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Abstract  Although aqueous dissociative Cu(1I) could not effectively activate peroxymonosulfate (PMS), the cupric
complexes formed by complexing with tetracycline (TC) could activate PMS and realize self-catalytic degradation of

TC. The generation of cupric complexes was verified by UV-Vis and high performance liquid chromatography
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(HPLC), and the reaction pathways, molecular structure model, free energy variation, density of states (DOS) , and

complexation interaction of cupric complexes were revealed by density functional theory (DFT) calculation. Tt
was found that the d orbital of Cu in Cu(H,0);* was complexed by accepting the lone pair electrons of p orbital from
hydroxyl, carbonyl, and amide group O in TC, and there were five possible complexation models constructed, all of
them showed a stable bidenate ligands and hexatomic-ring coordination structure, in which the free energy of complex
M1 became the smallest and its structure was the most stable. The interaction of cupric complexes formation mainly
included van der Waals force, weak interaction, covalent bond, steric hindrance, coordination bond, etc. Cu(11)/
PMS system had significant self-catalytic degradation of TC, which could be completely degraded within 240 min
(degradation efficiency was greater than 99%). Furthermore, under alkaline conditions (pH=10) , the activation of
peroxymonosulfate by cupric complexes coupling Cu (III) complexes generation in situ promoted an intramolecular
electron transfer (IET) process dominating the selective oxidation of TC. The pH-mediated IET mechanism of cupric
complexes activated peroxymonosulfate selective oxidation of aqueous tetracycline was further elucidated through
DFT calculations from dynamic and microscopic perspectives. The new findings in this paper further verified the
self-catalytic selective oxidation performance and mechanism by aqueous cupric complexes activated PMS system,
which provided a potential solution for the synergistic decontamination of actual wastewater contaminated heavy
metals and antibiotics.

Keywords Cupric complex; Peroxymonosulfate; Tetracycline; Selective oxidation
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Fenton {8 R B P EALRERE TC ATERE S 707N R TR RSB LS S PR B HIAICR .

1 SEIGERS

11 RXF 5SS

GRIR | S ALEN . SRIRENFIAEIREN , 3Hral, JOHT R # A R A\ IR R (TC) | i —6i
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Nicolet 1S50 %Y {ef HL 08 e 21 SRS 38% (FTIR) , #2[E Bruker A 7] 5 JSM 670 B34 Hi - . il 4% (SEM)
F1 JES-FA200 %Y Hy I #4 H 4i 3% 3542 (EPR) , H A HLF /23w ; D8 ADVANCE A25 B X S 4R AT 5%
(XRD), f8E i€ 7d AXS A PR H] 5 UV-3600 8 4h-1] UL 40 6B 31 (UV-Vis) , H 48 Shimadzu 23 7] 5
XEVO TQS Bl S0 AH 3 - i I A (HPLC-MS) , SEEIRFFHA A
1.2 SCEEFE

LA SRR F R (2541 °C) TR FERIHETE B (250 mL) i 7. 23 BC ] T B R 10 pe/L 1Y
Cu(ID) F15~10 mg/L 1 TCAREIRI , FHBCH Vo /Vae B 1:0, 251, 121, 1:2H10: 1 IE-SVER . 7E50 mL
IRV RN A PMS(0~30 mg) , 181t UV-Vis F1 HPLC I 5E TC 1K AT G W . 7EIR-S v
A DMPO I TEMP, il EPR 3k F fi 3% (COH, "SO;, 0,) fdE A %L ('0,). #£ 10 mLIEA WA
PR | GO AR IR F B (1 L) 64 0 K B2, Tl i HPLC X FL AR K i B R g% . 1] Cu (1), PMS A1
Cu (1) +PMS W I A = LR (1. 3 o) FIASAALEN (0.5 ¢), FEE TN 12 h 5l UV-Vis 7E
415 nm PR AL RS ASIN Cu (TID).
1.3 EpitE

