5539 %55 2 1 E IR O B R P Vol.39 No.2
2025 4F 4 H Energy EnVlronmental Protection Apr., 2025

JABN, 2, kI, 5. B BB A W s A — B R R i R DU R R RIS (D). RE IR FR
R4, 2025, 39(2): 95-108.

ZHOU Lingfeng, LI Teng, ZHANG Yu, et al. Degradation of Tetracycline Hydrochloride by Peroxymono-
sulfate Activation Using Cu/N Co-Doped Biochar[J]. Energy Environmental Protection, 2025, 39 ( 2) :
95-108.

@dﬁﬂﬂlﬂ@é

Z

0

i 23 5 % M W e 0 AL — il B A P

TR PUZA 2 52

CELUREN TS

(1. By P E2H K5 o 25 R = A B3R @Rl 137 P, B R T8 7120465
2. RF REHFE RS R, Hd K 410082)

WE., MA T hibfoflFahid X B, RAEZEKTLEORAALDEN ERIFFEFM ., 4517
45 & M % (BC) A B B 2 2B & A & e B A FZACH PR IR, fo MEVA 5 B 2o 47 2 & R K AL 32 84
PRk, KRR MO k) & F 44 (NH,CL) BB 69 4R B335 22 A 9 % (Cu-Ny), FF¥E A T iE et
—FLER 3 (PMS) VA e K AK o 04 3L BR w9 31 & (TCH)., I %5 R AW, ﬁ:#ankfﬁw Cu-N; &3
i ££ 5% 89 P& M A, 60 min W 3 TCH %9 2 ke & 7T X 78.95%, 4845 T R4 BC & T 29.09%. —
M- BB 3h 2 % 4 B2 7, Cu-Ng 89 B % 2 5% B (k=0.025 88 min '), i it s Ko A& 3k 69 46
e, £ [TCH] = 10 mg/L &4 T, R AL F 469 £ 5444 [Cu-Ns]=0.2 g/L, [PMS] = 1.0 mmol/L,
pH=7. #"mBA X EE £, Cu-Ny/PMS k2 B A RIFeG L THAE A ZER A, £ 547
%%ﬁu/ﬁ%;ﬁ@é%ﬁ%%ﬂﬁ“ﬂ%ﬁﬁ%ﬁéWﬂ%iﬁi SR, Cu-Ns 35 W iF Fe ¥, 4o ¥ I+
B(RhB). £ ¥ A % (MB). 3r#& ) Z(CIP)f» £ F X (OTC) LA Ik RAF o) X 2R, AL AA
BT A, AU S, ﬁ Cu-Ny/PMS/TCH 4k % %, & d &2 JL-F R A5 B, @k #
W &R (e B R AR O, B B Fr) % TCH My £ -Zhu

