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The Influence of pH changes in chlorine disinfection process on the chlorination

degradation dynamics of typical drugs
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Abstract: Pharmaceutical contaminants have been ubiquitously detected in various water bodies, posing a
considerable threat to human and ecological health. Chlorine disinfection technology is an effective approach
for eliminating pharmaceuticals from water. pH is a crucial parameter influencing the distribution of oxidizing
species and the removal of contaminants during the chlorine disinfection process. Previous studies have
predominantly employed phosphate buffer solutions (PBs) to regulate the initial pH of the system for

investigating its impact on pollutant degradation. Nevertheless, the pH in actual water chlorination disinfection
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processes is constantly varying, highly nonlinear, and time-delayed, thereby making the influence on pollutant
degradation more intricate. In this paper, four representative pharmaceuticals were selected to study the
influence of the dynamic changes in pH of the solution after the addition of chlorine disinfectant on the
variation law of their degradation kinetics. The research results indicate that the overall chlorination rate of
fluoroquinolones (FQs) slows down when PBs are not added. The increase in pH of the solution is positively
correlated with the increase in concentration of free available chlorine (FAC), showing a linear trend. Under this
growth trend, the apparent degradation rate constant (k) of FQs decreases, while the k,, of f-blockers (BBs)
increases. When the FAC concentration is the lowest (FAC=1 mg/L), the k., of FQs is instead the largest, with
lomefloxacin and ofloxacin being 0.28 /s and 0.22 /s, respectively. The ionic form has a considerable impact on
the degradation of BBs. The high proportion of the anion form of BBs at a high pH significantly promotes the
chlorination degradation of BBs, with the fastest degradation occurring at pHy=9.0. The £, of metoprolol and

atenolol are 0.028 /s and 0.036 /s, respectively. Further studies reveal that the chlorination degradation trend of

%43 K

the four contaminants in drinking water is consistent with that in pure water.
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£ M B9 K B35 R DL ng/L 2] mg/L A9 e Bl K )
2™ G 2 (fluoroquinolones, FQs) Hi Ak %
PRIz (i DA S B Z D Re e, iR UL R4t
W25 . BT AR FQs MARIHAN 78 42, iX 262y
Wy IR G338 S T R K HE R BN A BT b, S B R
AR EETR 10 ~ 120 ng/LP . SFAE SRR K W il
R B RPUERWKE K FAERFER, Ha
AU SRR X B — R K R A B2 R AT
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2] 497.00 ng/L A 4% . 3 6 ¥ /R ( metoprolol,
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Bof, I TR ERO8 /N, A 5.0 ~ 7.5 WK,
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>99%) . Ml fiR AR (4 B >99%) | Bt IR (4l B
95% ~ 98%) . E E AL (S A4l | B — B
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af) | ook aAER RGN (A at)
12 @i

5T DPD 43 % FE bR 2 NaClO i W
FAC B3k i) 38 10 75 B3R 75018 W) 4 i FAC fY
FNANE SR CE /R A RS e
(23 C£2 C) FAE @i #EAT, PRUEEEE &
Bl &4 5 umol/L(OFL=10 pmol/L) ) H kx5 4
YIFUARTE BE FAC [P, 9T FAC ¥ 4K
PESZE I FACHRE N 0~ 16 mg/L, HAAEHR T
FAC ¥ £ 0 8 mg/L, T 47 FAC % W 35 81 i K
F . i F NaOH/H,SO, 14715 % W 1Y pH, LL3k 5
FHIFIRI 46 pH 4 BN AR R, IS N 10 mM
AHIY. pH % B 1R £k 22 vl i (PBs) A A X REG 56,
BN PBs Ji 52 55 ik F2 i W pH B AR b AN M i
0.05 ™27 o JIn AN FR B4 1) FAC ¥ W iR
N7, 60 min PN 53— B EERAE | mL ROV,
PN A A A P M R (VB AH /N, 7 B a5
IRTERES), LIEK FAC([ BAREREREN |/ [FAC] =
1.6), [F] A 573 AN A [] A — 20 S 360 2 o7 3ot
PSR pHo B BN A S WA R
25 mL, BN HA TR E AR .