PR AR F Gaussian 16 #8272 #E17, JF35R A PBEO R ™. X T ILMZ5 AL R4
XF Cu JEFR F SDD ECP 34, X H B JE TR 6-31G(d) 34, i TR L & r LA IR .
PALEZS SRS R AT T Cu R 7R A SDD ECP 384, X B R 7R A 6-311+4G (d, p) FL4H ", RAHF
BJ BHJE A DFT-D3 {0 {508 1 X 5540 B A R T IE, DL SRS . R SMD [ i i AL ke £
PR RERY . 55, KR ME AP S RE R NN B Z B A 0 B BB BT rp, AR 35 A i
HfE. K5, A TaA R E A A AR, R RS (TDOS) | #A%E (PDOS) S
B )% IGM (Independent gradient model ) , IGMH (Independent gradient model based on Hirshfeld partition ) Fl
IRI(Interaction region indicator) JFEEfREE T Ca(1D) FITTC FALE-A750W 2.

2 #FR5iTE

2.1 KR Cu(ID)-TC B &HERY
Cu(I1)-TC IR AR L Ah-0] TSGR 1(A) A (B) s . vl WL, B Cu (1D AN A b Hofe
B3N, R TC B ROEEA FTREAL, JFEBUH 0 1>1:1>1:252: 151:0(V, / Vi) I AL REH .
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Fig. 1 UV-Vis absorption spectra of Cu(II)-TC mixed solution with c;.=10 mg/L(A) and 5 mg/L(B), effect
of pH on the UV-Vis absorbance of Cu(I)-TC(V,y,/Vc=1"2) mixed solution(C), high performance
liquid chromatography of single and Cu(II)-TC mixed solutions(V,,/V;=0:1, 1:2)(D)

Inset of (A): molecular structure of TC; inset of (B): molecular structure of Cu(Hz())?.

TEAF pH T, Cu(ID)-TC(Ve, 0/ Vie=1: 2) 1R W W 1 540 -7] WSO GIE Qi 1(C) s, 78 pH=10
i, Cu(ID-TCIRATEW M E AR, UL TC & BAIL, B ATty . AT, TCR kS
Cu (1D BYHEF 13, FBOA RS AE AL, 124 pH>10 )5, Ca(IDBEHTIE, W7 24 Cu(ID WD,
S TC A WEEZ AR, ARE pH F Cu (1D -TC YR AV A A WLIE 25 DL 78] S2 (AR 3 3 4545
), MpH>10)5 , AT PTG B IUTIEY) , I+ HLBE pH (28 RUTIE Y i S th iz i £

H T i Cu(ID-TCIRA W T AL S WA B, BT (Ve /Ve=0:1, 1:2) = 30K
AETERT LN 1 (D) R . AEB— TCIER (Vo /Vae=0: 1) H, 1E1=1. 38, 3. 03 F13. 19 min i} BLHA 5.
B I I | T AE Cu (TD -TCIR AT (Ve /Vae=1:2) , IR E] (i=1. 68, 2. 07 F12. 77 min) & =41
MR . Bk, E—UEH Cu(1D)-TC SR A K.

HE— 230 5 DFT 35 WO £ 3BT Cu (1) -TC 484 W0IF it 5 b 1 22 R4 T80 | A B VR
JIFIH HAEAESF . Scheme 1 7KK Cu(1D) 5 TC AT REMIZE GBI . 558, FEKIEW T, Ca(IDFE R
J5F 15 H,0 284 )5 DL Cu(HLO ) IITE A8 A LUk, TCAE A, FR0E | BRIE | MhMEEE O 110 p B NS H,
F AL 45 Cu(H,0)F P Cu A28 1Y d LB 45 A RO TR B Cu (1D -TC 25590, FHAIS T S R ol REMY 4%
HIE, firdsh M1~M5.

