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Activation of Persulfate for the Degradation of Sulphonamides Antibiotics
by Scrap Steel Slag Loaded CuO Preparation Catalyst
YIN Keke, LI Guiju

(College of Marine and Environmental Sciences, Tianjin University of Science & Technology , Tianjin 300457, China)

Abstract: A highly efficient and recyclable non-homogeneous catalyst CuO/SSS was prepared by chemical precipitation
with the introduction of CuO on the surface of the pristine material scrap steel slag (SSS). The catalyst was used for the re-
moval of Sulphonamides antibiotics[sulfonamide (SMD) , sulfadiazine (SDZ) and sulfamethoxazole (SMX) ]from waste-
water that are difficult to degrade by conventional biological treatment. The results showed that CuO/SSS + PS attained more
than 75% removal of 20 mg/L of sulfonamide antibiotics under optimal conditions with CuO/SSS at 1-2 g/L and PS at 2-
4 mmol/L for 30 min, with the highest removal rate of 80.29% for sulfamethoxazole. Moreover, the removal of sulfona-
mide (SMD) by CuO/SSS + PS was slightly reduced to 54% -76% in seawater, lake water and tap water matrices, which was
mainly attributed to the presence of various inorganic anions in real natural water. The degradation pathways of sulfonamide
were simulated by density functional theory (DFT) and the result of LC/MS, and the main degradation pathways were
pyrimidine ring opening, O,S—NH bond breaking, and free radical attack on the benzene ring. In view of the high efficiency
of CuO/SSS + PS in the removal of refractory antibiotic SMD, a pathway was found for the degradation of refractory organic
wastewater by activated persulfate.
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Tab.1 Main components of SSS

Sy JRAE S EU%
Fe,05 87.66
MnO 0.67
ALO; 0.59
MgO 1.59
CaO 2.70
Si0, 6.57
A 0.22

1.2 fEFIREF

¥ 1g SSS FEME 100mL £ F/KIES, ¥
T FE 10 min J5, @A AR 10 min, PB4 BRER
4% I 2 B BTG PEOLS,. # M n(Fe) : n(Cu) =1 ¢
4 By LB SSS Fil CuSO,45H,0 A Tk, 78
e 13 FE T 4 mol/L NaOH 14 WK 7% T A B V7
H, BEIRIFIR pH o~ 10. 7€ 80 C FHEHE 1h )5, #
IREYEHR R, B4 1h, FRZETTEY. I
FEYI 28 KBRS 3 IR, FFTE 50 CRYMEAS P T
He. TS BTTIEYIE 300 CRY R HhBEsE 2 h (R
SARD . WHEIBRE T UTIE Y , 153 2R AR 1 1L
I, A4 A CuO/SSS.
1.3 fE{EMALE

FEEIRT, A B AR S B0 X AR A M RESEA TP
i, ¥ B8 1 g/L RO AL R A BT AE BRI IR T
HWEEN 20 mg/L BEK Y RS Wik w4 b as
Pk 200 r/min (53K T dE. PR 5 min
i, A PS AR HEAL R AR 5206, FEAS AT A Bz (0
5.10.15.20.30 min) 73 5B 3 mL, 385 A JC
IK A TRERAN B, 22 Jo i 2 i it b A 2R o
1.4 SWAE

FHEE AN e BT HE o R K Ak (SMD 2y
266 nm.SDZ & 260 nm.SMX & 265 nm) MEFE
R, HAH AR R B E. o’ it T
WSO TR A TN E . R AR ™ e 2ok YA 0 1 — o i
AL (LC/MS) A7 5E . #E 190 ~ 400 nm L 4
4, WA A RO, WA B RBEAMEL 0.1%
B R R KIS . 1 Material studio 2020 7235 B2
BRENE (DFT) HAE, £ $65cfliik SMD w532 [
ol 09 3% P 5 FR 26 . CASTEP Fide H + it 5
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JLE TR (R DAL, Cu Fe, O JLRAE
FHEEFIH. 40, B E 2%t CuO/SSS 1 X T4k
JEHLTFREREUEA TS, 76 Cu2p 1 X BHERGH TRETE
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Fig. 1 SEM images of SSS and CuO/SSS
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Tab.2 Element content of CuQO/SSS catalyst