KEW: WAEZEAK; Tfkrl; AREBRAYR; SRR IEEL; ERwRE; A
WA &z

FEZES: X703; X505 XERARIRED: A X EHS: 2097-4183(2025)02-0095-14

Degradation of Tetracycline Hydrochloride by Peroxymonosulfate

Activation Using Cu/N Co-Doped Biochar
ZHOU Lingfeng"?, LI Teng’, ZHANG Yu"*, LIU Zhifeng>"
(1. Co-construction Collaborative Innovation Center for Chineses Medicine Resources Industrialization by
Shaanxi & Education Ministry, Shaanxi University of Chinese Medicine, Xianyang 712046, China; 2. College
of Environmental Science and Engineering, Hunan University, Changsha 410082, China)
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pollution has become a serious environmental problem facing human beings. Conventional physical and
biological techniques are often ineffective in removing antibiotic residues from water. Sulfate radical-
based advanced oxidation processes (SR-AOPs) are considered among the most promising methods for
antibiotic removal in practical applications due to their strong degradation performance and fast reaction
rates. In this study, the NH,Cl-modified Cu/N co-doped biochar (Cu-N;) was prepared via a two-step
calcination process and used to activate peroxymonosulfate (PMS) for the degradation of tetracycline
hydrochloride (TCH) in water. This modification was designed to overcome the limitations of pristine
biochar (BC), which lacks metal active sites and has inherent physicochemical properties that are
insufficient for handling increasingly complex antibiotic wastewater. Compared with BC, Cu-N,,, and
Cu-N,, Cu-Nj exhibited the best defect structure and morphology characteristics. The high-temperature
modification using NH,Cl facilitated more effective Cu and N doping onto the biochar surface,
providing a greater abundance of active sites and N-containing functional groups. Degradation
experiments demonstrated that Cu-Njy exhibited superior PMS activation efficiency compared with BC,
Cu-N, and Cu-N,. After a 60-minute degradation experiment, the TCH degradation efficiency reached
approximately 78.95%, representing a 29.09% increase compared to pristine BC, with minimal
contribution from adsorption. In the analysis of influencing factors, the effect of acid washing was
negligible, and the Cu-Ns/PMS system functioned effectively within a broad pH range (3 to 9). Cu-N;
also exhibited the fastest reaction rate (k = 0.025 88 min '), as calculated using the first-order reaction
kinetic constant. When [TCH] = 10 mg/L, the most economical experimental conditions were
determined to be [Cu-Ns] = 0.2 g/L, [PMS] = 1.0 mmol/L, and pH = 7. Further investigations confirmed
that the Cu-Ns/PMS system possessed good anti-interference capability and high practical applicability,
maintaining high degradation activity even in the presence of various anions and humic acids.
Moreover, Cu-Ns demonstrated removal efficiency for other common pollutants, including Rhodamine
B (RhB), Methylene Blue (MB), Ciprofloxacin (CIP), and Carbamazepine (CBZ), indicating its broad
applicability. Radical quenching experiments revealed that the free radical pathway was nearly inactive
in the Cu-Ns/PMS/TCH system, while non-radical mechanisms, primarily singlet oxygen '0, and high-
valence Cu(Ill) species, dominated TCH degradation. This work provides valuable insights for the
rational design of modified biochar and its application in PMS activation for antibiotic degradation.

Keywords: Antibiotic wastewater; NH,Cl modification; Copper-nitrogen co-doped biochar;

Peroxymonosulfate activation; Tetracycline hydrochloride; Non-radical pathway

5539 B4 2 4

0 51 7T

Wit 2 3 [ Tl A 7K S FRRE KT B8 A B
Tt MR 22 52 Z 45 K B ME 23 AT ALY BN IR
Jl, KAEH A LTS Jet Can i 70 308 . dik
KA QR AR AR HEAOK IS BRI
S BT A LTS G 2k AR A A
Pyt R RV AR fEE T Hoh iR R
IS JFH 400 A R A B0 A B, AR T — /N o3
oA R NAFN S YA, KA R EEE IR
WORZEME I ATK IR B BAbh, Pk FAEF B
(1 SRR ] ] S R 24 BRI 245 2 [N 9 7 AR Al
L DR, R R R SRR B R R R

BRI T NRM T HrLL Rk B SRS R 2
I EREREE Y,

H A, B A2 B AR iR p A AR 07
BLFE W BfF v Ry Bk L AR AR S m A AR
FORAE, W Aoy B ik EELE S U AE R Y
R BT AT & RS, PrA 2 AR ikt i
A RS, R B EIEM 2R ThiEE
(BT BRI, A 90 A i ) 2 (53 230 23 R S 36 A X %
ML R, SR 6 AL R G R AL FE R (AOPs)
R T AT AE R IR R IS . E AR,
A 38 2o i A S AR R AR B 2 A T A AR (ROS)
(E 3 -OH, SOT, Oy ; dE [ 4. '0,, B &R
AAeyn) sl Ul B R0 T e A R



