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EEHETL

SEHANE, DA, W, R SR ST (RAR I K E T R B, Ak A 132012)

R WA HNERE N E KRR CE K RAIEIR) S EHTERR (483 a0 MH4EE by R M), BAFS R, 2R EAPIAEERT RZGE
SEEALESOD). AL ARE(CAT). A W (MDA)) SRR 10 7E 1, LA AL [ =2 G SRh (4 B ) R VRS S RLGRUAL TP A TIFFUx G 5 8
FLEE K28 Fe®/H0, T E A BRI (/LA B ME A A 45 T W1 B S S I TA] -4, /NRESE A A 5 T B 3B 56 B b B K S/ S 5 3 /N R 4 it Py 7
K 55 SR L, AL FRL 1) H K P/ BREE T4 36 a FHimr 22.01%, 1483 b AN b 324 k43 I R 12.97%H1 16.02%;SOD Fl CAT & &7+ 15.13%
1 12.5%,MDA £ A% 23.97%. J507K A/ INEREE IR AR 1 0 LA AR B HH 7K v /BR[04 85 10 5 85 A 745 DU L, H 7 p /N ER B (1) 22 0 5 it 2 %
&R EPT Suite 0 HEATHEIS R YETRIN AT 0, 45 5 4R 5 04T T B 10 o ) P 4288 K ORI B 2 1) 0 ARG DR 8 Fe ™/ HL O 7K 3R AT 20
RGRHIE K 1 A

KEEIR: NEREE Fe¥/Ho0n; HuRbEK: WM A4tk

FEDES: X523 XHRFRIRAD: A XEHS: 1000-6923(2025)08-4322-11

Evaluation of biotoxicity changes in dye wastewater treated with Fe'/H,0, using Chlorella vulgaris. J1A Yan-ping’, MA Yan-ju,
ZHENG Ru, GUO lJia-wei, ZHANG Lan-he (School of Chemical Engineering, Northeast Electric Power University, Jilin 132012,
China). China Environmental Science, 2025,45(8): 4322~4332

Abstract: When typical triphenylmethane dyes (crystal violet) and phenazine dyes (saffron T) were used as the research objects, the
biotoxicity of dye wastewater was investigated before and after treatment using the Fe’/H,0, process through the analysis in growth
indicators (growth rate and inhibition rate), photosynthetic indicators (chlorophyll a, chlorophyll b, and carotenoid content), protein
content, polysaccharide content, and antioxidant enzyme activity systems (superoxide dismutase (SOD), catalase (CAT), and
malondialdehyde (MDA)) of Chlorella vulgaris (C.vulgaris). The results showed that with the extension of reaction time, the growth
rate of C.vulgaris gradually decreased and its inhibition rate increased. The growth of C.vulgaris cells was significantly inhibited in
raw dye wastewater. Compared with raw dye wastewater, chlorophyll-A content of C.vulgaris was increased by 22.01% in the
effluent wastewater after treatment, and the contents of chlorophyll-B and carotenoid were decreased by 12.97% and 16.02%,
respectively. The contents of SOD and CAT were increased by 15.13% and 12.5%, respectively, while the content of MDA was
decreased by 23.97%, respectively. The protein content of C.vulgaris in raw dye wastewater was low, while its content was high in
the effluent wastewater after treatment. Compared with raw dye wastewater, the content of polysaccharide in the effluent wastewater
exhibited a decreasing trend. According to the toxicity prediction of algae using EPI Suite software, the toxicity of the intermediate
product of crystal violet and saffron T degradation to fish, water flea and green algae was significantly reduced. Therefore, the
biotoxicity of dye wastewater could be effectively reduced in the Fe’/H,0, systen.

