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Abstract

Azo dyes in printing and dyeing wastewater are structurally stable and difficult to be biodegraded.
Catalytic ozonation is an effective way to achieve their advanced treatment. In this study, Cu-loaded
nitrogen-doped carbon nanospheres (Cu@NCS) were prepared by self-polymerization and high-
temperature pyrolysis. The catalytic performance and mechanism of the catalyst in ozonation sys-
tem were systematically investigated with azo dye Methyl Orange (MO) as the target pollutant. The
characterization results show that the optimal sample Cu@NCS-3 is regular spherical, Cu® is highly
dispersed in the carbon skeleton, pyridine nitrogen accounts for 22%, and the defect density (In/Ic
= 1.23) is moderate, which provides a structural basis for catalytic activity. Under the conditions of
catalyst dosage of 100 mg/L, pH of 7.0, and O3 concentration of 100 mg/L, the MO removal rate of
100 mg/L reached 94% within 60 min, and the COD removal rate was 75%. The degradation rate
(0.0438 min-1) was 2.8 times that of ozone alone. The results of free radical quenching and EPR
showed that the system followed the oxidation mechanism dominated by «OH and supplemented by

O, . Cu’ promoted the in-situ decomposition of O3 to form surface-adsorbed reactive oxygen species
(*0), and the sp2 hybridization of nitrogen-doped carbon carrier stabilized Cu? particles to promote
the Cu*/Cu?* redox cycle, generating «OH and O; active species. This work provides theoretical

and experimental support for the design of carbon-based metal catalysts and the advanced treat-
ment of azo dye wastewater.
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iGN YATIAE = K B B R, K B m g . M2 T A R AR A ML & 22 S5,
FoAR R EGURL 5 LE 70%. RS (MO)E Ny SR AR 20k, R4 N 2 e B e A U B (-N=N-) B A 7K
MR EE A, Rase Ep s, MECUB I E AY T2 M. HARKME T 5 KB AR et =4,
FEREMIRKAEEERGE ENRMERE. LG ALK ARG, BITHA R B4 K
o LR, A DL L FE MRS RSO e, FER . SRt SPRIIIR BB R R B AR A B

T 2 A Ak (Advanced Oxidation Processes, AOPs) A A4 it S AL 1 EH Hi3k, SEELE NS R IRER
1, RZKALERAUR KIAZ W 5T T M [2] . Horr, SRS AEIAR OB SRR AN . AR TRANE R4,
Al AR ekl R b, A RAF IR AT R, (B — RAA AR AL FIR A 75 30 A
WIRAEGREG, S HAZRR[3]. TSR35 A SR A B AR R B [ A0 77 78 i A SRR AR UK s T
H AL (W1eOH), [FIR AT 2 SRR, A RORR— T 2R R

PEREAR S B IE AT B0, FLBREEHIRIE . AR tEng, BB A TR T 554 . M SRE ML
Mo BEMMIKEE 10 & @A nT il I 2 0 A4 B TR M R S A TR, RPN AR 3T RIS A ek i b
BLINRE P [FI[4]. SR, A BREL AL RO E I OCHE in) . Cu-N BCALAE FHAS B, il i e o Kk B 55
KRS HANTIRIE AR B FERE 5 CuC  HUE PR FIDCAD, = REMFA.
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BT LB S AU % 1 Cu@NCS fEALF, JERUER R AR H AL (MOYE v HRio 4y, 48
Bl Cu-N BCAz A Y DAL il 26 1 R h UK IR S5 SR B S HOR IS MR BRIE AR E S Cu® I R, 4R
TOZMEA I S A EAAR R T AL PR RES A RN o ASHIT T S ETT R — b i A A 1) S S A A 71,
B GRR K IR BE AL PR AR AR S BRSO, HESh ARSI AR AL L AU AL H AR (1 T AL NI -

2. TBWEMH
2.1 RAlSHH

FTE VR 258 Tk % . EhIR % (DAY 2Tk AR 4R (11)(Cu(acac)z) K H 1L R RHE LA R
AT K CEERE KA K B REET & FAE A0 T A FR A B R & @ ARtk THRA R AR
BT REE T e B R R R BRA 7] 5 BRIERAR (AQ2SO04) FE AR B HH (K2Cro07) Bt FR 7K (HgS04) - 4L T EE(TBA).
XK R (p-BQ) -~ HREE(FFA) LA A H B F8 (MO) AR I B 1 25 S A il A BR A | . &AL (NaOH, >99%)
FIBRR (H2S 04, >98%) T R EFF 2 BRALFARX A PR 71, BT I35 4o

