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Formation mechanism of 13 new polar phenolic chlorinated and
brominated disinfection byproducts in drinking water

WANG Ying CHEN Zezhi LI Aimin ZHOU Qing LI Huan PAN Yang ™"

(State Key Laboratory of Pollution Control and Resource Reuse, School of the Environment, Nanjing University, Nanjing, 210023, China)

Abstract; Recently, 13 new polar phenolic chlorinated and brominated disinfection byproducts
(CI-/Br-DBPs ) have been .identified in drinking water by using multiple reaction monitoring
(MRM) , precursor ion seany rand.product ion scan of ultra-performance liquid chromatography/
electrospray ionization-triple quadrupole mass spectrometry ( UPLC/ESI-tqMS). The new DBPs have
attracted increasing concern since they were proved to have higher cytotoxicity, developmental
toxicity, and growth inhibition than aliphatic DBPs, and form trihalomethanes and haloacetic acids
via decomposition:. In this study, a series of samples were prepared by reacting gallic acid with
chlorine/monochloramine in the presence of bromide to simulate chlorinated/chloraminated drinking
water samples with gallic acid as carbon source. The reaction products, intermediate compounds,
and gallic acid were analyzed using UPLC/ESI-tqMS. Gallic acid was proved to exist in both simulat
and real source waters, and 10 new polar phenolic Cl-/Br-DBPs were identified and quantified in the
chlorinated/ chloramined gallic acid reaction solutions, suggesting that gallic acid is one of the
precursors of the 13 new phenolic DBPs.
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TRES T V2 AFAE TR KK IR K i B 5% 38 B & 52 [ R RS A1 DA 2.3 19k R 7K K K
IR TR E TGN 0.024—4.13 mg- L™ K IEZK A B9 KSR AG WL IR ES 1R G/ G I, 23 HE ok
HAE/ BACTH RIS N 1974 4F Rook 451 URFE R /K v 2% B0 = 5 B B ™) ISR, SCRik A 42 38 )
KA EFR=YIEAT 600 280 UL AR A I 5T 58 18 5 50 R M €0/ L 19 250 Pl 3 = o DU AT I 1%
(UPLC/ESI-tqMS ) 1 22 17 Wil 148 ( MRM) | i R 28 F 48 07 2 7 13 kU ek ik b & 3
T 13 Rl AU M R 2 S0 TR W BRI 2 ( Cl-/Br-DBPs) U1 BT ELA LU RS i i 1 2 8l P o
R R B R AN R A A R O A AT DR A A o N S A ™ R A A kR e 2
MEAC RIS RI = ) TR 5 AR R e .

55 SC AR TR FH AT B B = ) B s ) ik R 3 Rb — R RTIRMI A 5BRT T TR A i AR 4
il B AT B Y R AR T A A A 5 BRY L B R T AT B I O R IR 4 Y
%B/%LBJ .

BB TR (gallic acid,3,4,5-=FFAETER) , 013K C,H 05, ] IZAA1E T S 2Mlg =M A5t 4R
B AT TR AR ZE RN S R 2900 R AR IR T2 AR AR B —Fh 2 B AL A B T R K T R A
Ay e AR ) O B B A B 43, B B R K R K v S B R ) B R U, FE K rh R o R S g T A
%%(277281 .

ARG T TERAE 16 S BRAR A K TR K RS FH K R TIRIK Hh i o A i B, 71 LA
R HRTBRY) RT3 Rl I MR B2 Cl-/ Br-DBPs ZERE IR T /K S8 RVER s 2 3ok 75 v 0 2F IR 0. B
Je B T LAV 1 4 R 4 A i 13 ol B AR PR R 183 2% C1-/Br=DBPs [ X R AILEE, S IR KT Bk
13 FCl-/Br-DBPs [ Rl 4K 47328 1 42 il He A pig it 1 JE .