JLE S H%
0 5.51
Fe 12.32
Cu 82.17

2.2 SSS/CuO Xt SMD K I B
Wz XA S N 4> EE 2, %% CuO/SSS X

SMD 1 W i 3l 3 27, R — sl Ty i 8 (X
(D)) =gl (X Q) ) X Bdis i1k
PERAT. 72 20 mg/L SMD HERHHAMITINA 0.2,
0.6.1.0g/L CuO/SSS, iff5¢ CuO/SSS #hiExt SMD
(I B ERE R ; 76 CuO/SSS il 1.0 g/L 1,
IF5E SMD JFE K 5. 10,20 mg/L B} %f CuO/SSS
WM PERE RSN, B 1A S RN 2 BR, A
SHOE 3 % 4.

g=q.(1-¢") (1)
_ qcszZ‘ (2)
1+q k,t
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Fig.2 Adsorption effects at different catalyst dosages and
different initial mass concentrations of SMD
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Tab.3 Adsorption kinetic parameters at different CuO/SSS dosages

Y B/ (gL qe ki R
1.0 1.46 0.015 0.990
= CIVIES 0.6 231 0.012 0.989
0.2 3.66 0.019 0.997

i P/ (g L") qe o/ (gmg™s™) R’
1.0 1.53 0.002 7 0.989
B I 0.6 2.67 0.005 4 0.987
0.2 3.84 0.001 7 0.988
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Tab. 4 Adsorption kinetic parameters at different initial mass concentrations of SMD
Hm WU TR/ (mg L) 9. k R
5 0.45 0.023 9 0.986
— R B 1% 10 1.15 0.023 4 0.972
20 2.31 0.0129 0.989
(il WA TR E/ (mg L) qe o/ (grmg ™5™ R
5 0.49 0.049 0.983
ZYE 10 1.28 0.019 0.965
20 2.67 0.005 0.987
& 2 /R BRI TR] % CuO/SSS W fff SMD [1)5% :
M) ) I it 2 S5 B0 St bR = 2 18 48 T 1) "0';5’@??‘ ——————
R LB S min S5, HEAEFIXS SMD BB IA EI i ] B Ao o
ol A PEA 5oL TR 2 ok AL BRI PRI, SR — < ool . Ryiis
S5y Sy RN G 3 A R0 B A 4L 04} N L
B & 3 M 4 FRIGEERATAL, Cuo/Sss Wk | : :
SMD ()5 B A — g Ty, Hoese 7280 R R T P
0 0.97 ~0.99. 75 YW T-AEF I B s 5 SRR B Oy (1) min
PRI, XUe4E ] CuO/SSS MHiER SMD YK () SMD
W 1o A S Pl TR 2 i AN A B oy s 2O, N
2.3 TR & R Ll L s et
HTHRFE CuO/SSS HIMEALIERE, LI T SMD, ) N <02l - 20sL”
SDZ il SMX 3 RIS %%t CuO/SSS fIfiEL soer W
PERESEATIEAN. 7E SMD ., SDZ ., SMX #1J4fi Jiii 5 vk J&F 0.4} ’
20mg/L, PS ¥ 2mmol/L Hf, CuO/SSS Hin X} 02t
FEfr s e A R unE 3 s, & 3(a) FFW, 24 0 5 10 15 20 25 30
AL IR 0.4 /L BEANE] 1.0 /L #1 1.5 /L B, il /min
SMD 12 5 % I\ 62.86% 43 514 B 76.74% F0 ®) spz
79.08% . AR TR £ f 38 Jon T ASE 0 £ 550 4 0 e
P P 3(b) 5B B A A9 B osl RN, O8S., T1oem
0.2 g/L 34N 2 g/L, SDZ HIEERAM 52.81% 8N 2 S gel A\ K hesLT e 30sL
76.42% , FERE N 1.5 /L B, SDZ ORI ) " N
F77.13% . [ 3(c) #H, ALK R 2.0g/L 4 T
W, SMX MR s LR R 77.57% . WAk, Tk e
UKL A A1 5, AR 75 AT N7 s R 2 3 PR A 5 B8 o ;fm/;fn 000
iTﬁFﬁ?)ﬁz/}m. (c) SMX