DIAR FHAK R 451), R0 4 Ffis et £ 52 bR K AR
W G LR AR, S PR K AR S A 52 56 5 S 5K
(A S50 25— 2, TR K Y pH 238 7.0, Ky
PRAIE 5 5250 7K TP B R 4 X R, S04 52 56 i
pH Fi NaOH/H,SO, 1 & 7.0, #bFk /K H A
= B RN, WA JS 24 h AT 0.45 um 7K &R

OFL) . SE#E1% /K ( metoprolol, MTL) | P& I&/K  UEIBELUE, 4 C IRAFTF . KRR T2 24
(atenolol, ATN) . LA 5% A RUA M NaClO MEE  FIT% 1.
F1 RAKKRSH
Tab.1 Drinking water quality parameters
pH Cl'/mg-L” NO3 /mg-L” HCO; /mg L CO2 /mg-L" SO /mg-L"' EfOM/mg C-L"'
7.8 13.66 19.45 817.43 193.12 61.68 2.44
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TiE 25 S 72 : 72 pH 2 6.2 ~ 6.5 2514, FAC
F#: 5 DPD kA R, A A ek &4, F 550
43 966 HE 1T [Evolution 201, 28 2R K i /R BHEE (Fh
) AR 1T 515 nm i K ARl e Hmg o
FE. T FAC R EV W AT E HAS 5 4015, A
WF9E DALy 5 [15] 40 FAC it th 42 LA
MR SRy FEME, FER A5 T Sk & AR R
FE: 105 +51 +6H =31,+3H,0, L+ =[I;], 4 51y
W7 5% [1;] 5 DPD &4 & & by, sy 15
AT R AR N 1 1P s
T ZNE AR 5 A 5% A 50 B IR AR AN
B S A poi,= 12 g/L BT A

15 YL W ok FE N 22 - SR FH Agilent 1260 HPLC
(BeA B2 A L DUOGoE . AETRAE . A shib e
EF A FES RIS ) 438 LOM, OFL, MTL,
ATN [l B, (%44 Agilent Eclipse XDB-C18
H: (4.6 mmx150 mm, 5 um), #EFEE K 20 ul, ¥
IR H 35 °C, HihE o~ 1 mL/min. LOM F#) &6 i 35
4 280 nm, ¥ Bl AH 41 A 75% 9 0.01 mol/L
KH,PO,. 10% H BEF1 15% £ i ; OFL (k4 il i1k
R 294 nm, Ji 3l AH ALK 80% A 0.01 mol/L
KH,PO, F120% ZJi; MTL B4 K4 223 nm,
TS AL R 70% 1) 0.01 mol/L KH,PO,. 10%
F B A1 20% & fif 5 ATN B9 I % Kl 225 nm,
WAL R 70% 1) 0.01 mol/L KH,PO, 1 30%
FH
14 @fkshizE

H 515 Je W i) S A0 2 Bk 2 A 2 19 3
1757 AR (k) K E TR . BFSE HOCL [
fift 4 Fpis g W (DL C #on ) B 8 J1%, 7F FAC it
17 ([FAC]=10[Cly) 14, MREEA (D F(2) 4F
FIGYY) C 5 FAC IRIE L HEHBC & .

d[Clr

d = kobs[Clo ( 1 )

_d[gt]T = kapp[FACI[CTo (2)
‘< _

ln@ = —kops - t (3)