1 #BHFI 5 ( Materials and methods)

1.1 255k

ARSI T RS P 34 Ak sl S R Al Horh 3-1R-5-5 K2 (95% ) W T Enamine 23 7],
3,5-IR-4-FILTEH R (98% ) W T Indofine Chemical 2 7], 2, 6- " JR-4-F AW (95% ) 1§ F Fluorochem
INTE]L3L5- T IR-A-FRFEIE T (98% ) 2, 6-TLIRIER (99% ) WA T Alfa Aesar 23,3, 5- 50 -4-F2 FEIR 1t
(97%) 3,5- " FKMIR(99%) 3,5- " A-4-FREAR IR (98% ) 3-TR-5-A-4-FFARHE (95%) \2,6-—
F-4-TOR (98% ) Fl 3,5- —TRKGMR(98% ) M T 36 [ [F 5L 2 90 % B 1R (98% ) (2,4, 6- = TR A M
(99%) 2,4,6- =AW (98%) . 4-FL IR H R ( =99% ) Ml 5-1R-3, 4- " F2 IR H R ( Aldrich®™) 1y T
Sigma-Aldrich 23 &, 545-2,3- 7 3 HE 5 F R (98%) W T it 52 K TRC 2% & §% 0E JE 1 KR A WL
(SRNOM , 2R101N) 4 T [ BR 5 FE R 27 2 IR A BREM ( NaClO ) I F H 4% Chemical Industry 23 &, MV R EH |
WRERAN T LR T EmE 2 R0 FF B0 T Sigma-Aldrich 23 &, W HER ( H,S0,) W T B stk R A PR A
). 3-S5 -4- R IR H R b o 7 V00 ek ¢ 4 O R + R+ G R A BT NaClo s o % A
(~2350 mg-L™" as CL,) @ xf @il kil 4l NaClO A8, I F 3 [ K R ZK b o A 0 k>0 i 2 15 3. —
S (NH,C1) 38 1 S (NH, C1) Fll NaClO ¥ (P B i 2 b = 1.25) TR A il B AR 52 90 v i A R vfE 1
BImeHITE K O (R = 1) IR G W .
1.2 SEENER

ARSI BT FH B R AL AR F5 « SE[E Waters 23 F 1Y Acquity # =58000F (6,58 / Xevo HL IS5 HL B — F Y
AT 1 | SE[E Thermo Fisher Scientific 23 F] B9 Barnstead Miscropure #8406 /KHL G 1845 .pH 1T FI1E [E
IKA A RVS Jighh 75 &1L
1.3 BPKAE L

RIS UEB B IR I 75 o KR ALY 0 A L A, A58 i e il 1 DA BB R T K K PR 7K KR
SRNOM ,2R101N(3 mg-L™" as C) ,NaHCO,(90 mg-L™" as CaCO,) .KBr(0.4 mg-L™" as Br™) .40, MIRIE
W TR I 13 M BB 5 1 25 Cl-/Br-DBPs B ETIRY) , ABF 58 th e ] 7 LA S B8R 7k K
FE A FIR(3 mg L' as C) \NaHCO,(90 mg-L™" as CaCO,) KBr(0.4 mg-L™" as Br" )  NaOCI 5 #
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NH,CI(5 mg-L™" as Cl,) , MBI K 0 @0UR U0 B B2 oA — 25 3R 98 LI & 112 i SR 9 U TH
BRI O T AE L 13 F' Cl-/Br-DBPs f b #6458 , A58 L] T DA T BEBR HIK AR B F IR METS T
(3 mg-L™" as C) .NaHCO,(90 mg-L™" as CaCO,) .KBr(2 mg-L™" as Br") .NaOCI(5 mg-L™" as CL,) .l _[7H
B LIV Ay IR 20 °C RN IE] 12 h GREE  pH 7.5, 5N 4 BRE T E AR I 105% AR
FRENZE 1E S
1.4 SLEPRKAERAE