2.2. SEH{UEE

RAAMARRAL, CFG-100, =RIFMRBHEAR AR SiRE W, OTF-1200X, & AERFSMEHEEA
HIRAT s LA WA e BT, N4S, B TS A IR A | s iE 5 ¥ WA (TEM), JEM-2100F,
HAHL 7k e 4t s X2 AT S (XRD), SmartLab SE, H A< Rigaku; X 5486 H 1 i (XPS), K-Alpha,
J[H Thermo Scientific; F7=FJ#4H, DZF-6020, ¥ & A BAIBUXR &AM AR B RF¥, PRAC-
TUM224-1CN, FEZFIHEH AR AR ER AR Mg E 0L, HC-3018, ZHh Rl R # A IR
AF.

2.3. fEHFIHIE

#1145 CuU@NCS EALF R FA KL B/ ERREL 0.5 ) DA 5 5.7 mg K Cu(acac), 1% 10 mL ] 40%
LEEH, 263 35 min A AL S AR B IARIE I, CAEVEW AL TER —ANBEA R, JEARFEIKREE(0.1M F 0.5
M) KBTS 130 mL () 30% Z R A HE, 35 min 2 )5, 1 AVET B. SRJGIEIETR A 1818 2VE
BH, =ik Fi#E 12h, ibERM. 12h BRG] K PDA 9PKERIERE RN . RN AEHR G, KA
PRTE 9000 rpm ) iy id B Co L TR 2 2, fRIBE ISV, A [ 44 43 i FH G /K SN 25 88 T /K B B0
AT A/E 60°C FHZ T 12 h 5735 Cu B4R 2 EKHT IR A (Cu@PDA). K Cu@PDA N F1 Jafify
o, FEE/UR T L 5°C/min BTHEER A 800°C, {R4F 2 h IR ARAL, BRI 1M FBRER b
SR, BRI BFRETTE, SEmAR T BHAMEA——Cu 5E 1A IS KA K R (CU@NCS).
PEAFZAKIREE0.1. 0.2, 0.3, 0.4, 0.5M), Fif3BIHIMHEAFIKIRFRIE N CuU@NCS-1 £ CU@NCS-5. X}
HEAE S NCS (R4 5 T AN Z BE R B4R 41, Hopdb 3R —FE.

24. EURERUSGZE

PR AT ) SEIR R AE S0 25°C P HEAT . FEMEAL SN TN 400 mL FIIEREIA L P AR AL Os
AL BT R A s R TSR MRS A ST HE N S NE 8% o AR T 85 N R0 s, AN SN2 T 1 A ik
B3 mL AOFESRVEW,  FHE 0.01 mol/L Bt URRE R B VA MR 2% 1k Og S, JF3dIT 0.22 pm R /K ML JE A
PR A UG PR AT IR, SR A Ao Je 6 ETHAE 465 nm K N IIE MO MREE . BT AR A A A
MACAR (KN BB G HE o O 1 R SCIR 45 RO HERR, SCIRHR 7> = AT, Hs B N Se i 45 R -1 8
HE.
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3. &R5118
3.1. ELFTIRAE

3.1.1. TEM #1 EDS & Mapping F=1E

500 nm e

1 Oﬂm 1 Oﬂm 1 OMm 1 OO_nm | Omm

Figure 1. (a) TEM image of CU@NCS-3; (b) STEM image; (c) HRTEM image; (d) EDS mapping image
& 1. (@) CU@NCS-3 #1%lg9 TEM [E; (b) STEM [E; (c) HRTEM [E; (d) EDS TZEH#HE