Key words: Chlorella vulgaris; Fe’/H,0,; dye wastewater; prediction; biological toxicity
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| /NIR T (Chlorella vulgaris) YA Fe®/H,0, M BRGUREE 7K (25 M) 75148 1k 4323

HoO, 15 E5 A FH 440 2 B Hf 3R A () AT WL G 40T
ZWEFCRN N 5 7K G B YRR K A L)
S FC A v a) = ] e B bk B 1 B, AR )
BRI A S X K AR AR B AR S R G0 e
TR 5 e v 2 A R Gk R K e k)
28 3 T A W ot € i 1R 7 A 6 AR ) 5 A ) 1) 7
KR B AR O30 3o 2 VP Ay T A A B B2 1)
655 DR AR BE S 10 2R K A AR A e AR

INERBE(Covulgaris) s — it 25 12 20 540 i 52
R GBI I, REUE S s e
X ZINBRBE AR AT 1 1R 5, R DL S
YK A B AR T R RN 22 2 ) 32 B A i Y
VRIS, Dy 1T B G A s P SEOT 40 i )
T T BEAR A D S 4 A0 AT A4 iy oK 1 AL A 453407, 4L
B 5 2 A URAET AR R A A B s |
PR AR i e R Al A e 3 2 20 B 1) 6 i, e A% DR A7
A0 A2 2R 6 52 A A 530 e AE A i A /N BR AR Y
HE B VEIRER, EAF I YR ISP B R
FEF BRI, AU AGE NS bR &0 Sy K B84 I, s
27 (MDA ML F R T SD-GSL
St /N ERHE P 75 AR A S LA o B, 8 A B 4
AL B (SOD)TE R 28 35 a 1% 18 2 PR, N
(MDA R G 0 < B T W] 2%
SN A B L Cr%F L ASY AR AE IR SR T AR
#: (Chlamydomonas reinhardtii) F1 /N K 5 (Chlorella
vulgaris) 1 6E 1 1 FEAR, I % P 2U(ROS) AT —
1 (MDA) 75 5t 3 38 70 i, 6 T JurL 2Rk
(DI piE S SRR dRRPAY S e S =l Ay I B PN E= e
7 T U2 96T Yot /N ER S AU 4549 1 B L
W AN I

ASCRHA Fe'/Hy0, T2 AE Y RLI K, H 420N
BRI AR, JHIR. M43 a0 ez by K
S hEGR. EARAE. 25 R APUE
AR PRI AL, IS BPT Suite #AFRTAZE. K
T SRR S T I RN R AT T, 23 B Gk
KL Fe'/H,0, T EALBIET 5 AR, b Yokt
PR K R IR BB AR HE IR R 2 A s

1 SREMRERE

1.1 Skl

111 NEREE KB IR /N BR B (Coulgaris,

FACHB-30), 1) [ H [F BE 27 Bt K A AT 5 B ik 7K
BEPPPE NEREREFEIE Y BG11 85PN A e i
FEAA (5 :SG-2501B) 1 15 9%, Ke g7 %y 26°C 0k
G Ol 30001, Y615 EE oy 12h:12h.

BGI11 #53% 3 1§ /) :1500mg/L NaNO;,40mg/L
K,HPO,4,36.6mg/L. MgS0,,27.2mg/L CaCl,,6mg/L F7
BRI omg/L Fr Rk, Img/L £ g Y 4% —
1 ,20mg/L.  Na,CO0s3,2.86mg/L.  H3;BOs,1.81mg/L
MnCl,4H,0,0.22mg/L. ZnS04,0.39mg/L Na,MoO,2H0,
0.08mg/L CuSO4-5H,0,0.0409mg/L CoCl,6H,0.
112 L3 alA Bl (Ri4e 8um, B 3 i X
8.5m>/g), 73 M 4, K HETT 6 ARG 404k TWF5e pir 267
L 53 W2, 38 77 R B R B W) A2 2% 1 s
W G250, A4l FEE T AR 22 A B 2 ) A=
7 B DY e, 3 A 4l R T A 2 A IR A
A2 IR R, 53 W 2, R T B0z A AR A B 4 )
Az AR L LG R, 23 B 2, b i 1] 2 41 A 4 23R )
AR AR Az,

1.2 SEIGHK

BR300 1g/L A0 T, 0.05g/L 45 i
4. 0.48g/L (NH,),SO,, 0.08g/L K,HPO,, 0.03g/L
KH,PO,, 0.248g/L NaHCOs, 0.5g/L .