FWFFE K 0BT R RN R A S e S A 0 %) o B 21 R o0 TRl AR R RAR A ML G BB R R 2 —, I
H T R A T R A T L= e R PRI R A A, R & TR o 5 8 F IR & 0] AT
TE T RIRK KA K I8R5 5 275 7T LA 2E 13 B Cl-/Br-DBPs , AAHFSE R AE T Hh [ 23 3R T b IX
8 N FEHL Y 16 MRS BYZKIEIK AKFER A 5 % P AR A AE 4 °C BREE N IFAE 2 KA ] 5
B, % 0.45 wm B UESE RAFAE 4 °C VKA b DARRIE— 25 Tl 2.
1.5 ZKFEFiALHE

AR F R T A BB K R R B S KRR 24 R AR [R) A T Ak B 760 R B AR AR A B A 4
A—E B H,S0,4% 1 L/KAER pH EIZE 0.5, 285 A Na,SO, 1A 100 g ff FARFIREKRE o i [
R RIG R E 2 L A=k, A 100 mL H BT BEEE R HE T B, i@ A5 min 5% LER
HUAHEE RS 5] 250 mL [BCBR T 7E 27 COKIB M T HATIER: 75 & , ELEVRT A HULAHWR A 2 0.5 mLAR )G
FEAA 10 mL ZIE7EARF &0 F e 78K £ 0.5 mLAESE T UPLC/ESI-tqMS 23T Z B, T A RE i JH # 4l
KFBEE 1 mL,IRAIJ5 ] 0.45 wm 1Y PTFE i3 E.
1.6 UPLC/ESI-tqMS 43Hr

ZETRAL 3 1SRN AL 75 B O V8 YRR it FIASE 48 S S B Ak FH /K A IR KRR i, 433l i UPLC/
ESI-tqMS MRM J5 3246100 52 187 28 7= v 8] 7= A 6 IR B S50 BB AR B IR X, EST AR
;B30 KV IR, 130 °C; #EFL A giadt ;50 L+ h™' 5 B 7 B, 500 °C 5 B i 37 <t 2k,
800 L-h™" s flf# < (Ar) Yk ,0.25 mL-min" 5 BTk s HE3 155 B3 4F B[R] ,0.052 s (4 F 2,4, 6-= K18
K2 DBPs A& & T 12) .0.080 s (4% 10 FFOK 5 25 Cl-/Br-DBPs ) ; £ FL H H F1 filf 48 BE R
Intellistart™ 546 | BARSHL K 1A OGS BB R JEREARRL, S pL; @il AL S | Acquity
UPLC HSS T3 (2.1 mmx 100 mm, B FE ki1 1.8 um, Waters ) ; A, 30 °C 5 i shAH, 7K/ BB i
0.4 mL-min~" BB REPERL SRR A0 N4 AETF LG9 8 min B, U BhAH K/ FH B RN 95/5 SR PE AR 1 5795,
TEZJA Y 0.1 min B 2P 18] 9575 3% AN AR SEAR 4% 2.9 min, ffiAE T4

T AT 13 R AR AR 1 2K G TR R A R £ R A L Dl e
Table 1 Cone voltage and collision energy of 13 new polar phenolic Cl-/Br-DBPs and gallic acid"*"’

i i X EE
i g PR g HEFLHL R e
Collision Collision
Compound name Cone voltage/V Compound name Cone voltage/V
energy/eV energy/eV
3,5- AR IR 49 22 3-IR-5-FUK e 33 23
3-1R-5-58-4-FRHER T 46 25 3,5-ZIRK G R 35 35
3,5-TIR-A- R R 50 28 2,4,6-= 5K 49 22
3,5-ZR-A-FER TR 30 21 2,6-Z5-4-TR R By 43 25
3-IR-5-58-4-FRHA R 32 25 2,6-IR-4-GUR R 45 32
3,5- TR -4- R R 36 29 2,4,6-= IR KR 48 38
. " 3,4,5-=RIRH IR
3,5- U 7 34 21 L. 34 22
SRR (HETR)

