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Effects of disinfection by-products in sewage treatment plant effluent
on the growth and physiology of Chlorella vulgaris
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Abstract This study investigated the species and concentration of disinfection by-products in a
sewage treatment plant effluent in Wuxi during the COVID-19 pandemic. It was found that
chloroacetic acid (CAA) accounted for 30.22% of the total amount of disinfection by-products
detected in the whole year. The effects of CAA on the growth and antioxidant system of Chlorella
vulgaris were studied via standard toxicity tests. The results showed that upon the exposure of CAA,
the growth rate of Chlorella vulgaris was slowed down, the maximum photochemical quantum yield
(Fv/Fm) decreased significantly compared to the control group, and the concentration of chlorophyll-
awas significantly decreased at 96 h. The ECs, for 96 h-exposure of CAA was found to be 14.734 mg L.
The activities of superoxide dismutase (SOD) and catalase (CAT) and the content of reduced
glutathione (GSH) were increased while the accumulation of MDA was reduced upon the exposure of
medium and low concentrations of CAA. However, high concentration exposure could lead to a

decreasing trend in SOD and CAT activities as well as GSH content, while the content of MDA was
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first increased and then decreased.
Keywords disinfection by-products, chloroacetic acid, Chlorella vulgaris, sewage treatment

plant effluent.

F 2019 4 I8 B TIR 7:Mili & (COVID-19, fRIFR B fili 8 ) 9 1 7 & LA, VF 2 5 P (BE B L 15
KRR BRI T B0 PYAF A S RE AR B UL | R O, AU 1A A SO T 1963.58 t
THRE2Y50 1, HoAh s DX 75 7K AR B4 S0 2 590 6 i R T 2P A9 2.5—3.5 4%, Bl IR # A
RERAE SR RA I I A F B9 ST 22 /™41 (DBPs) , 15 #EA {28 K A . Horp ok
Z % DBPs HAT A WIE ), T RES 0 /K A= A= )7 HE fE

FURG, FE AT T DBPs B9 KU At 32 2000 T 76 T 7K i DBPs o A A B 2 01 A7 it
5t W] DBPs X 4l ", R LS B AR KOE T W 2AT R R . 0 LR (HAAS) 15 Ry 5 UL
(8 DBPs Z — 1, 7 16 T 1R H 7K A i 2o >R O S . #h 11 2 19 K H Y, 5 = 1 BT BE (THMs) A 1E,
HAAs HREPE 5, 7ERREE TP AE 7 A I (] M. HRTSC T HAAs 935 B2 iiF5e 2 4 v T 40 280 A
RBAGEN, AT SR Y R B A B ST D

BN NI A7, K AR 25 R GE 0 B G, K A B ) R RE AL, AT
Ma B K AR S R GENY, SR, SCT DBPs X FRIFAE ) 0075 B P S BUCRBON Bk =, 5 Bt — 2P BB TR
VAL DBPs X 7K AR 5P A R0 . AR SRR TR K AR S DL B8 R i A /N BR AR D A Py 1Y,
AT TG K A AR INGAIH FE 5 K 19 £ DBPs A N5 B0, e RN SRR IS Kb T i — SR R
(CAA) N HARTE Yy, R FE XS /N B R R PRGN, AT LA ZK BREE i CAA B A= 25 KU DAl A ER 45 35
e R B SO

1 MRS )7 (Materials and methods)

L1 A2z o)

CAA B i I T4 55 FAS BHE B0 47 FR/A W L 8 A A 5 AL (SOD) | i JE 45 ik H K (GSH) |
i AL A (CAT) T PRI 5 1877 6 FTY 8% (MDA ) 2 12 I 2 150 &0 0 T 95 M RHE 2 M1 R A R S ).
1.2 SZEE A 5

/NER P (Chlorella vulgaris , FACHB-8) W4 T 1 [E B} 2 e K A A W F 58 T iR K B b 22 35 3% 4544 LA
BG11 3555 5L (pH=7.1) N BLfili 5 72 25, & T MR E5 7240 (GZX-250BSH- I, - 1A 57 1 = 7 4 ol 3 A PR
OSED) TR IR EAE (25+1) °C, JEHREER R 8000 lux, YEiE HE A 12 hi12 h, AR EMFES 3 K.
1.3 e ik

