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Degradation Effect and Mechanism of Potassium Hydrogen
Peroxymonosulfate on Daunorubicin
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Abstract: To mitigate the environmental pollution and health risks posed by antibiotics, the
influential factors and reaction kinetics of daunorubicin (DAU) degradation by potassium
hydrogen peroxymonosulfate (PMPS) were systematically investigated. The degradation
mechanism was analyzed by using ultra-performance liquid chromatography-mass spectrometry
technology and chemical calculation method. The results show that at 40 °C, pH=9, and a PMPS
dosage of 20 mg/L, the degradation rate of 5 mg/L DAU reaches 85%. The degradation rate
under alkaline conditions is four times higher than that under acidic conditions. For every 10 °C
increase in temperature, the reaction rate increases approximately to 1. 6 times the original value,
and the reaction conforms to first-order kinetics. The degradation pathway of DAU involves
cleavage of the ether bond, with one side undergoing dealkylation via addition and the other side
undergoing hydrolytic demethylation and decarboxylation, both leading to the formation of
CisH,,0s. Subsequently, the dihydroxy on the anthracene ring further substitutes the benzene ring
to undergo hydrolysis, resulting in the formation of bicyclic aromatic hydrocarbons, which are
ultimately mineralized into CO, and H,O. These findings have significant theoretical implications
and practical value for mitigating antibiotic resistance.

Key words: daunorubicin; potassium hydrogen peroxymonosulfate; medical wastewater;
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FEAE A A AR 2L (WHO) it i e Bk EE
TRAEH, F802020 4 2 BRY 1/6 AR TS B
A 21 2 B E A S LA (TARC) T, 2050
AT 1) 3 4G e R S ) KRS B 3 500 5 49, BE 2022
AEHEINT 77%. X BT b R 2 &
TR HE N . 33 470 A ZHE B 5 B 2 7K T A5 7K Ak
B ER B R A SRR AR BER K 25 ) i
AR N RO iR T A R ) BUA
A DLt & T DNA B 3 X5 22 (1], DA 410 il 46 40 A
WA ALZ TS Y e R LR e, N R4
% 2% (daunorubicin, DAU) 75 7K F 5 7 it 2= =
24180 K7 J& T thFF A EA WL, X B bE
A AN A TN 2 M R S A R il . A 4 fh 1
R 22 B REH (20 iR /N B
TR B R Y REREAT (5O WA g i
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Tl LA O, 5 G AL T AU 541
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BiFeO, Y& , UV X ERA ST 2 1Y [ R
M\ 41% $i 5 2 79%, FF A B — G 8l 1 2010, B
fHAREA T 4541, 10 mg/L i DAU7E 1.5 g/h &
Ab 3 20 min J5 FEAR R IK 99.0% . DAU £ 1% 41 4
AT Sk 58 4 B i, it R AT 3G — S I 3
F12F HoA IR A R A AR T A A A B A AR
ARH T MELL T AL A

Hogk B B2 A #F (potassium  hydrogen
peroxymonosulfate, PMPS) & & % (2KHSO,-
KHSO,-K,SO,) s — F i AT B2 97 18 7K 35 75 511
KHSO, 53 F [a] 77 1 1 U8k, 72 K ] DLk -
OH 1 SO;- 4 [t &£1'7 PMPS #ifi 48 Ak ik J5 i f37
H2.5~3.1 VI B AL RE 7 pH A I 3 [l
J7ORAREAR BRAE R & e m AR A
B RR S E A iR Z BT CLL 3% TK
A RCRBR , B T AL FRACR AR IR B 5 K b B
o, PMPS — & fii FH ) 4 K 5~10 mg/L, A A &L 4%
K ZFhEUR A, I TR B PMPS 36 215 7K
() B2 7 HLA A5 4% R 3k 91.35% 2 PMPS i, 7] LA 5
FREEEFH L £ 0.9 mg/L BV AT 3k 2 B 7 75 e 4 HiE
HPRAE) (DB 37/596 ) HY K

H Hif ¢ F PMPS £ B2 Bt 15 7K 1 i BF 5% 3 2L
KVETH B, X TP AE 2824 b i e At S vy 2o 7
WFIEHL D AW IR R GE 58 PMPS B fif: DAU
() SN 8 9 2 A S WLEE, F— 28 B 6 PMPS 1E
BRIT V5K AL B A VR L AT i s AR &
i 25 B I & IS o 8 B 35 K A BT S B B
SR