2 5 R 51718 (Results and discussion)

2.1 FUMGEUAS LY T B IR SO VA TR 13 Rl BRI MR B 2S C1-/Br-DBPs AU
Kt GGG T 5 00 BB TR S N I TRORE 0 )38 3 UPLC/EST-tgMS MRM #E47 13 Fhr AR 4%
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325 Cl-/Br-DBPs Kl FlE H, SCge 4 SR AN & 1 B R 1 AT, G SR ST B 5 1T B 1R S I 7%
WA 10 R BRI 2 B R W A BT R 3,5- 4R R R 3-1R 54 R H
2 3,5- " IR-4- BRI R 3-TR-5-FUK IR \3,5- ~IRKHIR 3-IR-5-A-4-FER P 3,5-IR-4-7%
SRS A1 2,6- A4 KW 2,6- " R-4-F KW, 2,4, 6- = FOR By, Horp 3, 5- G458 0K F
3,5-ZFUKIGIR I 2,4 ,6- = SR B 7E SR EUETH B2 5 B 1R SO0 W rh A A ) 381 JHE D PR AT /g A
JR NI A e ) R 4 SR B 2R W 28 DBPs S g tE — 25 B AR R /R IR A B A A TR AR Y 2R 1 2
DBPs.

m 3,5- "4 -4- BEFPEE 3,5-dichloro-4-hydroxybenzaldehyde m3- R -5- 48 -4- F2FEF FEE 3-bromo-5-chloro-4-hydroxybenzaldehyde
o 3,5- iR -4- B EE 3,5-dibromo-4-hydroxybenzaldehyde m3,5- 4 -4- FRFEFEHER 3,5-dichloro-4-hydroxybenzoic acid

m 3- ] -5- & -4- FFEK B R 3-bromo-5-chloro-4-hydroxybenzoic acid 03,5- —JR -4- ¥2 3L FHER 3,5-dibromo-4-hydroxybenzoic acid

3,5- &K% 3,5-dichlorosalicylic acid O 3- J] -5- /K #%E& 3-bromo-5-chlorosalichlic acid

O 3,5- —1R/KA%ER 3,5-dibromosalichlic acid B 2,4,6- =4 W} 2.4,6-trichlorophenol

B 2,6- — 4 -4- IR AWy 2,6-dichloro-4-bromophenol 0 2,6- — iR -4- &K} 2,6-dibromo-4-chlorophenol

02,4,6- =R E} 2,4,6-tribromophenol

1000
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= .
~
T, 100 1 .
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=
=
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g
<
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=
g 10
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U W
1 . mm I
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B 13 o AR S 1 W AR 1 R A KA B AEL R AR KR P ) A TR L

Fig.1 Formation of the 13 new phenolic DBPs during chlorination and chloramination of gallic acid

2.2 BETFERAEAILR H K KUEZK RN SEBR R FH 7K A PR K A ) 56 TE

W 2 JeoR  ZERERL IR ZK KR K R 52 BRI FH K K IR KB G 1) MRM (169—53 ,169—69 ,169—79 |
169—97 ,169—109 ) 1% E H & 758 m/z 169 HA 1 Mg, HAR BRI Z94 0.8 min, AN & T BRRER
1) m/z 169 I LR FE B[R] 27°0.68 min #2304 BB T IR PR HEA I A 2 T A 7K RE v LS 31 e i 1] vp
FEBEA L PE (e HE A /KRR A B IR 24 0.8 min F4 (2 3% s 06 T AR Sl 386, 4k 1 AT o A B
]2 0.8 min m/z 169 A (kI E 15 £ 2. LA b SR S BB 25 58 30 A& & R AE K IR K A9 36
TEF B F IR A AL T RSN LS IR A/KOK IR W 38 5 T ™28 13 R BUAR P 2K B3 2% C1-/Br-DBPs,
PR AT UE B R AR A 13 i U PR R 325 Cl-/Br-DBPs [ HTIKY) Z —.

