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Abstract: The UV/chlorine advanced oxidation process (AOP), which generates various highly
reactive radical species, effectively degrades micropollutants and inactivates microorganisms. The
ubiquitous presence of natural organic matter (NOM) in water leads to the generation of chlorinated
disinfection byproducts, while the presence of bromide induces the generation of brominated
disinfection byproducts, which are known to pose threats to ecological safety and human health.
However, research has primarily focused on conventional disinfection byproducts due to the
complexities associated with NOM, the diversity of halogenated byproducts, and the limitations of
analytical techniques. In this study, Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) was applied to elucidate the influence of bromide ions on the transformation of NOM and the
generation of halogenated byproducts in the UV/chlorine AOP. The introduction of bromide in the
UV/chlorine AOP facilitated the generation of hypobromous acid and bromine-containing radicals (such
as Br', BrO’, Br; , and BrOH"). This alteration in radical speciation led to significant transformations of
CHO compounds in NOM, particularly those with higher aromaticity. The newly generated CHO
compounds were mainly tannin-like and alicyclic molecules rich in carboxyl groups. A total of 222
bromine-containing compounds (CHOBr) were detected after the UV/chlorine AOP. Compared with the
CHOBr compounds detected in dark chlorination, these CHOBr compounds had significantly lower
carbon numbers and Al values. Analysis of the precursors of these CHOBr, considering both addition
reactions (AR) and substitution reactions (SR) as pathways, showed that these precursors had low O/C
ratios or high H/C ratios. These precursors were predominantly lignin-like compounds and highly
unsaturated and phenolic compounds. The SR precursors had lower aromaticity compared to AR
precursors. The majority of CHOBr compounds generated during chlorination were removed during the
post-chlorination process, while most of the CHOBr compounds generated in the UV/chlorine AOP
remained during the post-chlorination phase. In addition to CHOBr compounds, the number of CHOCI
compounds identified in the UV/chlorine AOP in the presence of bromide ions was significantly lower
than that in the absence of bromide ions. For example, there were 333 one-chlorine-containing
compounds in the UV/chlorine AOP without bromide ions, but only 33 CHOCI, compounds with the
presence of bromide ions. Meanwhile, compounds containing both CI and Br were also detected in this
study. This study characterizes the formation of unknown brominated byproducts at the molecular level
and elucidates the transformation mechanisms of their precursors. These findings highlight the
importance of brominated byproducts and provide a reference for addressing critical issues in the

practical application of the UV/chlorine AOP.
Keywords: UV/chlorine; Advanced oxidation process; Natural organic matter; Bromide ions;
Halogenated disinfection byproducts; FT-ICR MS
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M) 2% B R0, A 46 7K I A2 #E 1 KR A LT
(NOM) , 5857 (Br ) 451" e ] 2 1 8 4140 06
H T2, NOM i i 558 S A ph 38 5 AR i 2 A
FEPE R T 81 77 4 (DBPs), T Br 23 3 — 5 52 1)
R

TR AE K b T AE A, K Y A e FE 3
Bl — JBEAE 3~2 000 pg L ™7, M KR 77 1E Br,
22 2R HN AR T2 A B E A R TRAR T B A
Y1 (Br-DBPs) #¢ i 23 . 3% ™. HOCU¥ Br %
Ak, RO IR BR AU IR R R (HOBr/OBr )™, HOBr/
OBr 5 NOM Hfiy s H T-5EH1 2 i A i Br-DBPs!
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7k R BR M R B B TSI B S AT AL
T (TOBr) 1R K —3840 1 A % 45 52 sl 3% A5 15 3 4R
U™ UTAE Sk, i LA e s 1 [ i L R
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Fig. 1 Ultraviolet experimental device
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1.2 XHEHNE