SR> ISR Fe®/Ho0, T2 IRk /K (B 48 e
BHZEK) KR BG11 B 353, Fe®/H,0, T &1
K HZKOK TR bR, W 1 FroR.

F 1 BEKFIHKIERR
Table 1 Water quality index of influent and effluent

N COD  NH,N g e A
vl TP (mg/L) pH fif
(mg/L) (mg/L) (NTU) (Hazen)
K4 2408 3.072 0.452 89.53 72.62 6.5

HiZKZH  528.2 1.698 0.216 63.98 47.82 7.8

1.3 /NERIEFEERL

R /NEREE S Tt 2 HE K ZLRT K41 2E 8
BRI IRk 0 R AR B 4K L) BG11 K5 FRIE.
ANIR R 20% (2 5% 10° AN /mL)3E N T AL BE S
(R Yeh g K FpEEA T 2R 1% 7d ), Se g it R b A
2d HUFE 20mL,10000r/min &0y Smin, B_F i W4
0.45um JE I 38, 52 /N ERVEE 1R AR Kt A AR B AR AL
Fehr KT EPI Suite #IEXT S, K&, GHEEA
PEREPERUEE #5E EAT S0
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1.31 EMBARKERNE  RH/DBREEZ T
RN A KR AR 2 RIS e T FRE
[ 0.22um JEREILIE 100mL /NER B TF L, 7E 105°C
JEF LT 2 i R R AR A ) 2 SR S T UORR
S Y BOR T4 i ) F A T 5AS 2] 100mL AR
/N BRE A0 B L AR S W R N BROEE R R A
680nm | [ BE /N EREE 20 JL ¥~ FE (W) R N (1)
W BE 5 B P AH G, LA 20(1) .

W(g/L)=0.1585x ODy, —0.0016 (1
K AR Q)TN BRI A KR 12
_ I o
t, -1

A, RIS TE] 2y IS IR /NEREE AN H T 5, 7y RIS 4
N (18] 7N B 440 T .
K2 33 TSN Bk A= K ) R 20
1=  100% 3)
Hy
T Ry /N BREE AR A 2, Ay R B (1) /)N R
AR o T IR AL N ER A K
1.3.2 PR IRRIE SR O RERR
HC I 5 R A 3 25 BT REE 20mL /N ER T
B I W,8000r/min 20> 10min, 77 25 b3 W, A
20mL 95% 1) L RENF YTUE ) S 41 M =707 R A0 )i
BT 4CRBEIRE R 24h 242858 H5,100001/
min Z/0 10min, 7> AR AC 665, 649 Fl 470nm
DU A W 20 25 1) LT RO B /N BRI SR 3R
T (C) FHXT R (R ' o 5 2 P AH G R i A 3K (4)~(6)
PH4EI4¢ 2 a(Chlorophyll a). H-4§ 2 b(Chlorophyll b)
2B s 2% (Carotenoid) ) & 2730,
IM+2% 2% a(Chlorophyll a) 7 &:
C,(mg/L)=13.95x A, —6.88x A, (4)
IH-4% 2 b(Chlorophyll b) & &
C,(mg/L) =24.96x A,y —7.32% Ags (5)
KRiHE b % (Carotenoid) 7 Hi:
C,(mg/L)=1000x 4,,, —2.05xC, — ©)
(114.8xC,)/245
REL A 00 1) i o 3 BTN 0 T A U R
0~4 °C F,4000r/min 5.0 10min, ¥ 2 _EiH5 W, 44+
I SmL FvA 1 0.05mol/L pH 18 4 7.6 [IHHE £h 2%
TR AGDTVE ()5 40 i B sV, & VA 4000r/min
T Smin, FE R R AR B

KHIZE D=l G250 G (0l i & 1 %
LU AE ImL HIEGRH I 100pg/mL 2 (A i
FRAEWE 0.2mL A1 100mg/L % 22 G-250 %
W SmL,FEA) I N Smin, B 5E FEAE 595nm 4k (W
6 B SR FH B - R R vk PN o A B S R, 40 R
HY SmL #:9,80°C /K ¥ iN#4 30min,3000r/min .0
15min Ji7 WCHE B0, NN 6mL 20357 7 B 4%
A1 4E 80°C/KME . 15min Ji BUH Wi KA H0, % 3
B 10min, £F 625nm Ab 152 B O P {8, W) 52 v 41
INED s~