LA, AR SEEG R ) UPLC/ESI-tiqMS MRM J7 72 FIARAE T A XA FH KK 57K R 16 AN SEBRTEKH
ARG B B F B WR BE HEAT T 5 . 45 R 6 W1 TR 7 S B AR /K K DR 7K e 17 e 32 4 L A
0.023—0.193 pg-L ™" HARZER A 3 FiR.

2.3 DABCEE IR A i B A 0 S0 75 AR S 0z m ) 7™ ) 1) S

AW I B RS IR (2 mg- L) SR AR N AR R LAt R S RIS O LA B T IR
TR AE B 13 FOE R R B 2 C1-/ Br-DBPs Y S0 B A%

X LA TR BT TR B RN 2 mg- L7 EUTH B2 KAEE4T UPLC/ESI-tqMS MRM 43
B, AR T 4 AT R R ST B R 4. A SR 15 B MRM ARG B F 445 (P1S) ik AE
ZRR PRI ] T 5-1R-3,4- "R IR 5-1R-2,3- "R ER A 2, 6- IR ALY IX 3 A rp (]
FEY).
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100, 068
(a) & L\
oL

2.50 5.00 7.50 10.00
9100 084 236 429 458 583 716 856884 1096 \5100 084
s 0 A fo gorh) Sl °© A}wmf_ﬁﬁ-” 32 553 737 866 956
) 250 5.00 750  10.00 @ O 2,50 5.00 750  10.00
100, o384 469 55 s 85 1()0 091
° x 180 387N 7 1576 845 905 10.99 507 607
o b AU e iy i, s A2 866899
2.50 5.00 7.50 10‘00 2.50 5.00 7.50 10.00
100 100
= 0 0 236 = T 2 am
() 2.50 5.00 7.50 10.00 @ 0 2.50 5.00 7.50 10.00
100y o 100 085
° - ° 0.85
B I_/V ) s 1 B 745
0 2.50 5.00 7.50 10.00 0 2.50 5.00 7.50 10.00
100 100
o o 347
& 0 OB 148 508 33 B b S A A2 576 692 869
@ 250 5.00 750 10,00 @) 0 250 500 750  10.00
. 100, 100 08
X 0 /125 225 2 LL—*—«LAJ 377,469 576 692
2.50 5.00 7.50 10.00 0 2.50 5.00 7.50 10.00
_100 100
= 035 134 588 473 503 = tfl.ﬁﬁﬁ;” H4 S4 691 866
() 0 2.50 5.00 7.50 10.00 (n) 0 250 5.00 7.50 10.00
100 100
° 0.84 o .
B 0] | 236 287 2 2'§ipji99 474 496 694 866
2.50 5.00 7.50 10.00 0 2.50 5.00 7.50 10.00
°100 100
S { 077 21331 4y 675 X 0383 Aﬁi}.w 465 550
® 0 2.50 5.00 7.50 10.00 (o) 0 2.50 5.00 7.50 10.00
100, 100
- 85 ° .
. 0‘ L = 0 Lﬂfﬁmﬁ” 24 s
2.50 5.00 7.50 10.00 2.50 5.00 7.50 10.00
100 100
. ‘ 082 o LBSO 254 336 456 512 036 845 oo
0 .\ < 3 ,,J S /. -7 _8.65
© 250 5.00 750 10.00 ®» 0 250 5.00 750 1000
100, o 100) 087 336
X ‘ J U 186512 636 545865 1079
0 2.50 5.00 7.50 10.00 2.50 5.00 7.50 10.00
100
100
o o 0.86
= { 083 233 288348 477 = GL Lo I3 AT sm 636 g7s
0 250 5.00 750 10.00 @ 2.50 5.00 750 10.00
100 o8t 100
S { I)‘ 228 334 414 L\ R I P R T
0 2.50 5.00 7.50 10.00 5.00 7.50 10.00
3.62
100 g
100 . 369 .
= 1 0% 228 354 - OL’MO Z'GOJL 60 37 683 18837
@ 0 350 500 730 10,00 (r) 2.50 1645,00 7.50 10.00
100, 00, 6,
. o . 250  3.56 < on
© i | L0 5537 B . 1 J\N"J}'n/;m 393 683 183857y
0 2.50 5.00 7.50 10.00 2.50 5.00 7.50 10.00
100 t/min
& l_o,’i“ 3.01 4.99
G 0 250 5.00 750 10.00
100 L1
x A 3.02 499 )
0 2.50 5.00 7.50 10.00