S ko I UE— BB ko I
Y A B [Co 05 I BT R e FE (€]
RIFR BT F H AR T e

A A G TES NS5 T LA In([CY[Cy)
XTI B ) AR B, T AR B — S B4k, RER A
Kopss BIVXF R It A5 1T B 9 — 20 R TR
o ARG T R RAFI kyps SN
AT ERIEIL G, A5 kops 5 0 S8R L SR ZR AR G
F, W5 e C FEALRE IR i R AT G g N AR
AL AT LLEETS Q) C @A Rt )y Btk — 2D
2, A (2) iR

kops 555 T 22 % %] FAC #5520, 38 252
F| pH, CI kB /52, B #E A 6] pH. CL
& FAC R BT, d2 F2A/E B M FAC
YRS . I AEREE pH R, FAC 5l & A [7]
B, V5 e i SR SV B (n) ANTRL, ks AT Y
K (4)FR:

kobs = kapp[FACT} (4)
logkqps = n(log[FAClo) +10g kapp (5)

W 2 X (4) 347 X5 B 45 3 A K (5),
FAC W0 2 B00T LA 3 logkes 5 1og[FAC],
AR 2 1T A R B 2 , |1 222X (5) AT 1, Tog[FAC],
515 Y logkays 2 2 PR C R, Ze k[l IH
1) &R BRI R AW V5 44 ) 5 FAC O I 98K,
ANIF FAC i 3 5 Mo i), 2 S 80 A s g 2 5
ZNGIS

2 HFR5HE

2.1 ASIw) i B SRR BE T G ) ok fi

& 1R T IEAE FAC YR RS T 4 fhis
PWIRE RIS O . NI FAC B}, 4 s e dr i
Wikt 3R A 0, 2 I X 8875 e I TE % IR R PR &
A B SRR . WIRD FQs AL i % 5 FAC
e B B I 56, 7E 60 min B9 WL ] Y, FAC #k
JEh 1 mg/L. 2 mg/L By PIFH FQs fER#Ef#5E. FAC
el 16 mg/L I, 60 min N LOM F1 OFL 43 %]
[ Mt T 64.5% 1 65%. LOM Fl OFL 484k 52 1
HORIFANE FAC W B AL IE L, 2R FAC ¥
FERS N, S AR AR 5T B, X 5 A7 AWFSE OFL 1Y
AL A A 0 TE AR R, X AE T A4
RPANNT PBs 4E45 S W W 1) pH, ASBHF 5 0
A PBs /E A% BRI 5, & B FQs [ i b oy 1 e,
Kt FQs AL A 2 5 FAC Y B U L Y i
Al RE R AN FAC $:3 pH & B84k
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-=FAC=0 mg/L -~ FAC=4 mg/L -=FAC=0 mg/L -~ FAC=4 mg/L -=FAC=0 mg/L ~FAC=4 mg/L +FAC=0 mg/L ~FAC=4 mg/L
- FAC=1 mg/L + FAC=8 mg/L -~ FAC=1 mg/L + FAC=8 mg/L ~FAC=1 mg/L + FAC=8 mg/L -FAC=1 mg/L + FAC=8 mg/L
~+~FAC=2 mg/L ~FAC=16 mg/L ~+~FAC=2 mg/L ~FAC=16 mg/L ~+~FAC=2 mg/L ~FAC=16 mg/L ~+FAC=2 mg/L ~FAC=16 mg/L
--FAC=8 mg/L PBs=10 mM --FAC=8 mg/L PBs=10 mM --FAC=8 mg/L PBs=10 mM --FAC=8 mg/L PBs=10 mM
1.0 | g0 —= 1.0 1.0 - —— 1.0 %
o8 [t 08l | osf v | o8 N —
. I 81 | 81 * = R
<] \ 5 | o] — g AN, -
So6f .\'\ So6f | So06f | Sosp — T~
Zoal |\ 204l [\ =Ry Zoaf .
S \\( \ — o \ <
02r |\ _ 0.2 r 02 02
] Bevwwewametl B Sewwawamwevet S SUTTTTUTITSSE B SU S
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