I SRR T

1.1 LR

Hpl BRI S A (598%) , I H N S8
IR SRS ARAR R T aHER (A
4l ,>98%) , W [ IR A YR AT FR A | 5 H
B (g al) O NE (k4 , ¥ [ 26 [ Fisher
Scientific /A A ; Z 1R ARACER R &N JC/K L BE . —
LA RN R 43 b2, W H R T L A2
FIABRAF
1.2 LWHE

YA 2 I — 2 Vi B 1) DAU RS A 100 mL
FH ) 6 4 28 0 A% G B B0/, 81 pH S L A
PMPS, 7E 1% & W EE N, TE G T b as 1 LA
200 r/min $E FH R, 23535 5 B a1 EE A S B
0.1 mg/L B Bt R ANV T 26 1k S 107 . B HE B i ik
UE HERER DN, A 3 BT S A A o il 4R
3 B R5 0 B . 4552 Wi PR 2R 35 Ok : DAU #1 4R
J MR 5 mg/L ;s PMPS M) i i ¥R 7 51 5,
10,15,20 mg/L; pH=5,7,9; & 20,30,40 °C. 5l
T12E B ORI T AR i 0 5 - WER i L 60 mL
J e 5 mg/L () DAU % W A2 & 19 PMPS
WA 100 mL AR (L3R, 5 % PMPS 9] 46
JoT £ Wk BE A /2 DAU W) IR 0T f VK B 19 10 5, %
WS i) R 25 4 S 90 45 14 AT S g I E AN [R) s i)
HURE KGN 5% P8 DAU it MR 5 . 76 F 9% R A ML 2R
B, 2% P75 7K Ab B FR PMPS 38 & fif FH A o i
W B (10 mg/L) P47 B i 52 56, 48 I 38 3 9 e 4K
VR (5,33 - 51 3% (HPLC-MS) FIAL 23135 6 5 43
BTy 5 4 S e fie s A5
1.3 oWAH%E
1.3.1 FLAHERMWIE

L HELC-2050 =8 AH (LA DAU MR EE
[R50 Ak , ACQUITY UPLC BEH C18;3i
(25 :9(0.02 mol/L NaH,PO,) : p( =2 JHi¢ )=
34:66:0.3;FH 8 5 % BRI 2 pH=4; Kol K 233 nm,
FEE 25 °C, #EFE 20 L, Y3 1 mL/min; FRifE
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LR R 414 0.2,0.5,1.0,3.0,5.0 mg/L.
1.3.2  [Ef#r=srir

Waters ACQUITY UPLC I-Class # &= SR AH
{3 5 SCIEX X500B 1= 43 ¥ i Be AL . (3%
¥ : ACQUITY UPLC BEH C18(1.7 pm, 2.1 mmx
100 mm). i AH A : 2 ; I 8AH B 0.1% PR /KI
W 0(A) 1 p(B)=9: 1. kil I 1< 254 nm F1220 nm,
Uit 4 0.3 mL/min. AR5 5 i 7 P 04— 9535 P A
TG P G B R A AR B AL
1.4 BRUFEHEFZE

K 17 RIS (DFT) 5 ik, AL H AR R
FHLfaf 43 A (NPA) L HITER 20 F 8038 BRI i i 3
434 (ESP) 4 3 (Fukui) b8 8035345 51 T4k
DAU F 2 W 16 AV 2. 1 56 Fil i Gaussianl6 4%
%, ffi Fl B3LYP/6-311++G (2d, p) & 41 %}
PubChem %45 72 H 3K BUAY DAU 43F 2047 45 /41
b PR L2 BT (PCM) H Y 7K 77 A5
RIPEATAH Sk 24 1155 SR F Multiwfn 301594
JFpR & 1 Gaussian6 B4 153 L FRITH
Lo LA, THE A “b3lyp/6-311++g(2d, p)
scrf=(iefpcm, solvent=water) em=gd3bj int=fine”,

23 Bz = 5 P54 F BLE (HOMO) FHR AR R i 43

100

—=— pH=5+0.20 (a)
—e— pH=7+0.20
80 s pH=9+0.20
S 60t -
%_ &=
g 40 -
N -////
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t/min

