ Bl B2 S0 R i 2k i 2
Ak SR A I B KRR, BR LT Fel i T4 A1 1
I P AR H AL A ST R A () STk i T gk .
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2.3 FeOCN-03/PMS{A £ 50CN-03/PMSHA Z1T%F
Lempr

WEIS4FISS R, B BERRZIM A AN, X8
FRCR e LA TR, HHFeOCN-03%%: 5 A & i fL i
XTI, 33156 B Fe-OCN-03 ELA B i AL R R
VBRI, R FRATESRE T Fe-OCN-031E M FE 3t 4 k4T
FIRARRTSE. 85 B OCN-00-5FeOCN-03 i [ i
I AHR R (K4(a), (b)), RIBIRBRSE AL
2% M (1) e fif e 0 A B 2 42 (70 minBFOCN-00 £
FeOCN-03 X [0 4 24 B B ik %5 43l 8 1.14%1191.93%,
R A TR 5003 100,024 410,036 min~Y). iE— HAR
PRI L 355 3 2 A R T oA X A T 11 1 BB (114
(c), (d)), 7EFR70 minfif, OCN-00FIFeOCN-03 FY X 4
R4 511 4137.96%F163.63%,  HEFME43 11 7146.78%
169.21%. FeOCN-03XI RBRISCR AL 7 L F
OCN-00, VLHHIBAEA BT T 2R B MG A X AR B 1)
PEFENE. HEPREE nT 0, & 44 iR A 4, HHAE
SIREEAT. X R P FeOCN-03 41K 4 i E i gk 2 5
FOLAER M R . X R BRI S e B I T 4 19
FHEJFEH . AN, Fe-OCN-037EME K I v Hfin A
10 mmol/L  FFAVRK FLLL S5 7R B [ A 35 DL 8 1. 78 % %
%48.18%, F1100 mmol/LEYDMSOMEK = M ekist, [ it
FIN81.78%% £ 69.40%, X i HFEAL IR ES
— I A R A S R 2 LA PR K
FIMAJE AR RS (EIS6), TEVEK LA S &
WG, RERISCR S BE R R T B OIn AFFAFI
DMSOJ 50 minff Xf ZR R A M 58.67% 53 7 T R 2
28.65%M128.40%, FEFENEMT1.85%53I T % £ 59.46%
M140.92%). Z5EIIREER, ATHENPR B REAR 05—
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Bl 3 (MROF ) A ALTE Y FINR. (a) DMPOSAK AR AR IVEPROGHE; (b) TEMPIigkIGA Rl R (EPRGHE; (c) FeOCN-03/PMSHLfi#
ALE IR R T PMSORY AL IIZE; (d) FeOCN-03/PMSHL AL AR R K SESG. SC8G 25 F: FLi=10 mA, [PMS]=10 mmol/L, [%X/]=10 mg/L,
[MeOH]=50 mmol/L, [TPA]=50 mmol/L, [SOD] > 100 unit/mL, [FFA]=10 mmol/L, [DMPO]=100 mmol/L

Figure 3 (Color online) Synchrotron Radiation Characterization. (a) EPR spectra of the different systems captured by DMPO; (b) EPR spectra of the
different systems captured by TEMP; (c) oxidation curves of PMSO in FeOCN-03/PMS electrocatalytic oxidation system; (d) quenching experiments of
the FeOCN-03/PMS electrocatalytic oxidation system. Experimental conditions: Current=10 mA; 10 mmol/L PMS; [Phenol]=10 mg/L; [MeOH]=
50 mmol/L; [TPA]=50 mmol/L; [SOD] > 100 unit/mL; [FFA]=10 mmol/L; [DMPO]=100 mmol/L

YO 2 RS A SE AL, H AL PMSAE )Y
T ERRES 5 AR E A R, TR AR
TRV AL A R (E]S 7).