t/min t/min

t/min t/min

¥ pHy=7.0; [FAC],=0 ~ 16 mg/L; [LOM]/[MTL]}/[ATN]=5 pmol/L; [OFL]=10 umol/L

E1
Fig. 1

PiFh BBs MRG0 5 FQs 41 T AN [A], BBs
) S8 A it S R Bt 2 FAC R B F 188 T i 482 v
fELZR N PBs 2 1l pH S M 5 205 figt 5 S5 0 12 o
XFF MTL, ¥ il 16 mg/L i FAC BE % {iff H 78
60 min PN 5¢ 4= [ i, 1 FAC ¥R £ 0 1 mg/L i},
MTL 7E 60 min P& T 11.6%. X T ATN,
7RI 8 mg/L Al 16 mg/L 1) FAC 4 fiE fi% i H: 78
60 min PN 58 4R AF, FAC ¥R SRR HL 4 i 7 3
1%, FAC J 1 mg/L i, P& f# T 5.8%. J4M&%
T THEXT EE, I FAC ¥ (1 mg/L, 2 mg/L, 4 mg/L)
1T, FQs 1 ks T BBs; i FAC ¥ (16 mg/L)
ZAF T BBs 1Y kgps KT FQs. FQs R IR 111
FL 5 R A O A8 1, 2 BH SRR 1) i F - ik AT
S v AR 70 g i R R v Y, BT FQs
i FAC ¥ T %)% HOCI Biili, [t BBs F#fi e,

g5 L ik, e S LR rh, IR A TS
Y W) (1) [ fifk 30 SR AR Bt 25 FAC ¢ B A 388 Jon iy 134
Jn. 7 FAC HREE 81 O T, FQs £ 1k FAC
W B S5 AF T I A o 38 S T 5 TR FAC YR EE 1Y
T 0L 3K — U 7E SE /T B AT 5 v i R Bk R E
1M BBs A4 R fiff R W B E FAC ¥ B2 A9 34 i in
o BN PBs (X FLSLE0 Bon B 2 5, 1
WX — 22 5 14 I R 7E T R 3 i PBs 1, FAC 23
U RN pH, T pH S 52 M0 15 e W) s AL
ff BB E
2.2 pHZREHN ks AR AL A

NaClO K fft =) h & A 21 OH , AL
1 NaClO 23 B8 7 VY pH (1 75 13 T S A P,
T SRR A S 06 R (R v — A5, 30 o T R
iIE % /b [FAC]y=10[C], %, 52 Bk Ab 2 i

4 FITRMER RIS SIRE THIBERER

Degradation of four pollutants at different concentrations of free chlorine

KK — B 4E+ 0.5 mg/L 19 FAC {331F /& DL K 3%
S HE, SRS I B R AR oL = A0 0
B, FB 4TS K h FAC ¥k BE 25 ik 6.5 mg/L™7,
JIT LA TC VS S 56 o A 2 S Bk A4 B e B R, #R A
7E FAC 3 2l 1 A9 18 0, 3 Fi I8 0 T 7R XA £
78R pH fHE S, T pH B0k 3 25 2 52 i
Pk R A5 Y ERReR ™ s 2 iR, 78
WG pH=7.0 BF, MR EE A 1~ 16 mg/L 1)
FAC, i pH 3 K i (ApH) 5 FAC M35 fin &
I I R Y e, X pH Uk Bl I s
M) 4 A5 Ge P i B A 3 . AP FQs (&1 2a il
B 20) 5K kops #0H BUFE FAC=1 mg/L I, I
WA pH BN, W9 & A A AR R T R
) HOCI Fl CL,0, T3 FQs FEMFEM, kops R o
XA FQs IR /IN ko 5 HH BLAE FAC=16 mg/L
B, BERHA WY pH B TSR, & pH & Tl £
FEHR FAC PP A bR J1 555 19 OCL, Jir
DL B FQs [ fift 3818, ko B /N o P 1 BBs
(Bl 2¢ F1IE 2d) 5 FQs By 1 & 1E 4 A 2, Fe /)
ks HIRAE FAC=1 mg/L I}, WA ) pH [T}
BN, BBs BB 12 o e K ko 1 BLTE FAC=
16 mg/L B, BEEHE WY pH L THR P, BBs [ fi#
e, BI#EAR pH BF HOCI # £, & pH A OCIT
B2, AR BT 5 pH T BBs iR Al AL
EONRUS

