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Abstract: Chlorination is a common process for disinfection of aquaculture water. As the main component of natural organic matter
(NOM), humic acid (HA) can easily react with disinfectants to form halogenated disinfection by-products (H-DBPs). The effects of
reaction time, available chlorine concentration, pH, temperature and different types of water on the degradation of HA by NaClO were
examined. The formation potential of DBPs represented by haloacetic acids (HAAs), and the conversion mechanism of HA during
chlorination process were also discussed. The results indicated that the concentration of available chlorine and water temperature can
promote both the removal of HA and the yields of HAAs. The degradation of HA was with the most favorable behavior under neutral pH
condition, and the yields of HAAs were the lowest under alkaline condition. The existence of CI~ and Br™ in mariculture water leaded
to the formation of Br-DBPs. In the NaClO disinfection system, HA macromolecules were broken and oxidized to chlorophenols. Then

chlorophenols were combined with C1™ under the action of active chlorine to form toxic HAAs. It’s of great significance to evaluate the
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effective degradation of HA and the generation potential of H-DBPs during the chlorination process in aquaculture water.

Keywords: humic acid; chlorination; disinfection by-products; haloacetic acid

0 315

AL FRFED AR 5 R — N R R,
PR Bk A DR & Sz Al 4H 48 (FAO) 7E 2014 4EAE /)
— kR, Ak IR S B AR 2004~2014 £F 1]
BT —3, 2905 NISERKF M 50%0 . ik 7% 5E
AP T 3B 43 H IX (1) e v 1) 8, 3 N 2R T
KEMEARFE IR SR, b 77 5H U 1) 3
R, FEFE KM el T 2 2%, RFRTE Y R E KR
Ko RIRA A (NOM) =& 78 il 77 FE 7K A4 v 3t s
TEAER) — PR 2 00 HLADIR A4, oo FE () 388 n i
I E A — AN E KIS ] . NOM — 2 6
JAIR (HA). SEJER (FA) K0 T AN, Hd HA
5 ALK NOM EE 1 IA 50%~90% 2. HA H A5 £ Fh
ZHREM AR, B TR RN 2T B
AR TRIR B, S 5 R B — R VI AH ELAE 3R 4L T 4L
202,

F T 7K A 3 A S5 HH Y NOML 4 i 2 35 389 o,
PR I ¥ 25 55 PR B K AR T B AT B R B B, H
AL FRFE KA B 0 = 27 U S 5 R
A (03) HE BAME (UV) HEMEFEAL T EH
B 81 25, l TR A R I PR, SR B2 H AT
E K R #5750 1T

ST B AT DAY KK PR H RE % S0 (0 41 1 1
FV B R SR AR . 5 Ik R, 3 2 000k 2 K
P DL HA AR A ML R AR R L, A2 B AR
(HHBs). =X 5t (THMs) 1 5 2. (HAAs) S50
3 ) AT # @I =4 (H-DBPs)'0, iX 4% H-DBPs
I B FOw . B AR SO F I (Y, xR
4 i B B . HAAs B E KB =& 2
2 (TCAA) Fl — 5 2.1 (DCAA) T & NBhWIEL
L&, B0 R 43 51 = & fE (THMs)
17 100 £5 A1 50 fi5 21, [RIbE, olk IR A K A &AL TH 55
REFE A ) H-DBPs 1] BEXT 7K A= 3470 1 i 5 44 B
JE T it 22 5 RN M R . BT LA, FRBE K
P F R H-DBPs V375 (A2 4k 2 15 ROf vl
e SR 1) B B R 4

ARICHEH HA AE R Y, NaClo 15 h 7 #

7, UL HAAs {£ >4 H-DBPs IR 5 H bx, 383 SLI0 45
TSR 8]« A BRI EE « pHL TR - AN RZK RS ]
4T HA Bffsem, 655 L HAAs A{RZE ) H-DBPs
FRITE B3E: 71 HA 75 &AL AR P AL WL HEAT T
TRIT, N FRFE KA T HA ARTRPI B 4G
Fe HAAs A= AR FNER AT IR 428 il B2l BE 2 4