(1)DBPs illl &

AR 3C A 5E () DBPs & 2 AL £F THMs, HAAs, K Z 8 (CH) , i fCHH (HKs) , = & i 5 B be
(TCNM) Fl 1 Z, i (HANSs) S5 4% FH K ks 500 28 45 55 1) DBPs. He 4031 3 )5 7K #E v 9 THMs, CH,
HKs. TCNM #1 HANs #4}i US EPA 551.1 Fr 75 500 7 , ) FH 26 BRGS0 T 2k (MTBE ) #5170 -1
WU, R 1 mL A WE EJZ AP 1 mL i 0.22 umPTFE 5, 28 A SAH/IME 2 . HAAs #34
US EPA 552 Fipif )y ik el Ak F B Ais A= A Jm 0 e A A 7= 4.

FIHBCA ECD il #5 ) GC(GC 2010, 553t HA) E 434, % H 30 pmx0.25 mm [ HP-5 4 (%
e, 2 40 B, B 0.25 pm, 23 Ny(R 2l A, To8 &8 AGE FRHE ) . 20 i e AR XF SF 4 14

UL pLoL,
(2) A=Wyt g
FEUCHL 10 mL 330 2 FUR BRATRE i, T BRIHBob ( XB-K-25) 70 5B T 2E47 3 40 i T4k

(3) SO T 1 (Fv/Fm) (0 &
Fv/Fm {7 %€ 5% H] PHYTO-PAM T 47 I ifff A1 4 43 #1 {X (PHYTO-PAM Phytoplankton Analyzer,
Walz, Effeltrich, Germany) . 7F % i T, B — & & 3 W A A 9 /N b i 3 B, 15 min J5 1352 HUH:
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Fv/Fm {H.
(4) P BUSUS R BE EC HUf5E
A ST HR 96 h A= ) ECso K IFH CAA BYRETE, BDLL 96 h iAW) i KT8 BCso . i i
Logisitic A5 3HHE AN
y=103.39+96.71x(1+0.07x)"*°  R*=0.97 (D
A, x HERERURIE, y A 3.
(52 &K a FEIINE
Z7% GB17378-2007 P3 A< -3 6 BE VA SR U4 R . PRE R A X (2) TR 4R a IR
(11.64% (Dgg3-D150) -2.16% (Dgys-D1so) +0.10% (Dgzg-D150) ) 1V,
Vo6

1, Deson Deas~ Degs Fl Dasg A BLBEAIIERE, ¥, SN ERARER (mL), VA3 AR AR (L), 6 D e @ im
i (em).

IINERE AR R

Chla= 2

u = In(E/Ey)/At 3

Ao, w AR A (A?), E, 1 Ey K ¢ B ZURIRTIR R 4R R a (9WREE, A BBt [E] (4 d).

(6) /INER 5 200 N B S A S MDA &5 ft gl i

T M A B BORA R (mL) bR 1000 = 1. BRI 5 J7 12 44 BE 95 R 460 il ) 3500 6 1 O vk
AT
1.4 CAA a5z

Pyt B K AR BRI H AL T X EOE A /N RS AR TC B PR T EAT 2 58 5000 X IR41 (CK) CAA YR JE
h 0, SEBGA] CAA BREE /- MAR(50 gL', 500 pg' L), H(5mg- L', 10mgL"', 25mg-L "), & (50mg-L",
500 mg-L™) 3 7 AN BE . ) G S 06 B BUEE VR BE Ol 106 A mL T, AN BB E 3 ASFEATAL 430 HE 0,
6. 12,24, 36, 48, 72, 96 h FEATHURE, ARUCEL 10 mL e 41 8 5 Rk BE 2H e i, e s i A= 0 i, B 96 h
iR 3 2 BB BN R BE (ECs) , IE S5 AL FRA Fp 24 K a S, PLEALYIBES S MDA £ 4.
1.5 #dnab