JABIASE RSB I W il A id — B £k e i £R 1R DU PR R A F 5 L 97

25, B HON B 4= 0 KAy F A WL 53 o T
W 18 /N o A ALY, FEPEAR B R0 55, B &
L — 2046 CO, il H,0, iz R B A
BERB, Hok, 2T SOy 1w A Ak 3
R (SR-AOPs) il 3 3 1 &2 6 R £ (o — 6 R 46«
PMS, i “HifdE:: PDS, Gifk PS) EMEILIA R A
B A AR T 1 3 PR D AR AR 2R, A O
HORP PR ST MESR | LR AR AL
SEf s, 2B T LR H e EN SR, SR-
AOPs %5 5 % 2 SN I8 T4 (40 pH I i A Bl
Y1 (DOM) ) T 8 AL BOR BEAIR, R 1 7E SEBR K ik
PTG 2Pk . MHEZ T, dE A R AL
BBI'0,. B4R %E) B A g K R A
PG W AT AT AT SR . SRR DL
S E B B 08 A A, AT G SR T R A
(ROS) A Rt XF pH AR fb AN 58 4 B8 7 25 348 55 (K]
F R BRI 0T DLk B b S A A
HHETEMNAILA Y. X Re i B AT IR
FIER LR A 0 A AR R A S T A B A 2% 1)
AP AN, TR AR A SRR R AR 1
R, SRl DA T LA R 5 A AR, kT
PO L T F IR & B A L5 4, sl
PIRZRAE A 25 A h % (-OH, SO; ) LB A HL
15 ey 7 T A 7 A B P R A P

LA PS 1 Ay S8 Ak 5 ke B g b A= R AR A AR
FN A B HRCR, 3l LSS A I PS 1 4 fif
N T BT B AR A AL R % . 2
T PS XA R AR R FIROR, SEBLR N Bl )
2 RYGERE, ISR T 9REh SR« R sl

AW (BC) AR R T IR AR R8T 5 L AR IR
JiE L SREEME, B2 BT SR-AOPS™ ™, BRI
JEUf BC ik = 5 42 SR AV 5 3 52 BR T 2 1fi A T 5
FRIE, JCHki i 52 20K IR rhpi AR Y s R A B,
I B AT i, DA T 38 5 LA A P ™Y
TEARZ 0ETF B, 51 AL 4 J8 JC K (Fe. Cu.
Co. Fe. Mn %) 54k 4 J& JTLE (N, S, B, P 5% ) 5]
T RFTEH L, 5G4 R T R e
A RGNS PR, HLRERE R MR 6 Ak I N 5
25 T EE 4 & JC 3R 138 44 RE08 WUAR 36 PR 067 A5 1 L
TA A e, SR AP R B RS, A
R AR ST RE 22 T 3G A AL R

SR, AMEMIAFSE EEE T4 08 048 ) ok
&RV R EE R, X4 m ML 4R itE
I, FFaE kAR A AR TE L PMS BIIRRA IR,

Z WA K, Rk AR R AR R, 43
T 7K A B 2 4 ( CuSO,-5H,0) F1 U e ( C,HLN,)
VE R & Jm IR AR, R SRR A 1 e S A1k 4 7 o5
FEBCNL o FF ik — 20 B A Ak 2 (NHLCD 1R S 1
FlER, 78 S TR BICIR S TR HE— 25 X6 A ke 6 i i
ettt SERUFR(TCHEEZ N EET
P, HAE R AR AN A, ok B ARTs 4y
Y. AU AE R A BT R IR T
PMS AR R et — e i de = .

1 SCIEERs

1.1 RXFI 5

S EHA R EAk 4 (NH,CD . BA(N,) .
XUR M (CHLN,) o FL7K A Bt 2 4 ( CuSO,-5H,0) .
i W R A B KHSOs) . h R 1Y 28 & ( TCH,
Cy,H,sCIN,Og) . #7181 B(RhB, CyxH; CIN,0;) | I
HJL i (MB, CH gN5CIS) | BiifCHi AR 84 (Na,S,0;) |
F 2 (MeOH, CH;OH) . Z ¥ (EtOH, CH;CH,OH) .
BT BE(TBA, CH,,0) . #EEE(FFA, CsHO,) . filiR
(H,S0,) . #: R (HC1) . A HE L4 (NaOH) | iz &
B(NaHCO;) | ¥ 2 44 ( NaNO,) . B iz — & &
(NaH,PO,) . &7 2 (HA) . — . i B 4K (DMSO,
C,H0S) o B N, Ny i g 4l ok, HAx ik 50 ¥ 43
Mrali .