t/min

B2 (a)BE TIRAREREAEIEE, (b) BRI AKIEIK /A B T BRAR R A BRI K K 5K B
UPLC/ESI-tqMS MRM ( 169—53 ,169—69 ,169—79 ,169—97 . 169—109) ik &l , ( c—r) B HK KWK/
T T BR bR eI W 50 527K K K AR Y UPLC/ESI-iqMS MRM (169—53 ,169—69 ,169—79 . 169—97
169—109) i G 8. (c—r) B PALFRTE R —EH
Fig.2 UPLC/ESI-tigMS MRM (169—53, 169—69, 169—79, 169—97, 169—109) chromatograms of (a) gallic acid
standard solution, (b) the simulated source water sample without/with spiking of gallic acid, (c—r) the real source
water samples without/with spiking of gallic acid. The y-axes of charts (¢—r) are on the same scale
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Fig.3 The concentration and occurrence of.gallic acid in the simulated source water and 16 real source waters

2.3.1 4 PR AR B 2T BRI A A DU

(1)3,5- -4 35 F 2 FE (A A U

TR 4(1) frs, S HCE Y (a) F1(b) MRM (277—79 ,279—79 27981 .281—81) {1, I Al {5 £3 i
[) , & BAE it v ) e g e R B B TRDRI 3, 5- R -4- 33 JRE R FH s 02 T 1) €00 5 e O B eF ) 823, 4 W
AT REA [F—FPi B4 3 ,5- 0 -4- 58 B E bR MES Wi A B i b, A BT (¢ ) FT LU s 1 h i
A7 HEIGEr B e g | H RO A s TR AR B SR 3 R DL B e A SR B 7R DL B TR N T IR IR TR R
2 mg- LT REIH TR KA AR LT 3,5- R -4- R R F .

(2)3,5-R-4-F2 2K H R (AN

e 4(2) fis, % HCE R (a) A1 (b ) MRM (29379 29579 29581 29781 ) % I i {5 £3 i
(), 2 BRAE il o %) e i R B B TR R 3/ 5= R - 455 JRE R R R s 925 9 v 198 €00 35 e O B eF ) 823, S W
AT e [F—FP i B4 3 ,5- 20 -4 52 B IR bR MEVE W N A BIRE St b, BT (¢ ) FTRAE A I ik
A HEIGET e g | RO A e T AR B SR R DL B A SR AR DL B TR N T IR IR TR
2 mg- L7 ETHEE KRR AaRl T 3, 5- IR -4- 5 3R H R,

(3)3,5-BK g g A

WK 4(3) firs, XL (a) F1(b) MRM (29379 29579 29581 29781 ) (A3 I () {4 £ i}
[i] , 2 A ity v (L 1 0 O B 1) ) 0 3, 5- YRR A R A 1 T VR v 1) £ i e O B B [l 30, I e AT TRl
)R 5T K 3, 5- ZIRAKAGRRARES O A BIRE i, WL (e ) BT DA Hh 603k (&1 v e A 388 o i)
ok, HFOR A TR B B DL A R B 7E LU B TR M TSR TR B TR N 2 mg- L7 A9 SR
HEKEEP AR T 3,5- KR,