ARSI 53R 5 A RS LA RS A S

L HNE LK B A A 3 mg C-L SRNOM,
5 mmol-L ' WAL Z% Wi (pH 7.0) [ 700 mL %
VE S0 R B N, [ A 10 mg L i B SR
W . 1 mg-L "' NaBr (9.7 pmol-L™' Br ) i £ C Fil #4
15 min (5 AMETH AR, VA VR 2R B8 T 52O R
S, AL IS A0S T2 b Bt A . SR A1M KR
HESF 30 min J&, IDAFEK ) Na,SO; 28 11 KW o

PER 5 BRI T AHAE B (SPE )« i AV
VR IR AR E ke 3% 4 [ AHAE BV )M (Bond Elut —
PPL) (¥ S0 38 DL G HE4E, DABH 4% TR KR
ey P W B VA OIS AL PPL /INEE, 78 /INEE v B v
4l 7K B FH E 47 R O VS TR [ AH A5 B, i R 2
3 mL/min, fFHE A A HCE) PPL /MR f&, FH HH st
VA TR I s R MO F 1 R RV O T AT AT
IR, T A VKA 20 C ¥R RI-AF; FT-ICR MS
TARERTIA 0.5 mL B 4I/K A1 0.5 mL s 2 7 A
ftr, FEF 24 h PSSR RE o 3 a6 R AR BT
Je VR AT ALBRAEL(DOC) , A5 A8 B Rk R 2
80%. Hph G AL Xt Bl 4 AR s h AT, HiAv &
115 5 A0 A SR A 5 A AR

J5 EALSEE: 78 b3k 30 min £ 4N A SLE 4
S, R G ISP A SR B, b TR S S B
W R, AR R s R B 10 mg L, 2
Jo S 9 P R 3 do 3 dJE A K5 Na,SO,
211 J N I XHRE A EAT SPE FiAL B, EWE 1R N
Ja A4k 3 d LI A A FE i E T FT-ICR MS 4307 .
BT HR AT 9 S B T PSR A A B AR SR %
PR HEATAN, RSO —30.
1.3 FT-ICR MS (S H K HiELIE

AHFSE T FT-ICR MS %% Bt 5 15.0 T #
S RE AR ) 78S T HL S 4R XY Bruker Solari X FT-
ICRMS. B4 AHHEHR-3.8kV, HFIRIH
e HI0 R T 4 M 32-bit B4 A, iR AR
BN miz: 153~1 000 Da. i 1 VE 55 % L)
120 pL-h™ PR 07 i T8 T 8 T A AR 1) F
W55 FL B R (EST) Bt o 78 B3 U 2 1, v 4
a5 A 2 50« SOCHRFR L ) HY Pt /8 4 7K Pk
3K, d KRR B e/ 38 ST e R AR R . il
110 mmol- L™ i1 FF R 60 35 98 0T Y6 335 HE 4T A1 3 5
HE, SRIE i — R 51 E 518 NOM 1k & Wittt a3
EREALHE o AR, AN T 71 L PN A U A B

HIRZEET 0.15 ppm (5% P 5 & 22 (50 ) .