K 1 HEI(a)s (b)A) TEM Al STEM BB W7k, Cu@NCS-3 # i EIEONEMIERIE LS, KR k%
£ 7 80~120 nm, BROREHEDGH HAFAED R RU/NYE, DY A HYIR, LA/ 48 K BURL T 3 5
o BRICEM AOM v A R AR RO AR LR, RS SR THIEAL TR R L /KA S B4 28 Hh DR 5 R 47 (9 7
B, RIS AT 4 RS e S s AL RO RO BBE B, DR RS BB st 8. 151 1(c)f HRTEM K&
o, A DL IS B % SR SUALEE DY 0.18 nm, XS Cu® i (55 (111) T EE ) [5], FLEUESE 140K
RLET AR LS s Cul UKL ST 2108 5~10 nm, 53 T B GOK BRER I BRIk T 15 28, R HH B 2. 141
KIZR, 5 XRD RALH CuC KL 3 L AL IS I 45 FAH TLEMIE . BRAh, MR R 0 WA B I i 7 B A B AR
FiEIR, Cu@NCS-3 MkHA S I ZRIEE L)y 0.37 nm [ 885k ks 4540, 5 KT 0.34 nm A 384
W®RE0 IR AR OURT REAE T BT I PN BB S8 [6] . MBI 1 SRS 21 SCHE AR 4 K R0k (1R
M, g L S S RN EAT . 5] 1(d) ) EDS JusR AR, Cv N. O+ Cu PUFHITER A K
T Cu@NCS-3 ¥4k}, TIESE T 4 9 K FURLAE i B AR T AR i FE 20 1, RUAB R BT LA R FR 1) Cu® JBTKL
BRI, RS E 7]

3.1.2. XRD F{E

M2 1) XRD 1% G T AE Y, 5 ANFESLE 23° A1 43°(1) 20 T AL #HBE T AN Se AL AT i 0, ot
J% TG 7€ Tk (4] (002) [T A Cu FrI(111) df A& THI[8], i W el B Ak 5 1% S8 St AR T B T 284 SR AR 22,
XFREE R RE I 4 JE AR gt 1 R R M AL A, X AR R T R B AR TS RS Os 70 IR iy
Bo 4h, IEAE 43.3°F0 50.4° AT I T RS /N, 6 B Cul FRIRFIE AT 5 (PDF#85-326) [9], IX RE L
W14 70 2 AE CU@NCS HEAL A AL B I DA K RIORE A7 £E 1) o

3.1.3. XPS FA{E

Kl 3 JEos 7 XPS A3k Eli, Cu@NCS FEfi kR C 1s. O 1s FrfiElgsh, HiBHl 7 WA N 1s #1 Cu 2p
FRAEATHIE, EHAESE 7 N Cu I3 AR BBkt k.

Kl 4 HR ] 4(a) 7y Cu@NCS-3 HEALFIM BN R 70 B C 1s I, L2/ U dil &5l £5 21 DUMRFAE U 284.6
eV ALXfR C-C/IC=C ##, itk 64.6%, NERIIKERE 2L sp® JALRUAT a2 4bti, A WAEII) AR,
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Figure 2. XRD patterns of different materials
Bl 2. TE##E9 XRD Eli%
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Figure 3. XPS survey spectrum of CU@NCS-3
& 3. CU@NCS-3 By XPS i

RRE AR A SRR, AR SR T RIFM4 AR 286.1 eV 4% C-O-C/C-OH
i, T EE 27.0%, YR T hpRER I Ak | B AR S AT R, 5 O 1s B R AL AU KRR WA L EAIE ;
287.2 eV AbXF M) C=0 B (5L 3.6%, Jylid 28 kL BR B RHIE(S 5 288.8 eV X O-C=0 #,
L 4.8%, REBM BRI IFILRIL T GEF[10]. C 1s (P IELE RN, BRALKIRE HFEEEF M
FECE R, X EEE R A A BB SR M AR B SEKE, BRTF AR AR R K A B, I R D B
B, SHGKRBRLEITER, (21 Os 40 T I 554k