THIE (LUMO) BYBLIEIE 1 ESP 5], 7341 DAU K
FN R A SR EELIE (NBO) 145 11 4k “opt
freq b3lyp/6-311++g(2d,p)scrf=(iefpcm, solvent=
water) pop=nbo”. iz F Multiwfn X {4 , 5k H 3 F
Hirshfeld HLfiif 155 f4) 1 46 XU 3 75 (CDD) 7 ¥
THEAR I SR AR H A 43 A7 T T P S Ao
SN TR 2B AT N B AR Y A3 B B AR A

2 R 57He

2.1 PMPSKfERMEZRRE3 1%
2. 1.1 pHXI DAU FEMERCR K 8l 125

24 DAU F1 PMPS #J 45 i 5 4% FE (¢,) 43931 R 5
110 mg/L B, f1 & 1 0] WZE RS 454~ DAU [
il ST RN 75 min, pH=9 IFf DAU i 2R 1k 5
T 87.7%, 1fii pH=5 B {4 30.7%. ixX AT fig /2 K 2y
PMPS 7E i P 45 140 T 55 25 5 9 3% Ak 7= A= - OH 7.
AR In(e/e) 5 e LI B2
KZRAEAF pH A T Bt FEAF A P — SR
I B 1 AR Bl pH BN, SO R R K
B T, AR R 1T L 2 pH
R5, 7RO, SO 45 159,61 #1122 d.

31 opH=5%0.2,=0.004 10x,R°=0.960 ()
opH=7 +0.2,y=0.011 38x,R*=0.995
o pH=9 £ 0.2,y=0.031 26x,R’=0.988

E1 7REpH T PMPS Xt DAU KRR &

Fig. 1

Effect of PMPS on DAU degradation at different pH values

(a)—FEMRCE s (b)—3 1 G LR .

&1 AEpHTPMPS iR DAURE hEF S

Table 1 Kinetic parameters of DAU degradation by
PMPS at different pH values
pH K, /s T,,/d R
5+0. 2 0. 004 35 159. 34 0. 960
7+0. 2 0.011 38 60.91 0.995
9+0. 2 0.031 26 22.17 0. 988

2.1.2  PMPS W45 o7 2V BE X DAU i i 3508 J
B DA A

f [ 2 W], #E DAU #1465t v 5 mg/L .

HPE RS  DAU R bl PMPS JiT B9k %

Hahnm b A, 4 PMPS #) 4 BT i Wk BE A 20 mg/L
I, DAU [ 5835 81.2%, iX & 1 T i i i Uk JF
() PMPS 7] DL i B 22 1) - OH Ml - SO;™ [ HH 3
Rt S I S AR [FIREAT B 0L — G R W 3 ) 25 e
Jof TR E (K, (B TF UL 2% 2) Bl PMIPS W) 45 J3T i ik
JEE O TI0 TRE 3 A, L v B RS N S mg/L,
SN TR BN 1.6 43
2. 1.3 IRBEXT AR AR M3l 12 R e

S % 7E PMPS W] iR T i ¥ B A 10 mg/L,
DAU ) 44 Ji 9 5 o} 5 mg/L, pH=7%0.5 , I& J& /3
578 20,30, 40 °C& T #17. Bl 3a 3R W], DAU
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ok i 5 i T 85 L v 2R T 1 M, T 40 min R i A5 SR
B i, 60 min & B A 2R AR fb sl /)N | BT 52 328 3 % fit
SE4 .40 CCHRR# R 3k 87.6%. 7341, A 3b Ak
37N, 7£20,30,40 °CR ,PMPS [4f# DAU 2 )/ )
U — 2 2 1N By g o o 3w K5 R 0.011 38,
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(]
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= / 0/5/
B _—° /
g 40 /. /‘ °
/2/‘ o——o—
20 4:/ o
o/.
Of & . . .
0 20 40 60 80
t/min

0.019 10,0.031 23 s Ji& & B T+ 10 °C, J2 Ly
R RS R EOR A 1.6 455 AN [)IRREF  E
N TR BT InK, 5 1/0 1) 5 Z UL R 4 AR5 BT 48 e
9 i N Xz B A S 07 19 1 L R E,=12.55 kJ/mol,
XU IH 12 RN A T R SR T AR S iR T