SR FH B0 Y e A 2 J i P - SOD
PR, 5 0.3mL FH A T AR I 0.05mol/L (iR
ERGE P 1.5mL 130mmol/L AR 2 FRVA W 0.3mL
750pumol/L %L ¥ DY M % ¥ 0.3mL . 100pmol/L
EDTA-Na, % 0.3mL.20pumol/L #% 1% 2 ¥ 0.3mL,
T HEA), N 20min Jim, € HAE 560nm AR
J¥ SRR BT WP e CAT 3 7E 1mL
FHBRHE P A UOIn N 65umol/mL ) H,O, ¥ 1mL.
32.4mol/L M 4H R B % ¥l 1mL, 78 70 TR A1, TN
0.05mol/L [FJBFIRER 2 P 1mL, 78 73 # AR =0 K
HUE 10min, & HAE 405nm ARG K A ARAR
[ b Z R (TBA) DN 2 MDA 25, 7 2mL HH Al
HOINN 0.05mol/L ()RR £5 2% M 2mL A1 0.6% F1
L Z R W 2mL, 78 40 R 53, Wk K i vh &
15min, A A5 3500r/min 2.0 10min,7E 450
532, 600nm A iz B H e B A
1.4 ARG - Tk T I i SRk B A v i) 7= 4

X H A M % - g B X (GCMS-
QP2010UTltra; H A< Byidt 24 w) )Rl 45 558 54 T 1)
B f vb 1) 7= K AR N 60°C (1457 3min) i 42
280°C(fa#F 2min), FHELIEZE A 5°C/ming HEAT i
g 250°C, A 1.0uL, S AN AA.

2 FHR5WE

2.1 B R A R A
AL AT WIWF LR W], 28508 Fe'/H,0, 1k 7
VS HVER Y/ G PN SR8 (e R S
GERHE AR 0 BT 3200, R AT EPT Suite 4K
RIS K& SRR SE R AR A AT
TICT PP 45 B LA R GE— 4 HERITbR 8 RGE I 5
PE VP A 25 20 VE 2 LR UE. Fe/H 0, 1A R [ A 45 b 46
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PR T ik R =2y ) =t (a2 K S RlIsg
BRI SR B PR 7 0 TR &5 SR, 1) 1 RSk 2 Bt
RN 2 TLLE LA 4. 6. 15 WKL KEA
L% TR 1) o RN P A N T B S LA e
HESA R HE )58 WK 2k B
PRS0 8 L 7K S RN S 8 I 53 9840 T 7EK 2
P B A0 2 AT 6 K SR AT # . 40d Fe¥
H,0, M A5 GURE R K AL B, H 0] P2 ) £ 2R 7K

TN PR T 1(b) AR, &5 AR K A
IR P 3 X 0 R i 7 2 Rl B, X B AT 5,
20T KRR IERER 2, K&, 205A R
SR SR T BRI P R R K&, 2
B (B W S FREA, e & T AL N E T 77 4 6
15.24 Fe'/H,0, 1k RACFEYL kLK 5, Je bl 431 &
T R A P IR, th K 23 1 AT R ) e A2 D /s
T TGO AR /INERBE (R BRI K FRAIR.
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Fig.1

Acute and chronic toxicity of degradation intermediate products to fish, daphnia and green algae

()2 MEE T <1 AEIE,1~10 A EE,10~100 A 5E,>100 HTEHE (b HEdrEh: <0.1 HRIEE,0.1~1 I EE,1~10 AHHE>10 hTHE
K R ARAR “—17 ARG, “07 UKL T, “1~157 ACRGURFAL 1 18] 2= 4,00 R 2 =) “1~157