1 #RA7E

1.1 LT 5EE

AR AA: 9 KR LR (—H LR
(MCAA). DCAA. TCAA. — IR L& (MBAA). —
R—S LR (BCAA). — R & LR (BDCAA). —
R 4TR (DBAA). —& IR 4R (CDBAA). —iR 4
% (TBAA)) iBAx (HAA9, 35 [H Accustandard A #);
HA(BR, Bt AV EHH A R A Al); NaClo (A
R [Cly] 28 10%, Bl h: T 5) (B HIRA
m)); H3ERUT 3 BF (MTBE, HPLC %%, Lg% 3%);
IR R (HoSOy, 98%) Wi R E 4 (NaHCO3). R
(HCOOH). Hfi# (CH30H). filf g — &8 (KH,POy)+
R A — 8 (KoHPO,) A FE AN (NaOH) . S AL
(NaCl). #ALHY (NaBr). PUIRIMNER (C4HsOg) Y947
Mraf, 11 B 2548 L2800 TR A = Birf i
87 FH A BN PR A F AR PR 4K (R
9 18.2 MQ - cm) #1145

A SCAE Y E EACES A Agilent 7890A S
FHEEAY (GC-ECD), SUAH € 3% it 1% 5 FH X (GCMS-
QP2010), UV-2600 £ 4h 0] W43 66 BE 1T, pHSI-5 21
pH if, DF-101S 1E iR # /1 i HE4%, 101A-1 BB AT
48, KQ-800DE #i 2 i /5 i IE Ui 4%, XP1205AS
TR
12 IXWPTE

HA FrifEfil 2% W I ECH: #ERRREN— & &1 HA
PRAERE L HI 152 1 /L 1 HA bruEfil &7 KIS
B UFH HA bR &% 3B AR 4 °C UK AR
B AE, SZU8 P 75 R B 1 HA ¥ W38 i I i 4% Y00
RERCH) .

10 mmol/L TR £ (PBS) 22 i I EC il 43 1)



2 3

SRR, X, M, 55 WL IR R S R I R R TR A 117

TEREFREL 1.360 9 g KH,PO, F11.741 8 g KosHPO, it
J% 10 mmol/L ¥ 7 Fh £5 (1) i £, 5 P9 Pk £ TR
AL pH o 5~9 5 ) 10 mmol/L 1] PBS Z2
T SEI TR pH 34 10 mmol/L 4552 pH [¥] PBS
SRR

NaClO %4t HA S258: #4146 FE 9 30 mg/L
) HA ¥ 0050 8 78 150 mL % FE 0 5L 1, 3@ i 5
& AR ) NaClO fiff & 3 W (A A [CL) WREHN
100 mg/mL) FF 46 S50 . 76 [ 2 (14 i 18] 18] B, A o
B CeHgOg P K 1 mL #F fh LU 1k e b7, 4R
J& ¥ A% B 5 A AT D43 0 06 FE v ook B AT 30 )
M. [N pH A 10 mmol/L PBS 4% i il
(pH=5~9) 4EkE. AT SLIGHHEAT 3 YT AT 925,
A T IR ZELR.

PRI HAAs FIAE AGSE6: BL 40 mL [ 8 24 h [
FALKFEE L 2 100 mL 508, 0 2 mL 3k
H,SO, fF¥ R I pH AT 0.5, PUE AN 9 g Hrksitk
() NaCl, #2251V fi#t. F 4 mL MTBE 42 BUKRE UK,
FFRPEEURES) 5 min, §# B 5 min, 4 A IR .
B3 mL $2EU B T 50 mL 2500, I\ B C i 1)
10% B g H BV R 3 mL, 1R 215 B 7 50 °C fEiR
KU 2 h X REEREAT AT A A FEATAE IS ROKFE
H, AN 7 mL 250 g/L ) NaCl ¥, s 37
5o KFEFRE 5 min 5, RS BR 25 KAH, mIA L
P18 1 mL #A1 NaHCO; V&K, 2218k
Sk BE, ¥ I mL EEAVAEET 15 mL ARE
i A iE4T GC-ECD 43 #7 .

1.3 SWFE%E

HA ¥R B BRI 77 35 SR FH 5 1 UV-2600 %5
ANAT DL He 6 BE T, R KA 254 nm.

9 Fh HAAs K FE 1 4» # J7 3% R H Agilent
7890A %! GC-ECD, [t LA DB-5 # (30 mx0.32
mmx0.25 pm) F1 74 3R 4G #5 (ECD). i F I
FER210°C, #EFERE N 1 uL, BAMENF S AM
A AR P R S, WIR IR 40 °C, fRIE 5 min,
S5 L 5 °C/min (I3 F TR E 65 °C, 285 LA 1 °C/min
(38 2 AR 2 75°C, B LA 5 °C/min [ 38 2 A5 2
135 °C, #A)J5 LA 20 C/min [ THE 2 280 °C, 7E 4k
TS N ORFF 5 mine SR FAMzEE BT