2.5

 ¢,=5mg/L,y=0.005 86x,R’=0.966 (b)
e ¢,=10mg/L,y=0.011 38x,R*=0.995
2.0} °c,=15mg/L,y=0.01438x,R’=0.998
e ¢,=20mg/L,y=0.023 09x,R*=0.994

1.5F
1.0 e

0.5+
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B2 A[REPMPS#HERERE T DAUBERERIR
Fig.2 DAU degradation effect at different initial mass concentrations of PMPS
(a)—FEMBOR s (b)—3h =G k.

#x2 AEPMPSRERE THEMEDAUINNZESEH
Table 2 Kinetic parameters of DAU degradation at
different PMPS mass concentrations

c/(mg-L™") K, /s T,,/d R’
5 0. 005 86 118.26 0. 966
10 0.011 38 60. 91 0. 995
15 0.014 38 48.19 0.998
20 0.023 09 30.01 0. 994

®3 AEIRETEMDAUNNNZESH
Table 3 Kinetic parameters of DAU degradation at
different temperatures

0/°C K, /s T,,/d R
20 0.011 38 60. 89 0.994
30 0.019 10 36.28 0. 995
40 0.03123 22.19 0.988

100
@
80 )
S 60t
:
& 40}
—=—0=20°C
20 f —e—0=30°C
—a— 0=40°C
0 15 30 45 60 75
t/min
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A (NPA) , 25 L DL KL S Fge 4. Horp 77 6L G J
R s L& T N S N R e o 8 L
1EDAU % FH1,C12,C14,C15, C38 {1 H, fif 43 531l
4 -0.131, -1.214, -0.891, -0.213 a.u. ( JiL 1 5
1), 3% 88 C i+ 5y K A= SR LR, G H 2 C14 i
C15 I TE R IR EE Y, A7 B 0 5 9 S AR AT OF  rfy
AR IE L DAU Y AU i 35 2 R A
(01~010 Hi fif 43 %1 A -0.215, -0.377, —0.486,
-0.414, -0.682, —-0.672, —-0.511, —0.652, —0.641,
-0.436 a.u.) , X LA 5 32 R L BGR T B AE AL
PR3 63057 1] B2 DAU W 1 5 B e 3 o7

31 <9220 °C,y=0.01137x,R*=0.994 ®)
« =30 C.y=0.019 10x.R*=0.995
« 6=40 C.y=0.031 23x,K’=0.988
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Fig. 3 DAU degradation effect at different temperatures
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HOMO F1 LUMO [ 443 51l ok 43 #r s & 1
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LUMO 3k 4 #7 . 5% 43 F #1038 %5 (5 & X DAU i
FTRTE o FHLE B 0 A, 25 R 3R B, DAU ¥
HOMO # 38 fig it 5 -6.336 a.u., LUMO #{ i1 fiE
H-3.423 a.u., BEBI M 2.913 a.u..LUMO #1843 i
T2 LA v 7 ORI AE0OBUEE ] R 9% X8 ) A%
F SR HOMO $E = 24 fh7E — R LU
MIRER I, R IIZ XI5 2 21 55 L il , DAU B%
Ff IR o0 BB IR 25 5 TR . AN 76 O 7 Al
RIL T HOMO BB AL h /AT, R W% AL fh
a3 5 NPA /3l i —2k .

K F Multiw fn Z4 15 DAU fR TR~/
SORE AR R 5 rh A5 B8 i LU e, R
SS9 P e KA A B B R N1 >06>

07>05>C26, 3 BH X $& 43/ 1 5 Bl 5% il 751
i s SRR ONTE R f B KA B T R 09>
08>C31>C30>C29>C17>Cl6, F£ W 4 1
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K, 51/681&
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Fig. 4 Fitting curve between apparent second—order
reaction rate constant of DAU degradation
and temperature

5 DAUSF&HMTEREEE
Fig. 5 DAU molecular structural formula and electrostatic potential diagram

(a)—DAUZ5#=; (b)—fri # A

F4 DAUSFHEMXHIES NPABT S
Table 4 NPA charge distribution of DAU molecular
structural formula