BAEAE B fif FEE /3 H1 4K (Bruker Daltonics
4.4)%F FT-ICR MS St o 50 %) B34~ 04 E 47 49 i
o Fas WERFHITRAMHA C s Ho100 Opso-
No-3S0-,Cly_sBro_s, B B A5 ML (S/N) KT 4. XFF
25 58 WA 22X, IR (R R A =2 ] i o iR 22
/NF 1 ppm. [R] RS, a8 2 AH RS 2 22 57 (KMD) |19
HoAth 58 FR 4 Bh 4> 72X 40 i . 4114n: 36.4 mDa
(i 22 53 7] LU i PCH, 5 "°0 19 52 ok fip B 20
M\ Bruker Daltonics 4.4 #4 5 H 4105, AT LLiE
1 AR KA Python i R IE AR 2> 138, #E— 4%
1 1 B 4 4% 4 N/C < 0.5, 0.333<H/C<2.250.
0.1<0/C<1.0°, 23 T8 KT 500 19573 it
[Fi) 22 4 R0 0 52, R 45 7 43 F 1 <500 1 Bl N
FEEHR R Y, BAAETE, WA R %5 1 R B4
o[RBT, AT DL o g FR 1155 P A7 43 X9 HYC
O/C. X1t (DBE) . &5 5 F 484 (Al )
I KMD 8281, XT38 1 4 F2 5 Python 12 5.
Ja U R A S AR B 2, EEAR R [R] A 2R A
W], PR % il Bruker Daltonics 4.4 3K {46 i 1%
oA 2 A R 2R T AR L2 A A AR
o 4 Br A 2 AN A7 %, 4351 2 PBr Al Br, X
2 AR AT L R 10 1. SR aF XA
R NI AT A 1 L A BEIA NI T
KAYICRBOZIEFR . JS4F FT-ICR MS JEAR &
FE T Y, (HFEAH [R5 4T R A5 A0 RE T 06 i B
AL O AT e e Ah, X TEAT
FES T R ABE AL B, 5256 R 2 S PATRE A
Ak PR 5 3 ) 43 X8 A R 04 B4 7 3 A )
X F e I i s B 1 43 15X, il 4d Excel #F 1A
2APATRE S I A P BTG ), Y
AR ET 80% B, — kR 2 R P AT HE R
U, Z I B 2 A AT R AR R G 4 7 U5 BAE
%R B 5 W E B3 T

A R SN A R k7 R AL MR /B Ol
Python iz 5.6 & FLRTRY . ASWESE OIS BT A 1
X DBP A & #2530 2 28, BB R (AR ) FIHL
FRIZIN(SR) o H T %5 SR, S S sl i i 1 4o
KA, TR A CLH, 0 4T,
IR 5 R 2 A PR Y SRNOM HE 5 Rl 431k
17 . #54E SRNOM £ b 4% B13% 4> 7=,
WA A3k A b AR B w7 ) 0 it SR ik R
s BN K Ci6Hy,0,0Br % L A CgH 504, 5
SRNOM #f fi (1 43 F AT HL 3, 45 7F SRNOM
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H 3R E] Ci6Hi504, WIAT LATAH C 6Hy,0,0Br J2: 3 11
SRIE Wi . #AE SRNOM H#% F] C,H,,0,, N 7]
PLINA C6H,,0,0Br J& 38 i C¢H,s0, 5 HOBr %
A AR A BRT AR 1SR Ak, S4NEBH T2
A7 A At S R A, 1] an AR Ak s 7, {HAX B
I LIRS A%, Tk B o 4 X sk U,
WORTEAM T 8. TR 2B, % ik B A
REAA AR IR B Y SR B AR — 7 J2& BLS92  W B% A%,
AT DAAE — o R B S e pi A3 2 I ™ 4 5 i
R Z R

2 #R5iTiE

2.1 REFIEINGEEAIZE S NOM HLEIENm

i FT-ICR MS 3 HriR 51 H ) NOM 4153 K
W HS C H, 03It R ikA 4 (CHO 1k
), &4 NS FEF & B,
M A SCAERSGT NOM H CHO tb&%) . Br 7146 F,
EHNABH T 203584 i CHO kA S
B L BRAY CHO AL & W 40 L, B A A X ¢ 1Y
O/C b, HRER/# A sl CHO L5916 T NOM
HPE T R 2 G X3 N (] 2(a) ) o el X L
TG Br BB A M 22 bR CHO b &1 B 0 A AT B
H(E 2(0)), Y& R ASTELE Br B, B AR oA 2
BREY CHO fhA 953 A IX Sk o FE T &, KB o A=
B W) o3 A AR T NPT T RIS AL iy X I3
Mo (A, R THE R 2t CHO &%) HIC,
O/C. DBE/C Fll AL, B INACE-¥1{A (H/C,,. O/C,.
DBE/C,, Fll Al ) WEBIE TX &I . H3& 1 7]
1, 576 Br fAAEAR L, Br f27E F 094N 8B T
2ol DL £ NOM 1 H/C,, {8 BEARAE AL, i 5
=% CHO &4, R A AL O/C,, (EHE FH Al yoq.y
HEARH CHOL &, e MR R P H
Br £ it ¥k 45 41 /4 B T2 25 B NOM EE i iR
TR B R A B, oy FRALA Y, Hizid
PR ML) Z B E A L B, A R & A
YR TREMAAEY) AR, XrTREEH T
Br /e, K& i HO L CI'% [ A4 5 Br i
A HA B B 3, 4640 BrCl A BrOH™, X 26 [
HngES 5 NOM Hh S F e s Ak S W b, H
HOCI 2344 Br %4k HOBr/OBr ', 1fif HOBr/OBr
Jef 277 A 280 RBS(2U(1~13) ), A4 F HO'
H1CI', x4 RBS B H M, 5 NOM Hrig B 15
TR AN RN BE 4 A3 S W B R . LET 488 T Br
55 80 Ay PPl Aa MLTE YW i) L g R 8, B