ML 3 TR, TEMEAR R4 5 1.0.1.5.
2.0g/L i}, SMD . SDZ . SMX {25435k 5) 1
80.29% . 77.13% 1 77.57%. 74b, 1.0g/L ) SSS Xf
ek Jie 2 B0 A= 2 9 % A T R O T 10%, Uk B
CuO/SSS HA DL 7 r b rhBE.

1£ SMD, SDZ il SMX {AZH CuO/SSS # i
SRR 1.0, 1.5, 2.0 /L B, AN [a)ad A R 2k 48 o o %o
T e A R IR Es R AN 4 P,

Bl 3 CuO/SSS e X FE iR AR L i & R0
Fig. 3 Effects of CuO/SSS dosage on the degradation of
sulfa antibiotics

Kl 4(a) 8, FE&E S HRARER M 0.5 mmol/L 34N
F| 4mmol/L , SMD 1 2 & M 63.94% 34 i |
80.29%. & 4(b) BIR, BEFE LB ERER S Nt i3 i,
SDZ W EBRF W, L mEREE N 2 mmol/L
Bf, SDZ MIEBER 74.62%. K 4(c) 8w : 7E1THE
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o [E)/min
(b) SDZ
1ot —=— 0.5 mmol-L"'
—e— 2.0 mmol-L"
—— 4.0 mmol-L"'
0.8 + 6.0 mmol-L™'
g I
S 06
0.4}
Sa——
021 e
0 5 10 15 20 25 30
s} ] /min
(c) SMX

El 4 A[E) PSS &R E R0
Fig. 4 Effects of different PS dosages on the degradation
of sulfonamide antibiotics

2.4  RIRIKEHH SMD BEfE

AW, BLS2 KA A A AE Y 4% b A X
CuO/SSS + PS R R A & W& 12, ik, A5
CuO/SSS it 4k 7 £ fm & 1.0g/L . PS 4 # fin &

4.0 mmol/L . SMD #J4f & 20 mg/L AT,
RIE CuO/SSS + PS IR A XA K4 Gk LK L A
k) SMD HIfEALREARIERE , 255 S s, 5
FET KA, WK KR B Rk SMD 1 2Bk
RERAT AL, 7RV K TP AR A . W % 120 min
B, WK K L FRZK T 20 mg/L 1Y SMD Y 2B
435k 54.17% . 71.24% . 76.13% . SMD 1ESZlR/K
(1) 25 B R B AT R Sk LS K i — BB TR ML BH 5 1T LA
THFESO; MI-OH. Nl fifRih i H i, SMD B2
BRI AT 18I0 =22 I Skl X T A R T i e AR R X A
AR P, 25 ERrd, ZEELITK A, CuO/SSS +
PS 1A Z X SMD FEfAT 5 511 2 BRACR.
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Fig. 5 Degradation of SMD in different natural water

25 EAFINEKINESREN
TEAEALFR] CuO/SSS Bl 1.0 g/L . PS M4 fin &
4.0 mmol/L , SMD ¥JHAF sk 20 mg/L | )i 30 min
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% FHFARZS 7 i
2.6 SMD BEfERIZHS

TE SMD #JHA & HE 100 mg/L . CuO/SSS #in
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oll— : - - - W B . Bl B IR] B 4ERS , SMD £ 266 nm AL
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Degradation effect of CuO/SSS during recycling AR R Y. AR 2 B 2 2 g OE 1%
R AEEm e,

(2) JHETH (b) B , , ,
7 gl\ﬂu%iﬁ@q& CuO/SSS 200 300 400 500

K /nm

B8 SMD FEREfRIT 2 B £ 5P - AT I STk
Fig. 8 UV-vis spectra of SMD in the degradation process