S 3 EANER: /3B KF-(CAV264CDR) | i
4fi 7KL (UPT-11-40) | & 74{ (KQ2300B) . H.%5 T
H 48 (DZF-6020) | &% XUIH I 1446 (DZF-2B) | K
2245 P (OTF-1200X) | #% 711 FE4% (DF-101S) |
88 Hh-1] UL 4y 6 5% B 11 (UV-2600) | pH it ( PHS-
3F) . F14 o 7 5B 4085 ( Sigma 300) . X SFERATEHY
(SmartLab SE) . X $F£&5tH Ffig i (K-Alpha) |
Lt 2 1 AR LR 20 AT AL (ASAP 2460) | $1 8 i
{X( HR Evolution) . & HL i 4% e 21 5 5 3% 4%
(Nicolet iS20) .
1.2 YRl &
1.2.1 R4 A 505 &

ARSI 1 A ) S RRLER F R R 4EE R FR
X AR . B N A RSSO W R L AT
W 100 H, W 2 f5 gk wpik, LLEBR K
AN T, SR 5 A BL2S TR T T8 24 he
WU TR i Rk e s AR A 0, e 48 0
H O [R] IR (600, 700 F1 800 °C) F #EA47 #ufit, 7F
N, SR, Ay i B A 10 °C/min, {55 B3 A
[ 4 he HARVHG, FBAIK Z R V% .



- 98 - (LR N T T

5539 B4 2 4

UE L TR, AR IR A Bk AR B ik BC(BC-600.,
BC-700, BC-800) . #E+#& BC-700 1F el 1 A= #y 7
IR

122 4A%Z A4 % CuN, #5944

B 1 g JRBR 7% BC, 2 g CuSO,-5H,0 JiL A
R T BB iE B IR G385, FRl R E T A 0
Frrp, BN S AT B RS, B BE A N,
ST LA 10 °C/min 9 FH LB TR 2 650 °C, £
i 3he HAREG, 53] Cu-N,.

1.2.3 4AREHLE ED &R Cu-N, 494 &

B 1 g JE 4R A= ¥ % BC, 2 g CuSO,-5H,0, 2 g
SUF RN ER, TS 2 IR G 345), B AR
BT AR, A S T B, B Ak
5 Cu-N, M[F], HAR IG5 Cu-N,.

1.2.4 NH,Cl B4R R B L AW & Cu-Ny 69614

B 1 g JE 4R A= 9 % BC, 2 g CuSO,-5H,0, 2 g
WM, 1 g NH,CLECARIER, Tl RiR 415,
TR K BT R, A U AT B b,
W45 S Cu-N, M[F], AZRRAE133] Cu-N;.
1.3 KEHE
131 BM%k

ASEEG L 200 mL BEARAE by B 25 A, A
100 mL TCH ¥ # (10 mg/L) F1 20 mg #4167 (43
5% BC. Cu-N,. Cu-N,, Cu-Ny), 7£% i I 5%
R, BB B TR R, LA 500 t/min $iE P
30 min I IPHr. 2 5% 1 mL(100 mmol/L)
PMSS ¥ W JT Uy [ gk S 56, B 10 min FH 3 S e
— KK, IR MU & (FLAR 0.22 pum) 83k L 18,
FFMA 1 mL HEERAZE SO0, O 3 60 min.
I8 A1 0T 0L 43 66 BE TR 357 nm I 4 A 2
IKEERIWOGEEE . FH(1-C/Cy) x100% P-4 TCH fY
B350 R, F—In( C/Cy) /e 58 UV B 7 2 W 80 ko
Hop ¢ AR B [E] T Y TCH ¢ B (mg/L),
C, 1CFAI A TCH We B, ¢ A3 S i E] (min) o
132 #REH