WK 3 FiR, B985 pH(pH) A, (HE
JIN FAC1 h J5 1% pH(pHgo) JTRIAHSE, TRl —5 424
FEIXFRAR AL 18 B AR B % ks ANTR], pH=4.0 B,
LOM F1 OFL 1 kqps W15 T-HA pH, 11 pHy=9.0
I, kyps /0N, PiFh BBs IE 475 FQs BB AR
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33 40 0.12
(2) LOM g OAFLH “TeMTL (d) ATN
30} p 103 35t
[ ApH 0.10
[ o0l e
0.08
02 - - 2.5 ,
< 220} 0.06 %
g < 15l g
: 0.04
10.1 Lol
o5l 0.02
0= T2 4816-124 816 O T a8 161248160
[FAC]y/mg/L [FAC]y/mg/L
¥ pHy=7.0; [FAC];=0 ~ 16 mg/L; [LOM]/[MTL}/[ATN]=5 pmol/L; [OFL]=10 pmol/L
B2 HESIREARESIERN pH T i, L
Fig. 2 Changes in pH and k,, values caused by different concentrations of free chlorine
16  (a) LOM (b) OFL 14 | () MTL (d) ATN
10.06 0.04
14 + [ pHy, [ pH,,
Tk, 12 T ks
12t
210} 0.04 7,
= %
2 gl <3
6 0.02
41
2t 0 0
456789-456789 - 456789-456789 -
pH, pH,
¥: pHy=4.0 ~ 9.0; [FAC],=8 mg/L; [LOM]/ [MTL/[ATN]=5 pmol/L; [OFL]=10 pmol/L
B3 AE#IE pH &0 FAC 317/ pH =LA £y, BITRIE
Fig. 3 Changes in pH and £, caused by the addition of FAC at different initial pH values
5 YA 2 S JE AT HOC1+H*+Cl™ = Cl,+H,0 (9)

2.3

R (6)—(9) B TH W FAC (A HE
FRAR R, HOLE I 25 ke R A, T
IR N B FAC Z A5 R 54 L
T 34N

(1) OCI # [H,OCI'] 55 [HOCI] i iE I [ &2
i (6)F1(7)], 24 HOCI . OCI . HyOCI HiA4,
Y i 3= F A, SR RN — RN, R
PRS- FAC B B F 48 AL fiE

(2) W CLO J& FAC B EE Y F, FAk )%
b R N, B R [CLO] 5 [HOCI) i iF H
[ R (8)];

(3) a3k Cl, f& FAC M EZ 4 4, %
BTN, RN [CLy] [ERHMKH T [HOCI] F1[C1 ]

[ i (9)].
H*+0Cl = HOCI (6)
HOCI+H* = H,0CI* (7)
2HOCI = CL,0+H,0 (8)

&l 4 s ge By ok B o 1 E AR, AR AU
FAC ¥ i, LOM., OFL 1 MTL 14 n {H #4230 1,
Wi I TE X R S 86 Z5 08 F ke = S YE I FAC 9Fh
HA HOCI 8 OCl, A I CLO F1 Cly, #H 5.
Y SR — S o Ui S A HOCI (pK, =
75,25 C)PF1 oCl R iR F R AR, B T
HOCI [t OCL X} K 2 80A HLAL & W i B 1 1 5
3 27 i B2 =K (6) T HOCL AT OCT i L
WO T W 1A B, Bl J VA TRAY pHL 4R
JNEE > 1) FAC B, %W pH L THE/IN(EL 2), ok
3t 5 pK, {E, I HOCL /5 FeAR &5, 3fd FQs
TEIR FACHRBE T kops B K, X L2 WS T PBs 5
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Fig. 6 Degradation of four pollutants in drinking water
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