SHPEN Y A HREZE (AG,) W Scheme 1 FIER 1. 255 M1~M5 (1) H FHAEZY H-1951 a. u. . 4§ T=303 K
I, SHRREEA TN Y AG. 5351 M—86. 86, 7.91, —33.76, —77. 82 Fl1-26. 28 kl/mol. 4 T=353 K}, 5Fh%%
GV AG 53 ) h-96. 44, 2. 34, —43. 30, —87. 78 Fi1-37. 36 kJ/mol. %X FEHALE pH=10 2545 SO S
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Scheme 1 Reaction formula of Cu(II) and TC in water

Table 1 Free energy change of the complexation reaction

AG, 303 k=—86.86 kJ/mol

AGSY 353 K=_96.44 kJ/mol

AG; 303 k=791 kJ/mol

AG; 353k=2.34 kJ/mol

AG 303 x=-33.76 kJ/mol

AG 353 x=—43.30 kJ/mol

AG; 303 k=—77.82 kJ/mol

AG; 353k=—87.78 kJ/mol

AG; 303 k=—26.28 kJ/mol

AG; 353k=—37.36 kJ/mol

Free energy correction/a.u.

Free energy/a.u.

Species Electron energy/a.u.
303 K 353 K 303 K 353 K
H,0 -76.3859 0.002584 -0.00118 -76.3803 -76.3840
H* 0 -0.0102 -0.01231 -0.44141 —-0.44352
Cu-4H,0 -502.587 0.067376 0.059214 -502.517 -502.525
TC -1602.18 0.420748 0.405165 -1601.75 -1601.77
M1 -1951.56 0.456565 0.438817 -1951.10 -1951.12
M2 -1951.98 0.466724 0.448389 -1951.51 -1951.53
M3 -1951.54 0.456971 0.439220 -1951.08 -1951.10
M4 -1951.56 0.456087 0.438193 -1951.10 -1951.12
M5 -1951.53 0.452588 0.434274 -1951.08 -1951.10
RIATHY TSP Z AT . sk, M1 6
MEE I 2 | it , R E R AG, /). -
50 + Frono=0.2423 a.u.
IS LR BT L) M1 o 2 BT 2
N =
M1 f 525 %% B (TDOS) Fl i 4 745 % ¥ °
N s 30
(PDOS) WL/ 2. 7 TDOS, PDOS & f i B 15 ¥ 2
[72]
A3 FHUE (HOMO) REZ 250, Cu B9 PDOS H B g %
7E-0. 39 a. u. A7, J& T Cu 2pHLiE, M1 PDOS 10
UL 7E-0. 1816 a. u. . M1 A TDOS f£ 15 —0. 67, ol

—0. 58, 0. 46, —0.40, —0. 07 f10. 06 a. u. ZLH 6

—0.8 —0.6 —0.4

AUE . M1 TDOS HL A —0. 1927 a. u. , M1
Eyono H-0. 2423 a. u. .

FIE AL R A R Belal K B B 9 AH B AE A (Independent gradient model based on Hirshfeld
partition, IGMH) fT 53755 0] LLKS sin(A,)p oK B0 1A [F] B 505 21 6g, 8™ Fl g™ A S5 TT o 12
SNABEAE R DCER . A ELAE 2RISR A, 45 5 anE 3(A) B . Cu. PIAH,0. TCAEN 44 Beilt
FE43HT. M1 Sg, 8¢, Sg" SR/ 45. 61, 1. 24 144, 37 a.u. , BLAERWE 7L JFE T (Cu) S A

Energy/a.u.

Fig.2 TDOS, PDOS and E,,, of M1
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(TC) 2 [8] {4 Vi F5 A8 AR B AR AR 25 0 W 5 | 55 A0 B4R . A B VR X 3848 7R pR &R (Interaction region
indicator, TRT) 118 5 vk o] DA HEAE b (8 /R Ak 24 58 A S55 AH B AE ™), 25 5 & 3(B) TR . sin(A,)p 7E
—0. 04~0. 03 a. u. JLFEINAATEVFZ ARG, J3 XTI TIEFEAE Ty | LR 2 B2 s A AR . otk
Gh, B —LE/NF-0. 25 a. u. ARG, XN FAb 2@ s A e

(A) »  vander Waals (B) van der Waals
‘*.’ interaction interaction
-~ p ’

sign(/2)p decreases p ca. 0 sign(/z)p increases sign(42)p decreases sign(42)p increases
p<0 A2)p d pea 0 A p>0 p>0 A2)p d pea. 0 A p>0
/{z<0 iz ca. 0 A2>0 : Az>0
—OAggoa.uA 0.05 a.u. 0.02
LY - — ) — > - p>0 W N N
Bond with Prominent attractive  van der Waals Prominent repulsive _ )
nomegligible  Veakiineraction  interaction interaction(steric Chemical Notable attraction: _ vdW  Notable repulsion:
covalency (H-bond, halogen-bond ...), effect in ring bond H-bond, halogen-bond ... interaction  steric effect in ring
and purely ionic bone and cage ...) and cage ...