K H B BE(MeOH) | AU T BE(TBA) | A B
(FFA) . — F L7 AK ( DMSO) A/ hy 3 4 S 1k K 51,
DLW Bk BE YA 40 mmol/L. S B P U T, 4331
)35 YW W R I A Bk 4 Fh e KGR, OF
WE A F R HARRN &S R AR,
W EURE, %€ TCH MR
133 #wmAFER

3 0 B AR A S £ (0.1, 0.2, 0.3, 0.4

g/L) . PMS % 9] 4 e F£ (0.5, 1.0, 1.5, 2.0, 2.5
mmol/L) . ¥J4f pH ( 3.0, 5.0, 7.0, 9.0, 11.0) 3 Iil
SCUS S 8K, R — AR i JE AT TCH B fif 55 5
55 iF b 3R AR JEXF TCH & A (952 g . 3 3 7E )
I A 28 H 433 i ACGE fE NaCl, NaNO;, NaHCOs,
NaH,PO,-2H,0 Fl J&§ 5 ik ( HA) % %% CI'. NOj .
NaHCO;. H,PO, L)L K KR A ML X TCH [ i 19
SO o AR ROV S5 R AR ], IR, T
TCH ¥
134 BT RdEE

K FH FEL R B 4 B TR R S S ik SO v R
it B2 7 Je T R S B, R RS RS
CHm L B8N Tl TS e W HE bR #E ) (GB 25467—
2010) 1 [ G B A 19 1 7K v AR i e HE b o
T 1mg/L IR,

2 ZRMITL

2.1 RUALERSH

RRRAE F IR AT NH,CLH R84t
Yy 5 Y SRR AE 5 e, R 45 R T B U (SEMD
51T BC. Cu-N,. Cu-N,. Cu-N; ) & i ¥ % .
WE 1(a) iR, 5 4G BC FHHEH, JoHH B A ERR
SURAREER, FEE— L RN S /ML, 2 A
RIFLEIE S . Jibh BC 5 7% Cu” 859 Cu-N,
) 2 T G an & 1(b) fiw, vl LB & % AR )
T B AR SRS, HAE BC MR L TR £
B ) B, X ESE T ALY 2% . Cu-N, ) SEM
AL anE 1Ce) BT 7s , 76 ¥ I CuSO,-5H,0
C,H,\N, J&, BC R MIFHE &L T I B8k, H
TR IR 54, 3% T B CHLN, 76 = T A
B & A AT 5 BC AR H B RN, 58] T B A
MFmE AR . B 1(d)h Cu-N; BB S E
AR R S, FE A R I AB 2P W R 2 AR &
Fa B it -, BC R AT (%) 1A B 25 B o &2
JEHIE T 2 KNS LR 45 4, X 2
NH,C1 £ /= i 5% 18 T 32 #443 f#% , LA NH; #1 HCI
2 R AR R T A Y e 3R, 35 B T3 i 15 4k
B ABAE NIk BC RmEHE 3 A~ HBY,

FRE IR AR TE A Y ik (BC) R AL LU 3R
T AR AFLAR 43 A B, SR FH N, 2 6 I3k B 46 3l 4%
X HLER AT T R AR (BET) 4007 anfEl 2
JIr 7R, BC 18 B - R B i 2 2 30+ i 780 £ IV 784
B AEIR 2R, HELA Ha BGRR[0 3R, 22 B A AL
FETEAFLEGHE o [FIE AR R TR AEZE AL . L LA



- 99 .

(c) Cu-N,

(b) Cu-N,
- o 4

(d) Cu-N;

E 1 BC.Cu-N,.Cu-N,.Cu-N; ] SEM E &
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