2.4 SEBRPK AR BEIRIEEE AR

1E & 5(a) P B3E T FeOCN-03/PMSHA £ 75 A [l pH
ZAF IR R AR, S5 R, TEpH 3~9RERIA,
W& pHIIG I, R B R e n. BART S, 4pH
A SIR3 . 5.0 THIOME, 50 min N 4 B AF 2R 4 51K
83.07%. 89.95%. 93.43%#1195.54%. R, XTAHEREY
WeR IR, TEpH/N T4 T70E, A REpHIE N, X8R
SCAT BT/, AR MR BE RN, 4N, 4pH A SHT,
SFEBREIICR F57.51%, 11 4pH N 78 56.60%. it
pHE T}, X ARMER ACRA N 23.76%, KT A%
pHIT1958.76%, R IZE R MM A4 N RIELE. &
5(b) R 2 SAEIA 5, FeOCN-03X KR A R

M63.63% FFEF62.87%, VEFEPEMN69.21% &
66.77%, #WFeOCN-03EA R UFrIf e, tbob, a3
JE IR R N9 1.93% 4T+ 51194.16%, 1% /2 KNG A F)
FHJE PMSTH ALY i I K IHAETE. MORHERE TR
BLR R R K PE R B i k. ZEEIS (o),
ANFEITCHLE F RS0 R, B TEERIR B 1-4h, H
AN [ B BH 55 7 (A I A K R 93 1) 2 ik 68 1 15 BH S 52
). B IRAR 25 1T A B A 542 FH(50 minf]493.01%),
TR R pHI T . FEARRIRERR BT, X He i T
FeOCN-03 7 2R Iy 5 T AN A 1k 8 7K b R ik B A Ak
RIS AR REfRR . BEPRE FISCR(EIS(d)). 7EfEfbIE
K, R AR B P A R R ORI
R, TIRER O AL R K — S 24 i SRR i Felt
A, WM T HSPMSH RN, Wb T ik
B4 AR, (HERR 2 T IER I 25 (70 minf A2 AL IR K IR
PV T () W SR 43 )R 92.38 % F1191.93%, W 2R R Y i
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3 mA, [PMS]=10 mmol/L

Figure 4 (Color online) Comparative experiments of OCN-00/PMS system and FeOCN-03/PMS system. Degradation curves (a) and rate constant
plots (b) for FEOCN-03/PMS system and OCN-00/PMS system; phenol degradation rate, p-benzoquinone yield and selectivity at different times of
selective oxidation for FeOCN-03/PMS system (c) and OCN-00/PMS system (d) ([Phenol]=10 mg/L, Current=3 mA, [PMS]=10 mmol/L)