Fig. 3 Configurations of IGMH(A) and IRI(B) of M1

2.2 Cu(ID/PMSEZEXT TC B B L BEfEERE S H1IE

7E Ca(ID Y&, 7E Cu(ID-TCIER (Ve /Vee=0:1, 1:1, 1:2, V=50 mL) I A 10 mg PMS, fiff5%
Cu(ID)/PMS & Z 1 Cu(11) W FHHEXT TC A MEALFEAR 3 12200 s2ma L 4(A) 1. AT UL, 5 Ve, /Vie=0: 1B,
BIJE Cu(ID LA, 90 min P PMS X} TC () %A 5 0] LLZWE AT . 1 TCAE Ve V=11 2 VK F P A R A R
BORTAE Ve, an/Vae=1: VIRR , IF HAL— M3 3 155 08 -0. 0320 min™', REERT Ve, /Vie=1: 1 HIE
F (k=—0.0219 min") [ E14(B) ]. HEFMERBCRSAFIAR TRE GV R R EAC. T, FEhE
FE Ve Vae=1 1 2R RIE—0F5E TC 1 A fEIL R FRPERE S HLEE.

A B
100 —( ) > 5 0 _( )
80 2
-1.0 | ¢
\r; VCu(H)/VTcZ )
< 60 01 <2 £==0.0219 min~’
L E S 90| ?
< = . -
40 - Veun/Vre:
B B o 0:1
20 S
12 £=—0.0320 min"'
0 | 1 1 | | 1 | 1 1 _40 | 1 1 | | 1 | 1 1
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
#/min f/min

Fig. 4 Effect of Cu(II) content on TC degradation kinetics(A), and pseudo-first-order constant(B)
when Vi, /Vic=0:1,1:1,1:2, m;,=10 mg, 30 °C

1E Cu (1D -TCIR B (Ve o/ Vae=1:2, V=50 mL) H 1A 0, 5, 10, 20 F130 mg PMS, #f5% Cu(11)/
PMS 1A Z w0 TC 1Y H AL B 5 2% K s A BB (TOC) 2234k . B PMS BITIA, TC BB, 24 myy=
10 mg I R AR PE RE Fe A, 60 min IR R AT L2 87% [ K S(A) ]. Cu(ID)-TCIRAIEW (Vo /Vae=0:1,
1:2)[ TOC 4354 11. 46 F111. 69 mg/L, JIA 10 mg PMS 2 60 min 40 ¥ 5745 5 11. 13 #15. 68 mg/L[ K 5
(B)], 23 BIFEAR T 2. 88% Fl151. 41%. iR, Cu(1D)/PMSIAZR X TC HAT B35 19 A fEAL R i 2.

Chem. J. Chinese Universities, 2024, 45(12), 20240337 20240337(6/12)



. P4 s Hg g R

Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES HRiLx
100 T
100 F —— 14 -(B) - II;C‘,(%I;Tf(l): % < ©) 9 5‘ I i I
cuany Vre=1: S ] 98.2
%0 12 11.4611.69 % 90 7.3 96.5
o 11. g
—~ — ~ | 'S -
5 60 —— mpMs=0 mg bl) &E T
S —o— Mpps=I mg é g
E- 40| ¢ mens=10 mg s 5.68 S 20 -
—o— mpms=20 mg g ]
—o— mpms=30 mg b=
201 5 10F
— g
0 L 1 1 I 1 L 0
0 10 20 30 40 30 60 Original solution PMS None CI° CO;” NOj;
f/min
100 T 100
- 5 Aplgpl 100 |- - =
s | @b bo3 oo bs 4 s 7 < e " tl g |® ﬁ“ =
= K '] =~ 80 |- HA o
g 0F % 80 , .| &
5] s 5]
. — Q . —
2 ks _ 2 -
= 2 eof . s » pH=2 = 60
5 5 T3 * pH=4 ° : 58 5
5 200 5 : pH=6 | & 40l483 52 3
g g 0 v pH=7 g
£ 1ol B i i 5 20
P 8 20 < pH=10 | @ VT
A g > » pH=12 | &
O 0 | | | 1 1 | O
0 01 03 05 1.0 0 10 20 30 40 50 60 2 4 6 7 8§ 10 12
Mass fraction of HA (%) f/min pH value