Kl 4(b)f N s Bl T4 2 ik iE %0(398.6 V). MEI%%((399.8 eV) FIfr 52 %((400.8 eV) = AMEFEIE . it
WE AR ST (S 35 2800 1L, P S 9 KR SR T 1Y) Cu B2 1T BRBC A F , — 7 T o ) ok DA i
RIEFRR, H— s A R Cu R FI T2, Wi O 4 FRiaLaE J1[11]. Mkrg
R EE X CU@NCS-3 e AL Os PERESZ AT K, MEnE & | S5 ML iR 2 M. O 1s B (14 4(c))
Yoy Nk 4(530.2 eV). KWK FH4E(531.6 eV) AR 3L 4((532.8 eV) =AMIE[12], R A SHIEE S
HiHE 65%. X AE AL TSR AL AR K, ST AR KA R B B, R A B 1
AR P AR, (2E O3 43 il AL eOH, AL S B FR LA /MG M O o 343 #% Cu 2p BT 45
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RAEKE] 4(d)h iR, 932.6 eV M 952.4 eV Z5 G REAL I HRIEXT N Cu 2pa 1 Cu 2py2, A Cu® ML A RRAE
[13]: 943.3 eV 1962.9 eV AL 5y TR WER WIAFAE/D & Cu*, I HH 48 K RURE 2 T 8 S el AL 7= A e
SRR T B AL AT o 125306 P& RS UIE SRR 0 SR Fh A6 J8 SR iR U7 E, 5 XRDL TEM RAEZS
FARVTHC -

@ (b)
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~ ~ saow [\ P y/r\i“zill‘i; 01/\1
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Figure 4. (a) C 1s image of CU@NCS-3; (b) N 1s image; (c) O 1s image; (d) Cu 2p image
B 4. (a) CU@NCS-3 #4189 C 1s Eli&; (b) N 1s Eli; (c) O 1s Ei&; (d) Cu2p EiE

3.1.4. RISHIERIE

K5 fh St , FTE RS AE 1350 et (D 1) A1 1580 cm ! (G U) T HH BURRAE VG, 49 31l %6 BB A4
BHAERFE AL CAZRERIE . AR T 1520 5 R S ARV sp? 244k C=C ##[14]. D W5 G WERI5RE LE(Io/ls)
SE VAR R B 25 B A% O AR, 1ol lo (BB s R B R BEAFE I v, A SR Ak KPR . 1] 5(a)Hh NCS £ 5
(1 1o/lc {4 1.12, 1fii CU@NCS R FIFE it 1) 1o/l E 35 1 T 50 fE , i Cu@NCS-3 # i In/le fE 4 1.23,
F U 0 2R 1 A R SN T BB SR R R o BRI T BN O3 RV G W) 73 T $& SLAT AR B o7
M B AR I H T AE ELVE R CuC (LA, SR T AT TR [15] . (HBRAA S FE SRR sk, I & sk
oo SR AR e e NI, M LTS A ERE . 45K, 0.3 M ZUKHHI % CU@NCS-3 FEf LA
ARG, BEREIR ML 7 R AE MO s, R RIEm B g MR, Xt H v R B DL ) B B 4
FEERt . &R EE(0.3 M) RIS BRI 454, Cul /3 Bddi4), mkne N Fofr7e sy, SRR EET, R
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Figure 5. (a) Raman patterns of different materials; (b) The influence of material defects on catalytic activity

E 5. (a) TEMBEORIBAIE; (b) MRHERFEITHELE MR

3.2. EURSIFBPEGMERR

K 6 B T AR NAR R MO IR 2GE. A Oz fEH T 60 min P MO 2[R 1Y 53%,
COD %:F#% 30%, R Os 7 TIEFEMAMBE IR AT ABAIK. 5INEBREK(NCS) 5, MO %
BRARETE 2 62%, (HIGIRTIA TR, VAR —BM RN Os TR AZIE SN, 13k Cu0fs, Sk R
Rhe B ST RIS THE PSS CU@NCS-3 I, MO L BRFIL 94%, [ W3 #H 2 Kovs 4 0.0438
min~t, 35 HA Oz 1 1.77 £ A1 2.8 5, COD ZfR3 75%, HH M Os E bR TH 134%. Cu@NCS-3 #4
i, Cul B 4erh /r BU 50 RARE . g 20 b S SR % T AL T K, eI < @ s 1 bt s
HIE T B AL S SRk = F I T B AEITAS, BELRUE T 78210 Os G AL a1, X4ERE T MO S H (i)™=
YIAEFLIE A A R 5, MU ATE IR RS . 3 )12 0 i R B4R RIFF & D — B 1%, CulBIgIN
AMUIIE T MO Fef, S = A vE M R it 7R FEMEA, 4/ T It R S50 bR i) 22 0E, Rt
Cu@NCS 7EMEAL A E M IR FTAE, K4 P R I A 1 R R 45 e KAk o G HL Cu@NCS-3 M KFRL FH T 5 25
SERGHF AT