% OriginPro 2018 b BEEHEAE K, F1FH IBM SPSS Statistics 25 4t 11437, 1fi Fil Dunnett's t-test 32 1F
i E 2R, UrRoR B E 2R

2 75 535015 ( Results and discussion)

2.1 T5uKARER R K TR E B L Pk A

M 2020 4F 6 A & 2021 4F 5 7, XF LR SRR A AE S T B R AT R A e T e Ts oK T R oK
DBPs JE47 Wi, SREEATF A AEA 1 K. %75 KAL) BK i Wi T =& ke (TCM 47.10 pg L) | —
IR A H e (BDCM 21.62 pg' L), - —5 H HE(DBCM 6.49 pg- L), =7 H e (TBM 4.27 pg' L"), —
LT (CAA 67.84 g L"), —IR Z 2 (MBAA 14.50 pg-L™") . —5 2 (DCAA 39.06 pg'L™") . =52
(TCAA 2131 pg'L") . {RE LR (BCAA 451 pg'L') . VR TR (DBAA 548 pg'L") . —1R A LW
(BDCAA 3.84 ug-L™") . . —% Z R (DBCAA. 3.00 pg'L™") ., ={RZMR(TBAA 231 pg'L™) . =R
(TCAN2.69 pg- L") AKEEEE(CH 1230 pg L), “SHLNME(DCAN5.09 pg-L ™), —SAEI(DCP2.21 pg- L),
AR LS (TCNM 1.38 pg'L™) . 4 25 (BCAN 3.40 pg-L™") . =4 Hd (TCP 2.31 pug-L™) F1
ZJi5 (DBAN 0.78 pg L") %M B 8l 7=4, SREERIT5/K) 435 DBPs B (95.8 pg L) 4R, %1%
U1 1E] 5 () DBPs UG H 5 (271.47 pg L") 35300, R 17 Ay Bk B2 19 2.83 £

m & 1R DA, O % 4 A (8] DBPs £ i 5 E 5% LA B TCM., BDCM, CAA. DCAA.
TCAA F.Fh DBPs f7 gk i 1) 76.85%, 1 CAA 5 Hede i, i 30.22%, 32 = t & DBPs (4 H 2. Hif i
(IBIESE R B CAA J&—F i BERSE I i, S 7ERREE v BRI H CAA Xk A= A W AR i i) 2
P FH, e AFRBEIE 2 X6 7K AR 25 R Y 0
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Fig.1 Fig. 1(a)Proportion of disinfection by-products detected in sewage treatment plants; (b) The average proportion of
disinfection by-products detected in sewage treatment plants in the whole year