Fig. 5 Self-catalytic degradation Kinetics of TC in Cu(II)/PMS system(A) and changes in TOC(B), effect
of coexisting anions(C) and organic matter(D) on degradation efficiency, effect of pH on degrada-
tion kinetics(E) and selective degradation(F)

Inset of (A): the appearance of Cu(11)-TC solution before and after degradation.

PP A AP R I AE Cu(ID -TCIREVEM (Voo /Vae=1:2, V=50 mL) FPHIA BT 4350k 5% (R
TR . BREREN . IHBREA A 1% JEFE R (HA) #emﬁllhit. & 5(C) A UL, B2 240 min Ji, 25 FIRESS (CEHR
HNFAES 1) v TC (BR824 99. 5%, H-H. Cu(ID-TCIR SN 5% 1) CI-, CO%~, NO;J& TC 1)
Wit 3 0 S 20 R 97. 3%, 98. 2%, 98. 2%. FHULATH, e A5F T (pH=10), Cu(1D)/PMS & 17K
RILAEH CI, CO3™, NOSXTTC R ma A K. Hk, iEIS(D) AT, Cu(ID-TCIR G H
AO. 19%-~1. 0% HA XF TC 1 B A# 52 MHA K Ela%k{zlx,fﬂ@cr, CO3~, NO;, HA ZFRE R B THAESE
Fenton 2 N =4 1 H L COH, "SO, 7, "0,55) 23 T8 TC M BEAf R R FEREAR, Fh b 0 25 10 Wi 1 2%
T Ca(ID/PMS IR ZR FEfF TC AR A 3T

A pH(pH=2, 4, 6, 7, 8, 10, 12) T TC BB LA 5(E) Fron, 4 pH=10 B}, B#A% 30 ) 22 %
P, B R B 5 (60 min N B SR 249 99. 6% ). K AR TC Ay 3 8 A Ak 38 i 7 Cu (1D -TC IR A 1 i
(Ves/Vae=1:2, V=50 mL) AR 23 80H 5% 1) C1 M 1% ) HA , AJA] pH(pH=2, 4, 6, 7, 8, 10, 12)
T TC B R RE QIR 5 (F) s . 24 pH=10 1, EFRPEREMSCR ISR, 1l k524 98. 5%. MifEMR
M2 T Ca(ID/PMS IR R XS TC L PR ARAVE A B2 TR, RERRN R AT TC 1k 5
Cu(ID) WHEF Ju3am, S84 A 1A R FEAIG; R, pH>12 S REMRCR t i 35 TR, H 2 iR
SR ST Cu (D) 19 R S DTVE T 804 B A 455 Pt 2 Rt AT s e i Ak 7 4 . BRI, Ca (T1)/
PMS A& Z AL TE M 5 1R 2R P 48 G 0 A B AT IEAHDGE , BRS04 5 A s AR T 1