T 2B 4414k [DOC,=3.0 mg-L ', [ #5554 1,~10.0 mg'L ™",
[Br 1,=9.7 pmol-L™', pH=7.0, “£41/t3# 0.36 mW-cm 7,
AP 30 ming P H AR/ INKGH 7 0 (R AR X BiR BER/N
B2 (a)NRBFHFERKEINESEAIZER
HERH CHO L&Y, (b) TiRE FRI#H LN
SEBEATIZER/ERK CHO LEY
Fig.2 CHO compounds which (a) only removed/
produced after 30 min UV/chlorine AOP in the
presence of bromide ions, and (b) removed/
produced after 30 min UV/chlorine AOP in

the absence of bromide ions

x1 A/ERBTHFHTEINGEAIZY CHO
HEM D FRIESHHBE
Table 1 Comparison of characterization of molecular
formulas (CHO) of SRNOM after the UV/chlorine

treatment with/without bromide ions

M CHOLAY H/IC, O/C, DBE/C, Al

EN S 087 0.2 0.60 0.47
HIRET

H 1.09  0.64 0.51 0.24

ER 1.01 0.6 0.54 0.36
TIRE T

R 1.05 049 0.52 0.32

TE: HFAR L& FICHO > T3 U474 Br 5 JEBr 1700 F 42
e 5Ll
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Br' 5 4 M 25 2 i 8 % 55 35 10°~10" L-mmol s,
ifii 5 /N BEE A 3 KA 10°~10° L-mmol s '™,
GUO %5t 5 H 7E Br T B8 G B B RV LU AR T
1 i, PR i Br e a8 AL e e b ke E e
HOCI + Br"— HOBr + CI”
k=1.6x10°L-mmol "5~ (1)
HOBr = HO +Br &, = 0.43 Einstein”'  (2)
HOBr+HO'— BrO'+H,0
k=2.0x10° L-mmol "5’ (3)
HO+Br — BrOH™ k= 1.1x10" L-mmol™"-s'

(4)
BrOH +H'— Br'+H,0

k=4.4x10"L-mmol s (5)
Br+Br — Br; k=1.2x10"L-mmol" s
(6)
BrOH™ +Br — Br, +OH"~

k=1.9x10° L-mmol s (7)
ClI'+Br — BrCl™ k=1.2x10"L-mmol™"s™

(8)
Cl; +Br — BrClI"+Cl”  k=4.0x10° L-mmol'-s™
(9)
HOBr +Cl +H"— BrCl + H,0 (10)
HOBr+Br +H*— Br,+H,0 (11)
2HOBr — Br,0 + H,0 (12)
HOCI + HOBr — BrOCl + H,0O (13)