2.2 CAA S/INEREE M A KAl

(1) CAA X /NEREEAE A 5

TEATFIREE CAA JMETR , /INBR 58 P 45 B2 R 2 2R vk B8 10728 AL R B AR — 30, X/ BRI A A K L
AMGIERL A 2(a) (o) AT LATE i, BEAE 25 82 I (8] 9 A8 1, SR 5 CAA JHha ik B 22 TE A OC. 72
AR J3E (o 155 U TR ARG H 3 2 30 L) 00, /DN IR ot 10 ot 200 0 285 8 R I 4 2k B2 IS TRV AR 52 1 T,
H5X R AR L, S5 — & R L AR, A 36 h i, (MR BE2H (50 pg- L' 500 pg-L™") 5%} BRZH AR HL T4
WL 25 5, BHAE B BR I ] A IE IS, W P25 S WL A0, 3] 96 h INF, v J3E 20 /N BR iR 2 B I 4 2% ¥k
JE 5 X FRAT A L4051 4 T 6.68%. 13.80% F1 40.41%., 42.34%. e, S Ml , /INBR 8 A 34 40
R A I 2 2R K B I ) Z T R R ML 6 b2, (5 mgeL ', 10 mg L'\ 25 mg-L™) | i (50 mgL'
500 mg-L™") e A 5 X FRALAH LE, E%ﬁﬂ“tﬂﬂiﬁﬁﬁ,ﬁﬂ%%?ﬁﬁﬁﬂﬂﬂ?ﬁ BEMZER T
i, 3] 96 h 5, 55X RRATAH LG, v vk B 2H/INBROE 2 B2 3 30l R B T 25.82%. 44.53% . 62.34% . 98.48%
1 98.97%, M4 UK BE 43 5 TR T 56.07%. 66.55%. 71.83%. 99.54% 1 99.84%. M4 3 7 B BEH AT Hb
S W A Kk BOIRES, S A B %ﬁ%‘ﬁ“ﬂ%ﬁ%%ﬂiéﬁ. LA Y, FERIE CAA B[R]
T T, 2R/ INBREE A M PN 2 00 B A R S 2R AT RS, DT I /N R o8 A A A I R A A A
JEL IR 1] A A (5 2R 5 B 22, (R ST A s S i 2 AR /N BRBE B 2R IS S5 8, i TR CAA B,
(Ao /INER B A0 A T PR O AR R, 2D R 1 /N IR A P SRR G54, 52 T/ ek o 3k
B PRI B, DT BEL RS/ INER B S K B . BV FOR UL, L R R CAA 2336 i/ N R 5 200 1) Tl
IF2% 3R a 195 K.
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Fig.2 (a) Chlorella vulgaris cell concentration, ( b ) Chlorophyll-a concentration and ( ¢ ) Fv/Fm variation of Chlorella

vulgaris with different CAA concentration exposure treatments during 96 h exposure

(2) CAA XJ/NERE Fv/Fm Y 52

Fv/Fm 285 8% R 8 R AE Y0 0 6 A A BRI, KON AT 90 P T 7 e RO g 77, R 0 e FE ) 1 fi
FRFEEE. ARE CAA Wl vk BT, /R Fv/Fm (28015 BN B 2(c) Bz, AT LAE HHBEE CAA 2 #5
R, ZNBRE Y B RO B R FH R A IR B (50 pg L', 500 pg L) CAA Whif 21 555 96 h )5, ¥
W 1) Fv/Fm {8 5 % BRZEAR L IR 0 35 22 5 Tk 2 (5 mgL ', 10 mg-L™', 25 mg-L™") CAA Jifpia 21,
Fv/Fm 5% BEAUAH E 35 0 381 T B, S0 BRAAR HE 23301 TR T 13.04%. 40.58% . 52.17%, T 7E fm e &
(50 mg-L', 500 mg-L")CAA BF&F, /NeRE (1) Fv/Fm (R AG, S8 T4 AOKS H A, 156 WH He s A% /v BR
RSN B BEREIR, B R & T I

CAA X /INBR 3 1 75 ME vT FHB080 0 Wk BE BCsp K Ran . ARWFFE PR A 96 h AE W) &8 11 ECy SR PFM
CAA W ZEE, BILL 96 h i 24 ¥y B ok 3138 BCso 18 . AR R AR (1) 31815 3] CAA X /NERE Y 96 h (1)
ECso H M 14.73 mg- L™, 518 W75 K T A SEBR A H & 67.84 pg L AHER, & b SEBr ks vk FE 24
217 5. M4 192 n] L, CAA J& TR .

F 1 FEERAERME SRR
Table 1 Toxicity grading standard of algae growth inhibition

96h-ECs/(mg-L™) <1 110 10—100 >100

TR T T g i

CAA Wi 21 HoA: s R IR X BB 2H, L2 8 ViR B g, /INER 8 %) BU AR R () /N (56 2) . %
TRZH/NERBE A (Bl 0.54 d7, 7E | IRHRBE CAA A T, B Wi FEAR, HAR SR KT 0, X1 50 mg-L™
1500 mg L WRIERTE 4d 5, w B0, FLPR a0, o (BB, H E AR K R B 4 b —0.83 4!
F-1.08 d'. 7 AR EE T, BAR/INER U 10 A8 1 S5 L FR AR 16 BT T R, (ER A5 AL T 15 A4 KOk
A, XULH/NERBEX IR JE 1 CAA A — & BT 32 1, (HJRAE MV CAA B Iba T, /ANERSE M A K2
B 7 R, EE LT, XU E R CAA B T /INBREE AT AZ 90 B, ZNBR Y 41 T B8 B
WeBE CAA 0.
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R 2 A CAA Wl e BT/ INER B AR R AR () B ST
Table 2 Growth rate ( u ) of Chlorella vulgaris under CAA exposure