R T G ERE Cu(1D/PMS AR R %] TC AR ATAE B FRIEHLE], 2550 DMPO F1 TEMP™ 2y A T 3k

FIHEAT EPR 20 H IR A H1 BEF1E A 1 55 COH, "S0,, "0, F1'0,5 %) ; fEM LAY L MeOH, CHCL,F
FFA PR F ) %b o KR g BB AR . HE Cu(ID-TC (Ve (/Vee=1:2, V=50 mL, pH=10)IR & V&K
A 10 mg PMS )5, i ik DMPO Fil TEMP i3k | DMPO-"OH, DMPO-'SO,, DMPO-"0,, TEMP-'0, 755
g, SRIEHIA 1,60, 0.50, 0.05F11.50 a. u. [E16(A) 1, BiBA Ca(11)/PMS {4 %t TC i A 1L R
fAE IR f OH, "S0;, 05, '0, 55, Wik MeOH, CHCL,, FFA (58 K S8 gk — BB E 1 L b 4%
. H o, MeOH “HOH FI'SO, ) % K 7 (k [ "OH, MeOH] =1.2x10°~2. 8x10° Lemol™*s™,
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k['SO;, MeOH J=1. 6x107~7. 8x107 Lemol™+s™) . CHCL, 05 A K5 (k[ 05, CHCl,]=3. 010" Lemol "+s™)
FFA N0, 8 K5 (k['0,, FFA]=1.2x10° Lemol™"+s™) . M 6(B) R UL, FEKFIINA I A B2
Wi TC AR, FI AT LIIAERA E Cu(ID/PMSIAZ X TC AR N e m s 5, A5 Al fE A Cu (11D,
FEF LA ARG, T —£ 50 Cu(ID/PMSIRZR b Ca(IID M E S/ . R T RAEX — 55, Cu(IID)i# 1t
A R AE ) Cu (T - = AR ER 25 A VIR IR UE Y | 245 B WITE 415 nm P AL FLAT 5050 m] WL iU, 3 L
W A U 588 B Cou (1) V& B A 38 T 285, #h e AT 90 25 56 B Cu (1D)/PMS 4R 2 Cu (1D A= B [ 6 (C)
(D) .
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Fig. 6 Signal peak intensity of "OH, ‘SO, ‘O, and 'O, in Cu(II)/PMS system(A), effect of quencher on
degradation efficiency(B), UV-Vis absorption spectra of Cu(IIl)-periodate complexes(C), linear

relationship between Cu(III) generation and Cu(Il) concentration(D)

Cu (TID) - B R 45 B W0 1) SEM B Fr WLIED 7 (A) AR S3(ASC S5 8. Al L, HEEE BRI
PRZERL . @A XRD FIFTIR X AR B Cu (D) - = MR ER 25 A5 W0 1) i AR S5 4 | DhRe 3L A kAT 2= AE [ 1] 7(B)
F(C) 1. Cu(lID)- R ER 265 WIHE 20=16. 73° AbAT B2 1 XRD 75514, FTIR #E 1000~1400 cm™' Y [H P4
A Cu—O Bt &9 Y 58 3R s OSCRRE 16 . A e B, 244 2R R Cu (TTT) & Cu (TIT) 45 A5 4 B A2 K,
K 7(D) %5t T Cu(ID/PMS F Cu (11 -TC/PMS {4 2 h Cu (11D Y IHAEZ) J1 %7 . W] UL, RN TC #Y Cu(11)/
PMS A& 2 Hr Cu (111 e B FEAR AR | TWiAE &4 TC ) Cu(ID)/PMSAR R, Cu(111D) BT FESh J1 24 S B B
TR, U] Cu(ITD 7E Cu(11)/PMS 4 22 Hh [ TC i - SAE .

BT U ESHT, HENER 25 6076 16 PMS A A B Uk TC R gt B AL AN R« B 5%, KR
LAE Cu(HO) FI TCEE BTE M F s &4, Foh, [Cu(ID-TC ™ (n=182) AL G, T
MTCH O 1 p BB AL 2 Ca N d PG, T2 Cu PR EEXE i Ok, PMS 9 0—O0 89k [ Cu (1) -TC ]
B Ca W B, TE B B2 (T, [Cu(1D-TC-HSO; 1) ; WM ASTE 5, CuE R M Fil i) Co—0 G =
PMS () O I, e T, OH 240 F X PMS (19 O—H 8, T8 I (TS) 5 Bl 53
[Cu(ID)-TC-HSO; 1 Cu—O # W 2E, [RIBSFEFf % PMS H O—H K& 0—O S I3, A= % H,0, "SOT,
[Ca(IID-TC] " (LA, 1), Hir, SOF MR L BIRAL, S bRE RS 5 [Cu (11D -TC ]V 4 H:
ARG RS TN TS, BT — 2 N TCHF 2 Cu (11D i 43 f# A Cu (11 FI'TC (&4,
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Fig.7 SEM image(A), XRD pattern(B) and FTIR spectrum(C) of Cu(III)-periodate complexes crystal,
consumption Kinetics of Cu(IIl) in Cu(II)/PMS and Cu(II)-TC/PMS systems(D)