22 BREFMEINSEAIZHREIFHER

ap-A1|

Br 7€ 58 A1/ M T 20 ril o 52 i % 40 ot
14 43 A T 228 b AR 0 1 A . Br S MR
(RCS) [ i 4= i, RBS, RBS 5 NOM 2 [i] B 2 i
i T R B R S AT Y
A% IV S AL NOM 11 [R] B A= BSGBT 1 Br, Br 4k
5 &R d i HOCI J i A i HOBr, #E 1M & il — 4~
PGS I AR5 T U R R 2 R ECEHLIR A A LR,
B Br-DBPs. 44 Br f/K AR S AL, K2
29%~94% 1R 43 L) Br . HOBr 5{ OBr iy £ R 7%
FE E MG/ T, Br . HOBr 5 OBr 43 4k
LSRRG HO K & [ 3Lk 4 R, 72
H— R H il %, 455 Cl, Cl L Clo, CIOH™
HO', BrOH | BrCl" | Br', BrO'lA M Br; , X4
3225 NOM M54 1k IF mT 8 B 2 A2 Bl i 4R
T4 2 &l 7= 4 (C1-DBPs 5§, Br-DBPs) , 1§ 4= 5l 1% 1%
HARIF=YI R RIAY . 81 Kintecus FFES. T
I H v B AR A Y 3 ) A B, Ak B 2 ) pl

PR AR R RS W o AR R ANE T T
2Rk BRI AR P B R S U ¥ B i (3,110 7
mol-L™"), T3 1 HOBr 75 £ 4MT TGtk i sk
BrOH 5 H & =4 (X (2) F1(5)) o HKEBry
1 BrCl, Fa 25 e 43 912 2.38x10 " mol-L™" Al
1.61x10 " mol-L™'. 423, NOM 5 Br'fi¥ S 17 &
4 2.6x10" (mg C-L ) s ' X 5 NOM 5 HO
Y 2 33 (2.5x10° (mg C-L ) s DM, Bry
55 NOM 4 52 I3 38 28 AH X A48, A H 3.0x107 (mg
c-L Yy s HAFSE & B Bry AR MERE 1~12 mg L
[ NOM £, A Z ih HOMI RCS Ay FE 250k Ji
FAAF A, He BE QLR 107°~10 mol-L ',

L FT-ICR MS 43t J& , A 58 8- 151 1Y Br-
DBPs 4§ i /& CHOBr fk. & %, Bl H & C. H. O,
Br i Z ML AW . R iRSIH ) CHOBr L&
Y REA 1 NRIET RS, & H 2483
J7 1) CHOBr fb & ¥y AR B - 1], iX 7T g & i T
NOM H L FE B A 1 AR T )5 oL 725 i %
05, (i A5t — A AL B PR

Br {7 7E I}, NOM 248 A1 /& Bk FH T2 Ab BN
P SR AR AL RS WZE R TR [ CHOBr fb & 1)
. BRANEIRH T2 A5 AR & U]
222 4~ CHOBr fb & ¥y, S S Ak Ak 315 A F b
B 264 4~ CHOBr fb&4. M, 163 4~ CHOBr
e 2 T AR S 1y . Aok ST Ak HE
WA B CHOBr A6 & 9 7T fig J2 i TR R h A7 7
(18 TR IR 3 3 5 L 5 A BUIR, 5 NOM H i 13 28
Yy A RO, EARE, TS NOM I S B
Fim TS NOM i iR, [, A E T3, R
RE % B A A S5 NOM 2 43 %& Az AR sz g B,
CRIQUET %:HF5% & 3K, 24 pH N 7.0 I}, (KR iy
R4 5 NOM iy 5 B 40 oy —— T 2840 Jo Pk & 2E
SN Az i, CHOBr A6A- ), SO Y — 2 s 8 47
10°~10" L-mmol s ' 2 [&]""; HEEB 453 izt % 3l 5t
55 NOM Hh 1) Z2 Fl I3 28 Wy I 5 7 1) — 4% 36
B, & G S 5 T 55 NOM H B 289 Jiit J
I g s R g 5 o S A A B L, 4
AN T 24P A= 5 ) CHOBr 1L & 918 H

U ATREA AT 3 MR, He—, &40 Br-DBPs
AR TR A . ZHAT S 57 R B — 4t
Br-DBPs 7 {1 5 5% B2 570 S 5% B (1% O T Pk 43
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