F &L Exposure concentration CK 50pgL? 500pg L’ S5Smgl”’ 10mgL"' 25mgL’ 50mgL" 500mgL’
AR () d! 0.54 045 0.41 0.35 0.32 0.26 -0.83 -1.08

23 CAA XF/NERPEAE IS M )52

(1) CAA XF/NBREEST AL R G5

CAT [ il SOD [t} 2 A W R0 A AL B IR 2R 10 S AR 20 R, 38 2o 3 ) V6 R 35 B AR 400 R P9 ) 36 480 1
F, RGeS e a8, 16 40 A ph S ot i i) 40 e 5 5 i 2 4 A i T A 40 A0 s o 1 9 0. T
GSH W2 FE P4 P93 Bk A 3Pt A i, e il A e H R Ak 0 (GPx)H HL0, i85k H,0,
HE BN &9 E A BRI A BEH K (GSSG), GSSG XA 7EA B H KA 5 (GR) BAEAL R, #lid )5
J GSH, NI PRax — i A%, SEASA 04 PN 1) 1 Pl S8 o A0 A0 PN P B S A o il s, X
AP IE R TR 327 P D) A2,

TEANF] CAA MR EEIE T, /NBR P SOD. CAT il 1% PE M GSH % & 1948 b # LA — 3. K 3 7]
DI, /NER SR AT I P A SOD . CAT BTG PEAT GSH 25 B 361 e B 338 i 52 5 B THJE R A A8 At 34,
LBt 5 7 R I ) P B, (8 3 25 S T A 4

-1 g1 g1
C0h CI6hES 72 h =296 h \:_]CK C310mg-L™' £325mg-L™" 2350 mg-L

@ 14~ 1.1
=12 * ~ 1.0 N T } IE*
é ' { é 0.9 A h { t HE e @
S 10 1 808
. 207
5 08 5 06
< * . <
206} * 205
= 204 '
2 041 g o3t H
a el
2 o02f R 02 :
: : ! 0.1 : :
0 : : : ¢ : I 0 : : - |
0 00505 5 10 25 50 500 12 24 36 48 72 96
CAA concentration/(mg-L ") t/h
(b) COCK 310 mgL™ £925mg-L™! =350 mg-L™!
350 CJ0h CJ6hEI 72 E96N 35 x
* b4 *
30f & 30| o
Gl . &
251 X

CAT activity/(nmol- (107 cell-min)™")
£%
CAT activity/(nmol-(107 cell-min)™")
£ **
*

0 00505 5 10 25 50 500 0 6 12 24 36 48 72 96

CAA concentration/(mg-L™") t/h
COCK 310mgL™! £925mg-L™! =350 mg-L™!

f)omg ~ CJ0h CI6hEI7T2pED96h 0.018 .
. 0016 A 20016 | A
= 4] =

3 o014 i i 3 0014 It 1 i
2 o012 (i | Y ' S 0012

% 0.010 Té 0.010

= 0008 £ 0008

% 0.006 x B 0.006

—_— Ik o

Z 0004 = 0004

0002 & 0.002

1 0

0 . 0A0.5 0.5 5 10 25. 50 500 6 12 24

CAA concentration/(mg-L™")
B3 AR CAA WA FRALHE 96h I [R]/NERBEDT AL BT 5 & GSH & 281k
O [R]— I 9] SR A T 0 IR T A 2 e (3 . 22 AR EE)