(4)2,4,6- 5L AT BRI

A 4(4) Fos, S E T (a) #1(b) MRM (327—79 32979 32981 33179 33181 .333—81)
o P10 P B ISF ], R ot v £18) 00 3 0 L B TSF B R 2, 4, 6- = TR T s o Y Y HP 11 00 i g L B I ) 422
I, FIWTAT BEN Rl — AP TR 2,4, 6- = RORBR R HEES RO A BIRE S, BT (¢) T DUF 5 18 ik
A BT A e g L ROR e 1T AR BA R DL B R B AR DL B TR N T IR IR TR N
2 mg- L EIHEEKFEP A L T 2,4, 6- = R0K ;.
2.3.2 3 Bl AR P R IA

(1)5-V8-3,4- " FFIK TR B

WES(1) Frs, BT m/z 2317233 35K WA, B R Eh 1, iz & &6 —1
TRET (b)) Bon T B A% AR B I E] Jy 2.96 min, 0] LAERHZIL &Y )E T &L & W %5
TR 2 NI B TR — DN ER m/z BRIAT 75(231 = 79 — 78 + 1 = 75) , % BFNZ N BT IR A
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BETIR(3,4,5- = FRIIR W) Bt LA A8 70 v] Ge 2 B IE M 2238 R i & TR &I 7 )5 7T LA
AR 3,5- T IR-A-R ORI R R rT AT 28 T 78 m/z 231/233 Al fE R S5-1R-3,4- 5K HIR, N T
8 T I EE R WA 3E T 5-IR-3,4- R SE R B R AR 1 | 2 0 AT VA VR v €0 33 A O BA F 124 2.52 min.
W AR AEVE WA I BRE S b, R BB BB 0 €304 HL 2.96 min A 9 €8 35 05 068 1T B B I 394 o, PRI ke v
B IZ YA 5-1R-3,4- R HA R,
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Fig.4 UPLC/ESI-tqMS MRM (277—79, 279—79, 279—81, 281—81; 293—79, 29579, 295—81, 297—81; 293—79,
295—79, 29581, 297—81 and 327—79, 329—79, 329—81, 331—79, 331—81, 333—81) chromatograms of
(a) 3,5-dibromo-4-hydroxybenzaldehyde, 3,5-dibromo-4-hydroxybenzoic acid, 3,5-dibromosalicylic acid and
2,4 ,6-tribromo and phenol standard solutions, (b) the reaction solutions, (c) the reaction solution spiked with
3,5-dibromo-4-hydroxybenzaldehyde, 3,5-dibromo-4-hydroxybenzoic acid, 3,5-dibromosalicylic acid and

2,4 ,6-tribromophenol. The y-axes of charts (b) and (c¢) are on the same scale
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Fig.5 UPLC/ESI-tqMS MRM (231—79, 233—81; 231—79, 233—81 and 249—79, 25179, 251—81, 253—81)
chromatograms of (&) 5-bromo-3,4-dihydroxybenzoic acid (the brominated species of intermediate compound 1),
5-bromo-2,3-dihydroxybenzoic acid ( the brominated species of intermediate compound II ) and 2,6-dibromophenol
(the fully brominated species of intermediate compound Il ) standard solutions, (b) the reaction solutions,
(c¢) the reaction solutions spiked with 5-bromo-3,4-dihydroxybenzoic acid, 5-bromo-2,3-dihydroxybenzoic
acid and 2,6-dibromophenol, (d) UPLC/ESI-tqMS product ion scan Br,, spectra of m/z 231/233, m/z 231/233 and
m/z 249/251/253 of simulated water sample, (e) UPLC/ESI-tqMS product ion scan Bry, spectra of m/z 231/233,
m/z 231/233 and m/z 249/251/253 of simulated water sample. The y-axes of charts (b) and (c)

are on the same scale, and the y-axes of charts (d) and (e) are on the same scale
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Fig.6 Proposed formation pathways of the 13 new phenolic DBPs ( classified into four groups)

during chlorination of gallic acid in the presence of bromide

3 %5 ( Conclusion)
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