HA &AL 8] =9 % e R AW - &L
(CH2Cly ¥ 571 T4k BEAE i, £ HUFNIK 45 A [ A 14

AR PRI A Y. Hp IR =) 7E TiAk 35 48 <A
il - R (5 GCMS-QP2010 plus) 458, &%
NISTOS J5i i 2 £ic4fs 2 AT P st o9 M (AN S 805
DA 0 3% P 25 SRR [13] HHAHSRAE 5E) o

2 HRSWE

21 AREISLETET HA FEERHE

SR 7V N G0 ~a AL LT N S VAN
A SCRC W 4R W N 30 mg/L [ HA ¥ TR
([HAJo=30 mg/L), #% il 1k & pH=7 (pHii = 7), &
Hil [ R FE R 20°C (T = 20°C), o Hdom A
150 mg/L A RSB ([Cla]o = 150 mg/L), 4
WIZE 04 2. 6. 124 24, 48, 72 h HURE, S2ib 45 5K an &
1 Fi7R (C/Co ¥4 HA 16N [ Js S s %1 5 00 4R
W LLAE) -

32r r
1.0p

30F 0.9
(=}

. S gl

28 UO'S
i26_ 0.7
; 0.6
24 30 40 60 &
é 0 20 40 60 80
O t/h

22F

20f

18F

0 10 20 30 40 50 60 70 80
t/

K1 SIS A0 HA B 52
Fig. 1 Effect of chlorination time on HA degradation
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Fig. 5 GC chromatogram of the reaction products in (a) the freshwater, (b) the simulated seawater
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Tab. 1 Information of intermediate products of HA degradation by NaClO
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Fig. 7 Proposed reaction pathways of HA during chlorination of aquaculture water



2 3

SRR, X, M, 55 WL IR R S R I R R TR A 121

1 B 7 AT, HA (1R B& 48 K S0AT ik an
%, SR EMIER T, HA Ko T 25/ Bk
N, RSN T 75 F AW XNy T
&R -OH 81 Cl~ BRI B, A2 B (8174 4-
A (pl). A, 4- E BIARIA b & SR, T
% &y (p2~pd) 2. i Ja, 2 @ MTEA B E
NRTDLE R, R E S R S T g
ghA, PR RHIE T HAAsI?,

3 & 8

BRIKFFF KR A BT R, AR
KRN HA 192 B2 M HAAs 72 84 (2 .
JKAR pH 75 o 46 1 I HA () 5 i 28 a5 v, A6 bk
%4 F HAAs 7= s f/b. T Cl1- A Br- IAFLE
N HAAs (7= A= 3 5 & 1) i 3 R A, Wi 7R 5 K
RTEEATE B AR 2 4R T K& R Br-DBPs. 7E%
/K NaClO W # R4, HA K47 R AW, w4k
By ST 8] =), B Jo SR T R S E R T S
Cl- R4 f, &L E T HAAs.

SE WK :

[1] LIU X, STEELE J C, MENG X Z. Usage, residue, and hu-
man health risk of antibiotics in Chinese aquaculture: A
review [J]. Environmental Pollution, 2017, 223: 161-169.

2]  FWZE, D% KEIRE A IRIRA UG E IR BT 7U et
1. AEAFREE 4R, 2012, 21(6): 1155-1165.

(31 EALKE. Wl AT R SEALH 8 (0], oKk, 1997 (9):
20-21.

[4] SANAWAR H, XIONG Y H, ALAM A, et al. Chlorina-
tion or monochloramination: Balancing the regulated tri-
halomethane formation and microbial inactivation in ma-
rine aquaculture waters [J]. Aquaculture, 2017, 480: 94-
102.

[51 ¥, B, S0, . S SO s A Bl 5 pi Ak
HIBEMALE] (J]. A5AE, 2019, 38(1): 34-41.

[6] GONCALVES A A, GANNON G A. Ozone application in
recirculating aquaculture system: An overview [J]. Ozone:
Science & Engineering, 2011, 33(5): 345-367.

[71 w48, F8, £, % UV, 05 & UV/Os Bl i
25 TH MPUYEIE R PERE (7], o EPA SR, 2019, 39(12):
5145-5153.

[81 SHARRER M J, SUMMERFELT S T. Ozonation followed
by ultraviolet irradiation provides effective bacteria inac-
tivation in a freshwater recirculating system [J]. Aquacul-
tural Engineering, 2007, 37(2): 180-191.

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

PR, BRHE. 7K AL BV B BORBUIR A it TT it e (9. H
i RHE, 2006, 22(8): 131-133.

DUAN X C, LIAO X B, CHEN J F, et al. THMs, HAAs
and NAs production from culturable microorganisms in
pipeline network by ozonation, chlorination, chloramina-
tion and joint disinfection strategies [J]. Science of the To-
tal Environment, 2020, 744: 140833.