BRI H58.08%F163.63%, TEFEVESS HIH62.87%F1
69.21%), FHIFeOCN-037E T L i sehrfa bk
IR HATSBE R B MR AR e A o X RTR, AR
U SEBRI N 7. SRER s KR W], FeOCN-03HiARAF
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WL FLERE L R A [A) AN A B vk B X FeOCN-03/
PMSHA 2 FR 2R I A AR | X AR A AL B 438 )
S (EIS3). 4hH R, FEANIN300 mefifadk . BE
N3 mA . AEFRET0 minfEMEIT ], LRI R b vk
JEFEHITE10 mg/LIWAAE T, AR R B T HefE:
F18) A4S T AR g AR RN R P 3 B e . e A, LABHAN
GOR) R TAERRE, BRITIZNAAR 2 A B 2 i Ak
XoF A B R AP RE B0 20, AN RISS /R, S 70 minfi, %
T3 3 A7 2354 18.89% HRR % 164 0.00%, T Fe-OCN-
O3 M BER B B2 fiff R AR AL 3253 51 RE 5 $1191.93% 11
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Figure 5 (Color online) Effects on FEOCN-03/PMS system under different conditions. (a) Degradation rate of FeOCN-03/PMS system for phenol at
different pH; (b) comparison of degradation performance of FeOCN-03/PMS system at different times of cycling; (c) degradation rate of FeOCN-03/
PMS system for phenol under different inorganic ion interferences ([inorganic ion]=10 mmol/L); (d) comparison of the degradation performance of
FeOCN-03/PMS system for coking effluent and phenol solution in real coking effluent and phenol solution
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Table 1 Comparison of conversion, yield and selectivity of quinones over different catalyst systems
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Phenol pollutants, as a kind of high concentration and high toxicity organic pollutants commonly found in wastewater, have
various degrees of harm to human health and the ecological environment. Compared with direct degradation, the selective
conversion of phenol into p-benzoquinone, which is more than ten times more valuable than phenol, is more cost-effective
and in line with the call for sustainable development and energy recycling. Electrocatalytic oxidation technology has been
widely used for the deep treatment of phenolic organic pollutants in sewage wastewater. Still, the selective electrocatalytic
conversion of phenols to high-value-added chemicals has rarely been reported, because in the conventional electrochemical
oxidation technology, the oxidation process is mainly mediated by hydroxyl radicals. However, advanced oxidation
techniques dominated by free radicals such as hydroxyl radicals are susceptible to the influence of water background (e.g.,
natural organic matter, inorganic salt ions, etc.) in practical applications, resulting in excessive consumption of chemicals
and energy. The non-radical pathways of high-valent iron oxidation, singlet oxygen oxidation, and electron transfer
processes are highly resistant to interference, highly selective for some pollutants, and widely applicable, and have been
used in studies of phenol coupling or polymerization and the resourceful conversion of phenol to benzoquinone.

In this study, monatomic Fe-loaded oxygen-doped graphitic phase carbon nitride (Fe-OCN) cathode materials were
prepared by thermal polymerization for the selective oxidation of phenol to benzoquinone via electrocatalytic activation of
persulfate (PMS) to produce high-valent iron species and singlet oxygen. The optimal material Fe-OCN-03 obtained by
optimizing the Fe loading achieved 91.93% conversion of phenol, and 69.21% and 63.63% selectivity and yield of
benzoquinone, respectively. Analysis of the results of quenching and electron paramagnetic resonance (EPR) experiments
indicated that the OCN-00 /PMS electrocatalytic system produced singlet oxygen as the main active species. In contrast,
the FeOCN-03 /PMS system after introducing monatomic Fe generated singlet oxygen and high-valent iron as the two main
oxidatively active species involved in the phenol resourcing process. The involvement of high-valent iron reactive species
was instrumental in improving the selectivity of the conversion of phenol to p-benzoquinone. These active species offered a
more controlled and targeted oxidation pathway, which minimized the formation of unwanted by-products and ensured
preferential conversion of phenol molecules to the desired product p-benzoquinone. Notably, this system involved no
generation of free radical oxidation reactive species, which was favorable for controlling the selectivity of the reaction.

In addition, the Fe-OCN-03/PMS electrocatalytic system exhibited excellent catalytic performance in the pH (3-7)
range, indicating its adaptability under different environmental conditions. Also, the system exhibited strong resistance to a
wide range of inorganic ions, which is an essential advantage for practical application in a complex wastewater matrix. This
system also showed excellent stability, which maintained a relatively good performance over multiple catalytic cycles, thus
highlighting its potential for long-term use. In real coking wastewater, the Fe-OCN-03/PMS electrocatalytic system
achieved efficient and selective conversion of phenol to p-benzoquinone under realistic conditions. It enhanced its
applicability as a robust electrocatalyst for resource-oriented pollutant transformation. Compared with other works, the Fe-
OCN-03/PMS electrocatalytic system showed a relatively high removal rate of phenol with less time required, which has
the potential for application and space for improvement. The results of this research provided a theoretical and
experimental basis for the rational design and optimization of electrocatalytic materials for the resource-oriented
conversion of phenol to benzoquinone.

single-atom iron, peroxymonosulfate activation, high-valent iron, phenol, resource conversion
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