®2 BEFYHFSHETESE

Table 2 Toxicity assessment parameters of degradation products

Stk #ME(mg/L) 181 # 1 (Chv,mg/L)
=) Iy TER mlz [EES K3 5
’ * o R i % IS S
96h-LCso 48h-LCso 96h-ECs
(l:e-l3 ?Hz
OV A
Bt 373.5 0.10 0.08 0.26 0.01 0.02 0.15
N
HiC’ CH;
HaC. N, CH.
T X
HN N NH,
WAL T o 315 21.60 4.50 12.69 0.58 0.60 0.59
OH
1 ©/ 94 38.35 9.29 44.82 3.61 1.77 21.19
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HE2
AR (mg/L) 15 #2545 (Chv,mg/L)
] Iy T Hi m/z e K% RBE , .
- ES K& S
96h-LCsy  48h-LCsp  96h-ECso
NHz
2 ©/ 93 58.45 0.68 1.76 0.32 0.02 2.93
3 @ 287 28.69 2.04 2.89 0.15 0.03 5.39
\
OH OH
4 HQW\CH 166 7.14x10° 2.77%10° 42408.42 4445488 9308.12  4740.39
HN OH OH
5 j@\ 1425 334.67 1.06 4.23 1.92 0.06 6.50
o’ NH,
"
6 Q( 165 1218.68 695.31 528.32 119.80 68.72 139.84
2
7 oI 184 34.82 1.32 231 0.19 0.03 4.14
0
8 [ 137 75.72 16.98 83.32 6.94 3.24 39.47
9 b e 1345 14.78 157.76 118.01 0.91 14.24 22.06
10 Bo 12,5 24.74 14.90 14.16 2.59 171 423
HM,
1 \QT 137 1040.96 10.03 27.63 5.80 0.34 45.50
12 (> 109 259.74 0.81 3.5 1.49 0.04 4.99
NH(I:H.
13 O/”\ 121 69.96 4035 32.08 6.97 411 8.70
o P
14 268 9.86 6.43 8.51 1.14 0.92 3.03
15 hes A, 72 14859.62 7306.54 3002.01 122572 47740 570.61

¥ 1 LCso <1 A JHIFE, 1<LCso <105 A 7,10<LCso <1004 H 5,LCso>1004 J5F  Chv<0.124 Rl EE,0.1<Chv <1 7, 1<Chv <1044 ,Chv >104 J5 5.

2.2 /NEREERAEACARI A

BEZK R TR NBRE I AR A 2(a) BT s,

R K B 75 /N BRE 24h J5, /NERE 10 A K 2N
15.1%, 455 7% ] ) 48h 375 42 96h I, /NER R fF) 2E
KR 9.5% R 5.2%:Ft A 55 7% i a] (1384 i, /s
BRI I AR KRBT R B, /N ER 11 A 52 31 0H 240
LR K B 95 N ERE 24h &2 48h o,/ NEREE
KB 26.7% FTFH 4 33.8%, 245555 ) I\ 72h 42 5
2 96h Ji7,/NEKEEMIZEKR M 51.4% FRER 43.5%,
/IR AR K AE AT 1 B R R 1R IR 0t (H 2 Bl A A B
N TR 388 o, /N 1) A K R M R 8 T B I R
YR I8 R LT A0 11 T 52 4% PR S501f 5 4 i 1)
L I A A s A S A B T 4 R 4 i Ao
(R SE 4R A /N BRE A B 1 8 A7 B s i), B 48 5 8
JagETBe,

HEK HK A /NEREE 2R, 1 2(0) TR,
I RE KR F7 /NERE 24h 5, /N BRI H0 R Ny
52.5%, K5 IR N ] A 48h $2 555 42 96h I, /NER i )41
HIZIN 68.1% ETFE 71.9%:; Bl 157 5 1) (9 484
INEREE TR A 2 R T L T E AR N ER R R A K 3R
IR AR s e R K 3G R /N ekig 24h 5,
INERVE PO R g 37.6%, 248597 15 1] I 48h #2755 42
96h Ji,/ NEREEFIFHIZR M 29.5% T BF 22 -6.4%, 3]
2 [P BOAE Ph 1A AR by A7 A, 3 B0 /N R R ) AR K e
O AR Sk A 33 4 R kg 3k — R R VO T P 4R
oM LSS T v A A B A A B N e R e ) 9
(i) Fof 35 41 PR3 a1 B8 9 0 7 AR B ) IO G
G B A0t B e LA 7 R e AR B ) kK 2L 4
211 48h [ 22 -10%, [ A A K 215 IR+ 60%, 5 4k
PRYTHAS 5 1 S SR LI O 4 SCk e, v g
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Fig.2 The changes of growth and inhibition rate of C.vulgaris