ARNAUD F, ALEXIS H, PHILIPPE H. Health effects of
disinfection by-products in chlorinated swimming pools
[J]. International Journal of Hygiene and Environmental
Health, 2011, 214(6): 461-469.

PARK K Y, CHOI S Y, LEE S H, et al. Comparison
of formation of disinfection by-products by chlorination
and ozonation of wastewater effluents and their toxicity to
Daphnia magna [J]. Environmental Pollution, 2016, 215:
314-321.

GUO Y G, ZHAO Y L, LOU X Y, et al. Efficient degra-
dation of industrial pollutants with sulfur (IV) mediated by
LiCoO- cathode powders of spent lithium ion batteries: A
“treating waste with waste” strategy [J]. Journal of Haz-
ardous Materials, 2020, 399: 123090.

LI T, JIANG Y, AN X Q, et al. Transformation of humic
acid and halogenated byproduct formation in UV-chlorine
processes [J]. Water Research, 2016, 102: 421-427.

LI B, ZHANG T. pH significantly affects removal of trace
antibiotics in chlorination of municipal wastewater [J]. Wa-
ter Research, 2012, 46(11): 3703-3713.

WANG X F, ZHOU B H, SHAO X. Determination
of acid dissociation constants and reaction kinetics of
dimethylamine-based PPCPs with O3, NaClO, ClO2 and
KMnOy [J]. Journal of Environmental Science and Health,
2019, 54(6): 518-525.

WASTON M A, TUBIC A, AGBABA J, et al. Response
surface methodology investigation into the interactions be-
tween arsenic and humic acid in water during the coagu-
lation process [J]. Journal of Hazardous Materials, 2016,
312: 150-158.

ZHANG Y Y,RONG C, SONG Y Q, et al. Oxidation of the
antibacterial agent norfloxacin during sodium hypochlo-
rite disinfection of marine culture water [J]. Chemosphere,
2017, 182: 245-254.

KIM D, AMY G L, KARANFIL T. Disinfection by-
product formation during seawater desalination: A review
[J]. Water Research, 2015, 81: 343-355.

JIQH, LIUHJ, HU C Z, et al. Removal of disinfection by-
products precursors by polyaluminum chloride coagulation
coupled with chlorination [J]. Separation and Purification
Technology, 2008, 62(2): 464-469.



122 S TR 2R 2021 5 %538 %

[21] ALEJANDRO M L, RINCON A G, PULGARIN C, et al. gation of disinfection byproducts formation in ferrate(VI)
Significant decrease of THMs generated during chlorina- pre-oxidation of NOM and its model compounds followed
tion of river water by previous photo-Fenton treatment at by chlorination [J]. Journal of Hazardous Materials, 2015,
near neutral pH [J]. Journal of Photochemistry & Photobi- 292: 197-204.
ology, A: Chemistry, 2012, 229(1): 46-52. (23] Wiz AL TR A By A0 & 7L T B i A2 op @l
[22] GAN W H, SHARMA V K, ZHANG X, et al. Investi- POLE RIS [D]. Ha 7RV MR Tk K27, 2015.
e e
i

IRB AR RIR 2020 FE EBHERMER=FX

5 A 25 H, 2020 FREZ LT RHEABOR AR B, BRI 5 R TRE A BE 25 5 2 ) 58 BRI SR <40
KE G BB A5 F i AL AR R SR R VE B IR 42 SRR il B AR R 2 =25 3

TR B 2 DAAE RE B 0 5 A i 55 AU AT BRI Y St SRR RO FE 0 R, AR B2
e e AL MEAL BT BOLER . RO EE )  SEm A s AR REDL AL, IRIT KRB S AR I . F i ) BAL 7
R XT 0 P 4 ik RE T RE (KIS0, 8] ) AL SR AR IR 5 4% T B R K LR R ORI, B R ST 5 B R
A A LR 11 28T T R SRR

MR, TALBIMURFEAFH B, [ 58 1 SR A0 X gt 2 J 75 5K, AT i [T A S 10 M 7 ] 6 ity
7T, AR — R AR QIEAACRIERIIT R, 2 IEOR R SRABAT LN AT AR SR SRR I T2, 24
K dt — LA TE BB B, BT R BT 6138 R4 26 AR, ASWHBUR 30m (0 08 v 71 A0 S RHT K 3l
73, AL BE MR B L M B AR U, TR E FERIRFAL, AW B BWUR, ST AR B Q0T SR FE AT
MR RETT o