Fig.3 Antioxidant activity and GSH content of Chlorella vulgaris with different CAA concentration

exposure treatments during 96 h exposure
(*: at the same time point, the T test difference between the experimental group and the control group

was significant; * numbers: degree of difference)
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FEARHR BE (50 pg-L™', 500 pg L) A, /NBER#E CAT i % MM GSH % & Jo B 848 4k, {5 SOD [iff
15132 2 W1 5 A, 78 96 h ISR BIIE(EL, S X BRZE 1Y 1.16 £%. 75 10 mg L™ Pa Wk B2 T, DA [i]
A AR R FE AR AL AN 7 2 S, /BRI SOD. CAT il PE H1 GSH 25 2 14 1k 2] 8 il 26 19 T A5, 3 it
/NER#E CAT J T A1 GSH & 843 90 Jg %k BEZEL (%) 1.52 4% A0 1.21 %, 78 5 W B (50 mg- L', 500 mg-L™")
JWpie R, BEE B R A IR, /NEREE Y SOD. CAT MG 4 1 GSH & i 2 Wi F#AIX, 96 h J&5 H T=/INBR 5 il 1
TR T A BEAG . DA 100 B 1 SR A 00 A0 A P 3 e AR R e R, LT 7 A 1 e e A TR R A A B R
R4 M P B AR ARG M. TS 1) SE IR 2510 5 0T T A DA [V B A 5UA B i 1 A A A A 45 R — 3k

A= AR (AT ST T 2 B AU 40 T 2 R R 1% 18 o ST T v i i % T AT P AR Sy < ik
O ARG, /NEKEE A A N B SOD. CAT TG P A GSH 5 & Fifi 38 Vi B2 1 R AL A7 5 < Bl it 2k
Stebbing FRiX FiZEAREEIRAE T 3 B LI A B P 24 AT RN, SN X T OR3P A= W B it S it 4
fedbi 5 B g .

(2) CAA X/NEK i MDA /5201

TN % MDA SR o A AL 0 SR =4, A0 2 20 I B P aod SAR A0 R B, 7 40 B P ) SRR o o
FAVERE NG i S AL R B A HE AR Y. ph 1] 4 T, 7E 2 88 B H) R 6 h i), AIRHR (50 pg L'\ 500 pg L") firia
™ MDA % it A AN B, 150 B I B /IR i 4 A R g o S AL AR B RN I 5 Y CAA MRl S mg L' Y,
MDA & & B o 38 om, B B 1S A5 &R EE B T MDA & 4k 22 1 K, 7E 500 mg-L!
JilR 38 e R, MDA &3 % FRZH A9 1.41 1%, T7E 96 h i, Rk B 1l N MDA & B 28 (b ARSI &, gk
BE A T 9 MDA & & e 8K 5 FRAIK, 10 mg- L' /NER 38 41 9 9 19 MDA 5 12 35 2 (8, i X BRAL 1
1.32 £ 1 v BE e MDA & it 2P T R 3, 96 h i MDA & AR T4 i FR.

[C3J0h CJ6h E372h K96 h [JICK 10mg-L™! £925mg-L™! K50 mg-L™!
12 et 12 x
| * o z * *
ok * *
~ 1ol f X 1 ~10fF i . * *
S T B - Rt
E 0.8 I % EE £ I E 0.8 I E %; : i;
= = - A s Y |
= [ et i A pel ] < B ] TN Ak 2
£ o6l £ 06
2 o04ft 2 040 e |
Ik
02t R (IR 02 i o
H * * *
x| 3 X
0
0 005 05 5 10 25 50 500 0 12 24 36 48 72 9%
CAA concentration/(mg-L™") h

4 A[F) CAA Mk B AR T 96 h [H] /N ek #E MDA 5 15 L
(s [l —Bof i) e SE 020 T X BEZEL T A0 2 5 b 385 e 26 e R E)
Fig.4 MDA content of Chlorella vulgaris with different CAA concentration exposure treatments during 96 h exposure
(*: at the same time point, the T test difference between the experimental group and the control group

was significant; * numbers: degree of difference)
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