of influent and effluent

2.3 VRN A AR E A BT

231 OJLEERTRAR Mg R a R T
FIA R I EEFE a IF ] DL X s 40
H I B T RN ER B X AL HEK 41 B
IKYLH R 2 AR, W 3 IR Bl s I
[ AN 24h B4 4 72h, KA1/ NEREERI 4% 55 a 5
M 2.97mg/L TFE % 3.52mg/L,H4E% b S EMN
1.04mg/L JFE & 1.55mg/L, KM E MRS EM
21.05mg/L JHE % 27.52mg/L; 34 2 W I [AI4E 72h
96h I, /NEKEERMIM2EZE a M 3.52mg/L KSR
3.18mg/L, M4 % b & & M 1.55mg/L A 2

1.85mg/L, K% b & & EM 27.52mg/L THm 2
29.71mg/L. H1-T- G Ah W B 7 58 40 PR 1, 5 M 386 245 1)
S AVERL G5 3 a 1A i /INERE 2 21 1E
KRR o 38 AR P 40 = A= 3o RS 2 4R (ROS),
WG /NEREE B R Th e X Bt K Gkl 51 S AL
RAAH, AR AR R b RIS &
Bt NS TADSE A H K RN ERBE R R 3% 2 i
ZEASIA N, AR b RIS b RS RER M
I 96h Ji, S REAK LA EL, H K 4 /NEREE R 41 5% a
Tt 22.01%, M4k % b MRS M E S
BEAR 12.97%F1 16.02%.3X 3 B EK 41 5 5] T/
By 4 00 2B i, T K LR A R T S R )
B 18, G 8 oL ) e A o B 1 ) A L TR Y
Wi /N ERE (R AV S 0 B e 2B M,
232 ZHEMEAFG RN SR 2Kk
HH 2L H (1) /N BRGEE A 1 0 Ak, i ] 4(a) .
14 I W I ) A 24h 38 11 45 96h Jim X6 R 4 v /N R (1)
FEATSREM 2.95mg/mL HINZE 3.72mg/mL,#EK
A /NERERE A S &M 2.7Img/mL T FF &2
2.15mg/mL, tH /KA /NERBEIHE F BT & A 2.24mg/
mL T2 3.28mg/mL. G AL B [ W I ] 4iE K,
JINER R B TS I, BEK 4L AR
BT B A, H K AL B T R SRR BT A
K KA/ INEREE (1 B 1 T S8R T 0 AL, X 3%
P S5 240 I P L A LR ) 52 80 AN [ R ) 52 o ok
TR IE B AR K IR /N BREE & W 18 5, AR ik
IR AL H/INERE 57 B YR 16, 6 40 i 52 38 7 7 4
143, 20 0 45 e R T i T A R, 40 L P 5 P T D,
M AL 25 R BO& 4552 B 52 0, 3 308 B TR i
BEAR T 5 7 IR 17 328 K, /N BR 5 SR TS N T /K 4
EREE 7R R FPRAS T, B AR M I R T&
JH R, G B R B A 2R (1 S = TR AT
A A I AU R N BRI S AR K

SR BEKYL R KL /N BRI 2 0
AL, N 4(b) R SOV R] A 24h #9042 96h
Ja SRR RN EREE I Z P SN 0.24mg/mL FEAIK
2 0.16mg/mL, kK2 /NEREE Z 855 5 A 0.18mg/
mL FEE 0.11mg/mL, H 7K 21 /NEREE (1) 22 455 I
0.22mg/mL FFK4 0.14mg/mL. 5 [ W [A] ZE K
X HRALL ML R K 2L /N BREE IR 220 75 B 8
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