JEF L faf/a. . T FLfi/a. u.
1(0) -0.215 10(0) —-0. 436
2(0) 0.377 11(N) 0. 426
3(0) -0. 486 12(C) -0. 131
4(0) -0.414 13(C) 1.015
5(0) —-0. 682 14(C) -1.214
6(0) -0. 672 15(C) -0. 891
7(0) -0.511 18(C) 0.038
8(0) -0. 652 35(0) —-0. 198
9(0) —-0. 641 38(C) -0.213

2.3 EErEWRRNEEST
TE DAU #] i o & ¢ & R 5 mg/L, PMPS ¥ iR

Jo BN 10 mg/L 2R KR b P
25 FURE i Al DAU [ fife 520 W38 :F HPLC-MS i
TP AT ASF pHAE T 6 4 RE T & 224
JoF S5 A L B35 6.

ST RS T N s B AT, Tl
I DAU k27 B2 07 16 P4V 1 T REFE R 2R A0 3% 42
(R TE SR O1 IR SN HY L O7 A7 15 FN BB 38 - Y
TRRIEMUR IR IR 5 R AR KR X e A R
HPLC-MS FA4# 45 S AH 24 i i Analyst TF 1.6
Software Peakview i1 5. 44 & PubChem %X 4% /& 73
B 2] B 7= UL R 6. B SR AR i 1 bAoA

RN U= e Y PO VR Y AW (BN g7 =

JEVBAT FH O Ty LU ™), 3 T RS2 T AH S 5
B TR A A A B, BHLAS T X BRI AR
FERRFLm T (1 R T
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Table 5 Non-Higuchi Fukui function value table of DAU

St S~ v f° i F S~ v f*
1(0) 0.001 8 0.0011 0.0015 20(C) 0.008 2 0.0011 0.004 7
2(0) 0.0022 0. 0003 0.0010 21(C) 0.0032 0.001 8 0.0025
3(0) 0.0203 0.007 8 0.014 1 22(C) 0.002 5 0.0015 0.002 0
4(0) 0.0100 0. 0062 0.008 1 23(C) 0.0359 0.0304 0.0332
5(0) 0.054 1 0.0394 0.046 7 24(C) 0.0162 0.002 7 0.009 5
6(0) 0.0612 0.042 6 0.0519 25(C) 0.0377 0.0339 0.0358
7(0) 0.0531 0.0114 0.0322 26(C) 0.042 3 0.009 0 0.0256
8(0) 0.0338 0.0709 0.0524 27(C) 0.0368 0.009 2 0.0230
9(0) 0.0358 0.074 8 0.0553 28(C) 0.004 1 0.002 4 0.003 2
10(0) 0. 009 6 0.0121 0.0108 29(C) 0.014 3 0. 005 4 0.009 8
11(N) 0.0725 0. 006 6 0.0395 30(C) 0.0142 0.0550 0.034 6
12(C) 0.003 4 0.0051 0.004 3 31(C) 0.0147 0.0581 0.036 4
13(C) 0.007 4 0.001 4 0.004 4 32(C) -0.001 2 0.0216 0.0102
14(C) 0.004 4 0.003 5 0.004 0 33(C) -0.001 0 0.0227 0.0108
15(C) 0.007 5 0. 006 7 0.007 1 34(C) 0.0151 0.023 4 0.0193
16(C) 0.0142 0.0412 0.0277 35(C) 0.0191 0.0277 0.023 4
17(C) 0.0180 0.0430 0.0305 36(C) 0.0229 0.044 2 0.0335
18(C) 0.002 6 0. 000 4 0.0015 37(C) 0.0236 0.046 1 0.0348
19(C) 0.007 1 —-0.000 5 0.003 3 38(C) 0.0059 0.009 2 0.007 5

%6 A[EpHTDAUMREEHRFEYRARREL

Table 6 Mass-to-charge ratios of major substances in mass spectrum of DAU at different pH values

it 1

PR A E

= A

e it S 7

149. 023 5,321. 076 9,363. 087 7,381. 098 4,399. 1109,

R
528. 188 5(DAU)
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ik
528. 188 S(DAU)
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205. 086 5,239. 162 4,301. 1420
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393.298 7
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Fig. 6 Primary mass spectrum of DAU degradation intermediates
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