Recovery of CuO/SSS by applied magnetic field

IRIREF 67.64% IZERAS, L] CuO/SSS fiEfbiH A X
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" / /H \ \ o o H
N
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| >
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QN NH @ O’ P43 m/z=98.5124
H/ - 2
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9 CuO/SSS + PS & & i SMD Ky P fZIER1E
Fig. 9 Degradation pathway of SMD in CuO/SSS + PS system
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F4RE LC/MS BYZ5 R, SMD Ry IAfe 4y b el
£ 15 FhREfg R EAR. B0 5T A5 AR I 1
17 Fe DA K 5 B0A SCHR Y Fe 4R 220 DFT 3843
Br LC/MS Z5 AWM T RERE iR TE. £ 5 BN T

SMD i A JE AR B £ HEEL, FH LS
Br SMD HJHEAT A AR BGOSR EE. [ 10
SMD M43 F45H. A HSEHGEEE ° #% SMD
32 2 A RGP REE.

%5 SMDHEF. FEMUFERKEN Y

Tab.5 f°indices for atomic, population and chemical bond lengths in SMD

ST A b2 A& K /mm JiF A fh2 A J& K /nm
c(1) 0.008 C(1)—N17) 0.79 0.138 c(n) 0.090 cn—c2) 1.03 0.140
Cc() 0.015 c(1)—C @) 1.07 0.141 Cc(12) 0.020 c(12)—C13) 1.08 0.139
c@3) 0.001 c@)—C@®) 1.11 0.138 C(13) 0.076 C(13)—N(14) 0.97 0.134
C4) 0.002 c4)—cC(5) 1.06 0.139 N(14) 0.077 C(9)—N(14) 1.03 0.134
Cc(5) 0.004 Cc(5)—C(6) 1.10 0.138 o(15) 0.043 C(12)—0(15) 0.65 0.136
Cc(6) 0.017 c(1)—c(6) 1.08 0.140 Cc(16) -0.036 C(16)—0(15) 0.47 0.142
S() 0.002 C4)—sSs(7) 0.61 0.176 N(17) 0.036 C(11)—N(10) 1.00 0.132
N(®) 0.029 N(8)—S(7) 0.38 0.171 o(18) 0.049 0(18)—S(7) 0.65 0.143
cO) 0.026 C(9)—N(®) 0.72 0.140 0(19) 0.028 0(19)—S(7) 0.65 0.143
N(10) 0.068 C(9)—N(10) 1.00 0.134

10 SMD M5 F4H
Fig. 10 Molecular structure of SMD

TR A RAT DFT 315, P T
BRI RN T 3 Fh I LR RRAE : WENEIRTIT
O,S—NH FHEWTRL | i B U A8

T 6, SMD A LR A, 2 I E PR
.o hF cU1) . cU3) BaR KR 214, %55 %5
Wi ok P13, 3 H C(9) —N®) my K N
0.141 nm, i JHE/N, H 0.72, 585 A L, Wi
ZUE % P1-4, iE— 4 LAY P1-5 . P1-6.

HYK, SMD 1) 0,S—NH ##IKiZIE i, 2435
PR A M IE TN R BRI | ot R 5L A i — 2D 4 b
e P2-3, P2-1.P2-2 il P2-3 AL RN —
i} P2-4.

RIG, KA S A M EREHE K P3-1. T
C4)—S (7)) BrERK N 0.176 nm, NI EHEES %
AN Ved;, WiZUE R P4-1, P4-1 UH LA EE Nk
LA, P4-2 . P4-3 , P4-4.

%, SMD 1 [a] = )8k S AL ) SO L CO, .
NH; #1 H,0.

(1) 38 A FITTE K CuO B 23 2 4 i v o]

#%H CuO/SSS. 7E CuO/SSS HyFLhneE 1 ~2¢/L.PS
Bt 2 ~4mmol/L H. CuO/SSS + PS KR &
30 min A, 20 mg/L SMD f{e K EBR#E5] 80.29% ,
T P o e i e Y ST e ) e R R BRI IR B 75%
PLE.

(2) 52 SR AR IK AR A AE 9 TCHILBA 5+ 1 5%
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