TV) 27280 i TC 5 2 Bl 8 Ak B A B/ 4+ A WL 2 vl #5819 it (CO,, H,0, NH, %), i i
[Cu(IID-TCI ™ IET ML LI T TC 194 LA K2 Cu P IR SRR RS 24T, [Ca(D-TC]™
28 T AL PMS SEFPE AL TC 19 TET ML 4N Scheme 2 B, it #etn=t (1)~ (3) s, 1i"OH &
BV FIE SR Cu (I (A2 B[ 20 (4) (IE KR 3 25 50 K =8X10° L-mol'-s™, 351 [ Ivf 3 5 5 X
K,=3x10* L-mol"-s™", pH=8~10“0' ).

HSO; ; OH™-[Cu(II)-TC-HSO;]" " ‘

Adsorption Trqnsient state

Py Sl ’_;_/t//(%
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..
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Scheme 2 Intramolecular electron transfer mechanism in the selective oxidation of aqueous TC by cupric

complexes activated PMS system

[Cu(ID)-TC* + HSO; —> [Cu(ID)-TC-HSO; * " (1)
[Cu(ID)-TC-HSO, 1" + OH" —> [Cu(II1)-TC]*"* +H,0 + ‘SO* )
[Cu(TID)-TC]"*" + 4H,0 —> [Cu(IT(H,0),*" + "TC 3)
Cu(IlT) + OH == Cu(I) + "OH 4)

3 DFTHSEE— B IE T B RHLE BRI T4 . 251 T Cu(H0% RIM1 i Cu—O K S
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. Cu—O0 ) Mayer ## 2% . NPA (Natural population analysis) Hi, fuf 53 75 S B, B V) S 5. Cu(H,0)2
Cu—O KN 0. 1981 nm, H M1 Cu—O B (0. 1998 nm) %257, M1 H' ) Cu—O0,,,,,, Fl Cu—0
B 512 0. 1901 F10. 1898 nm. 4845 )5 M1 HY Cu—O0, B Mayer £84% M 0. 434 [ 22 0. 413, 1587 M1 4%
E W Cu I TC A FE SR A B 1% oAb, 2569 M1JE i L 746 B8 ol B2 vl 3l ok NPA FE faf 1
Hi B St — B U] . 285 )5 M1 TP Cu 19 NPA HLfif 2 HL B 7 S 1. 242 €, 10.03 eV FEZR 1. 107 e,
5.72 eV, FILUEIATE M1 HP LA (TC) BT KiEH R 20 5+ (Cu) , iX 5 Scheme 1 FI5E 1 H ) 43HT
GEIRIEAR—F. L, T PMS TR, S45A Y0P AR BB A 45 FE T340 B Cu RO I T2
JEE S S0, DA 3 PMS (936 £

Table 2 DFT calculation properties of cupric complexes

carbonyl

Bond length/nm Mayer bond order NPA charge/e Tonization
Complex )
Cu—0y, Cu*Oh) drosy Cu*Ombwyl Cu—0,, Cu—oww Cu—owbmy, Cu(1D) potential/eV
Cu(H,0);" 0.1981 — — 0.434 — — 1.242 10.03
M1 0.1998 0.1901 0.1898 0.413 0.550 0.565 1.107 5.72

M F) FiL A 5 B 28 70 A FH-OCUE I L 5~ AL AR A% 2 b0 I3 (181 8) , v 72 B2 AN Cu B 16
AL PMS By O A, X2 455 W) RETE AL PMS T Cu (1) WSS A4 32 2t A, 2% 5 15 Ak PMS AL
PR AS B RS R R B B2 | OB 5 L 0 Scheme 3 Br7s . W, R Rad R 19 1 i REZR
(&1 9) it — 2B Ui W] TC AL MR IET HLI A AT A 50k . MR ZS 2 NS 1 H i RBZE (E,,) H-1. 64 eV, A
a2 A RE A R BEE(E,,) -2, 14 eV.