3.3. FRIXWEZEMR

MO HRfRId R AR — R R e, [RAR R 2 B ok A AR AT PT RE R MR B 24 1) R BRABUR
BT, SRR RIS T BINE . O WK WILh MO ¥R DL IS pH B fh S A S AL AL
IR o

W 7 fis, B 7(a) L BN E B 25 mo/L #4100 mg/L i, MO 25 B SR E TEA 8 R R
MR ERT, 100 mg/L G i T—580 BB S LA, S E#n 5 % &Mk AR 5 Os T s
fifto O3 ¥REAE 80~120 mg/L PN, Bk &t BN, {H 100 mg/L 5 120 mg/L M4k 4, KNG
PELL AT 7(0)); #EE 7(c) i MO K& 25~200 mg/L JEFE Y, R B [X 18] (25~75 mg/L) RIS PE AL 55
72 H MO 5 ROS #fih7e sy, FFfRis, 30 min EERZFLIE 90% LA ;s @ik E F(100~200 mg/L)H T
MO R H b fige o 18] P i VAT o5 f0 35 4 W B BRI . ROS AHXS AN, B At i 28 52 36 R4 AE, {2 60 min 2
BREATIYEREIE 85%~90%, KA RTE m i far 2% AF T AR A3 RE . [ 7(d) FIVE AU pH XA
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BESCM R 2, pH=7.0 I ACRF i, ZEIZL AR pHoz (6.8), BLIN R HF2IE(=Cu-OH) AL T PEIRZS, B
Dy BRI P TV A, fe M T O3 MR S5 e0H AR il SRR SEAF N i VE L x5 B 740 Og [l«OH #eAk, ik
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Figure 6. (a) Degradation performance of materials; (b) pseudo-first-order kinetic fitting plot; (c) the kobs values of MO
removal in different systems; (d) the COD removal rate of MO under different systems

& 6. (a) #MHRIFERRIEEE; (b) A—RINNFHEE; () TEIEFRT MO EKBREI kobs 18; (d) AEFZFRT MO B COD
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Figure 7. (a) Effect of different material dosages on MO degradation; (b) effect of Os concentration on MO degradation; (c)
effect of initial concentration on MO degradation; (d) effect of initial pH on MO degradation

& 7. (a) FEIMEHZMEI MO FERZRIE; (b) O3 iREEXT MO FERERNE; (¢) TRIBIRFIGKREXT MO FERESZMR; (d)
#4A pH EXT MO &SI

At B OH- (R BE AR AR 2, (EAEAL SRR T £l 5 B S 7 MO 2 18] 1 #f B HE R I 59 1 ST i e 2k
RO E IR BE S BIT AT, B E AR SR8 25148 : MO FTIGIR 100 mg/L . AL #%hn & 100 mg/L.
O3z ¥k /% 100 mg/L F1¥J4G pH A 7.0.

3.4. EUREFHNHEIFR

TEME L E AR R, ROS (1R 2 ] B S S A% 0 FR T . B CU@NCS-3 i ik S AL
MO R ) S ENLE], ARBFFER A EPR Jeil4h & H H2EPE K L0878 T Cu@NCS-3/0s R R (1 H
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Figure 8. (a) Free radical quenching experiments under different reaction systems; (b) EPR spectra of DMPO-+OH in different
catalytic Oz systems; (c) EPR spectra of DMPO- O} in different catalytic Oz systems; (d) EPR spectra of TEMP-10z in
different catalytic Os systems
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Table 1. Comparison of the performance of catalyst reported in the literature and the Cu@CNS developed in this study
= 1. RKIRER LT e S AT M CuU@CNS tEi
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SN T R H %5(0.0438 min b & FH O3 11 2.8 f5, COD [ 75%, H7E pH A 7.0, O3 #E 100 mg/L
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R RIEIEOH 15 O NI AN CuC e Os JFEAL o ff Az R TS TR E A (*O/*0y), BB - Tk
B sp? b AR E Cul R E Cut/CuP AL IE IR IEFE, 3 BRItk 1 «OH M T4 . Cu@NCS/Os
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