Initial state

Transient state

Free energy/eV
L
<
T

P
15} —-1.64. 7 —1.32"
Adsorbed state \\\
2.0 —2.14
Oxidation state
2.5
Reaction coordinate
Fig. 8 Charge density difference of M1 Fig. 9 Free energy change of reaction process

The yelow and blue isosurfaces(+0. 005 and —0. 005 a. u. ) indicate

increased and decreased electon densily, respectively.

vl i . A i 0 ©
Adsorbed state, T . rv~kﬁ Transient state, TS M

IET
PMS
; ) CutLOYy
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. e Y

(S ey —

I 0
X

Scheme 3 Dynamic and microscopic processes of the Fenton-like reactions
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2.3 EERAKEHRI A

] T Cu(11)/PMS 25 Fenton & 2 7852 PRIEFH B /K AL B A8 P, X525 R 3208 37 1 1 K st
FRALBR . FRFEE K Ry 48 ol TCHREEFN TOC &84 T8 3. TC MR TOC Z2B5:843 5] UL K]
10(A)FI(B), ZbFE 180 min J&, Cu(11)/PMS 2 Fenton 1A 2 X} 55437 FIF= 19373 5 /K i TC B A 34 AT 15 5
2197%, TR IR 355 K H TOC 43 B AR 2 68% F124 62%. %1, Cu(11)/PMS 2 Fenton 14 A
AXHE Cu(1D)-TC AR (A B ARG 1) B AL Bt SR AR R A s, X 5 et B 4 8 i P Y S P g
B R K H G TC [RRRE A

Table 3 Cu(Il), TC content and TOC concentration in actual aquaculture wastewater

System er/ (pge L) ceun/ (ng L) Crun/ (g L) eyuan/ (hg L) Ceun/(pgL™) eroc/ (pgrL™)
Duck wastewater 7.83 42.15 76.23 5.14 132.18 13.56
70 16
S 6o L A) —o— Piggery wastewater 14k (B) .
?;’l —#— Duck wastewater F 1Before treatment I
% 50 . 12 - & aAter treatment 133
'3 710 B
= 40 jlp ol
g 30 = 1
= Q -
g 20 {% 6 7.75
g 4L 512
&b 10 .
A 2 A
0 .
1 1 1 1 1 1 1 1 1 0
0 20 40 60 80 100120 140 160 180200 Piggery Duck
t/min wastewater wastewater

Fig. 10 Degradation efficiency of TC in actual aquaculture wastewater(A) and TOC removal rate(B)

3 & i

FEREALAY Cu(ID-TCIRATER T, Cu(H,0)2 1 Cu i) d FUE R TC FR ¥R EE | BRIE | BEREIE O /Y p P
X, T B 26 591 (M1~M5) , DFTHHEZ5 R 3, M1 [ T RES AR . S5 ita e . a0
TE RSN E VU AEAE Ty | SSAR EAE A . SR s RO LRGBS . BUARK TR AY Cu (TD) TGk
BROELPMS, A7E Cu(ID-TC IR A, W45 G0 HA 15 L PMS A b B PR SE AL A TC (1)
YER . TEBRE (pH=10) 24T, TCHLER | JEFEERILAF B /K AR Hh TC e P g 2 mT SK 51 24 98. 5%, FF:
H Cu(ID) 455 Y016 4k PMS J5A7 A4 B Cu (D 25 BP0 F N TR RE £ 5 T TC M B A1k .
Cu(11)/PMS 2 Fenton 1& 2 ANMYAE Cu (1D -TC ALK A Hh HA IR IF 1 A AL BRI, XF SEPRIRFE K
KA Y. BFR A SR — B I UE T K IR 45 5 06 A PMS 1 B fiE s B0k SRR F S HLE, b
4@ AP 5 Y S PR K P R L SR T I AR iR DT 4

X #1458 R http: //www.cjeu.jlu.edu.cn/CN/10.7503/cjcu20240337.
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